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Abstract

New easy spectrally tunable backlighting schemes based on a spherically bent crystal are considered. Contrary to
traditional backlighting scheme, in which the investigated objects should be placed between the backlighter and the
crystal, for the considered schemes an object is placed downstream of the crystal, before the tangential or after the
sagittal focus and an image of the object is recorded at the distance from the object corresponding to the needed
magnification. The magnification is defined by the ratio of the distances from the sagittal focus to the detector and from
the object to the sagittal focus. A ray-tracing modeling and experimental images of test meshes, obtained at incidence
angles of the backlighter radiation of 108 and 228, are presented. It is demonstrated that a simple linear transformation
of the obtained astigmatic images allows reconstructing them as a stigmatic with an accuracy of 5–15%. For the spectral
range around 9 Å a spatial resolution about 10mm in a field of view of some square millimeters is achieved
experimentally and confirmed by ray-tracing simulations.
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1. INTRODUCTION

Experiments on using spherically bent crystals for X-ray
backlighting imaging of plasma objects were started practi-
cally 30 years ago~Belyaevet al., 1976! and nowadays they
are more and more widely applied for diagnostics of differ-
ent plasma facilities~Pikuz et al., 1995a, 1995b, 1997;
Aglitskiy et al., 1996, 1997, 1998, 1999, 2001a, 2001b;
Brown et al., 1997; Sanchez del Rioet al., 1997, 1999;
Holzeret al., 1998; Kochet al., 1998, 1999, 2003; Workman
et al., 1999, 2001; Sinarset al., 2003a, 2003b!. Despite of
the fact that imaging of plasmas by spherically bent crystals
has many advantages~they have a very high luminosity
compared with pinholes and can provide a high spatial

resolution over very large fields of view! it presents a
disadvantage connected with the necessity to use them, in
order to minimize the astigmatism, only for angles of inci-
dence within a few degrees of normal. Such a restriction on
the angle of incidenceu, along with the fixed interplanar
spacing~2d! of the crystal itself, limits the wavelengths
range used now for backlighting diagnostics.

One of the approaches for broadening the spectral range
for backlighting diagnostics is to apply torroidally bent
crystals, which use different sagittal and meridional radii of
curvature in order to eliminate the astigmatism for incident
angles far from normal~Vollbrecht et al., 1998; Missalla
et al., 1999; Uschmannet al., 2000!. However, high-quality
torroidal surfaces are more complicated to obtain compared
with spherical ones. Another disadvantage of using such
crystals for backlighting diagnostics is the very difficult
alignment due to constraints on all the six degrees of posi-
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tioning freedom. Furthermore, for an ideal torroidal surface
and an ideal alignment~see, for more details, a theoretical
modeling, which has been done by Uschmannet al., 2000!,
reasonable spatial resolution in the range of 3–10mm could
be reached only in a field of view around 100mm, which is
not appropriate for current Z-pinch plasma investigations
and for the future big scale laser plasma facilities.

Another approach to the broad the range of suitable
imaging wavelengths is to increase the variations of pro-
duced types of spherically bent crystals and their cuts.
Unfortunately not so many types of crystals and their cuts
could be bent along a spherical surface with a big enough
ratio between the crystal sizes and their radius of curvature.

To avoid the restrictions on using spherically bent crys-
tals with practically any angles of incidenceQ ~i.e., to avoid
problem with the apparent astigmatism aberrations! Fraenkel
et al. ~1999!, Pikuzet al. ~1999, 2001!, Floraet al. ~2001!,
and Sanchez del Rioet al. ~2001! have proposed the modi-
fication of traditionally used monochromatic backlighting
schemes—the so-called Shadow Monochromatic Backlight-
ing ~SMB! scheme or X-ray crystal imaging microscope
~XCIM !. The traditional X-ray monochromatic backlight-
ing scheme with the spherically bent crystal is shown in
Figure 1a. In this scheme the backlighter is placed on the
Rowland circle very close to the optical axis of the crystal

surface. The object and the detector are mounted at a dis-
tances from the crystal according with the usual optical
equation

10a 1 10b 5 20R, ~1!

whereR is the crystal radius of curvature, andaandbare the
distance from the object to the crystal and from the crystal to
the detector, respectively. The magnification of the image is
defined by the valueM 5 b0a.

The modification of the monochromatic backlighting
scheme, the SMB is shown in Figure 1b. A main advantage
of the SMB scheme, compared with the usual backlighting
scheme, is the possibility to work in a wide range of Bragg
angles far from 908, but still to receive a stigmatic image of
the object. In the SMB scheme, the detector is placed at a
special fixed position downstream from the crystal between
the tangential and sagittal foci. This position depends from
on the wavelength~Bragg angleQ! and the crystal curvature
and is defined by the equation~Sanchez del Rioet al., 2001!

d 5 ~ ft fs 2 fs
2!0~ ft 1 fs!, ~2!

whereft andfs are the tangential and sagittal focuses, corre-
spondingly. The magnification in this position is calculated
by Sanchez del Rioet al.~2001! asM 5d0x ~see Fig. 1b!. To
obtain different magnifications in such a scheme it is just
simply necessary to move the object along the source–
crystal direction~to change distancex! and to keep fixed the
backlighter, the crystal, and the detector positions.

In Sanchez del Rioet al.~2001! and Pikuzet al.~2001! it
has been shown experimentally that the SMB scheme allows
us to obtain highly spatially resolved~;5 mm! monochro-
matic~dl0l;1022–1024! images over a large field of view
~some square millimeters! for Bragg anglesQ as small as
;408. A ray-tracing modeling~Sanchez del Rioet al., 2001!
confirmed that in such scheme the spatial resolution could
be even better than the backlighter source size.

Unfortunately in the SMB scheme, spatial resolution is
quite strongly dependent on the source size. Another disad-
vantage of the SMB scheme, specifically if the crystal has a
small enough radius of curvature, is that the object should be
placed close enough to the backlighter and it can cause in
some cases overheating of the investigated object by the
radiation of the backlighter. Such a problem also is typical
for the usual backlighting scheme with a Bragg angle close
to 908. Even more often in real experimental conditions the
following problem can occur: The object itself screens the
beam reflected from the crystal.

In this article we show how to avoid some of the above-
mentioned problems. In the considered backlighting scheme,
the position of the object has been changed and moved
downstream of the reflected beam. Experimental results are
presented, which were obtained in the case when a test mesh
was placed either between the crystal and the tangential
focus or after the sagittal focus. The obtained experimental

Fig. 1. Evolution of the monochromatic backlighting schemes with spher-
ically bent crystals. a: Traditional scheme, where the distances object–
crystal and crystal image are defined by optical equation; b: SMB~or
XCIM ! scheme, which allows strongly decreased Bragg angle,,908; c:
XMPI scheme proposed in this article with the object placed downstream
of the beam reflected from crystal.
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results are compared with the results of the ray-tracing
calculations, which were performed using the specially
developed ray-tracing code ORTO~Labateet al., 2004!.

2. X-RAY MONOCHROMATIC PROJECTION
IMAGING (XMPI) SCHEME: GENERAL
DESCRIPTION AND RAY-TRACING
MODELING

As was mentioned above, the described new types of X-ray
monochromatic projection imaging~XMPI ! schemes are
placedsomehowbetween the traditionaland theSMBschemes.
Such considered schemes are still utilizing the properties of
the shadow monochromatization, but for much bigger Bragg
angles, which are closer to normal incidence angles~Q
around 50–808 compared with the 20–608, which is more
usual for the SMB scheme, and compared with the 82–878,
which is typical for the traditional backlighting scheme!.
There are no strong restrictions in the new approaches,
which are very important for the SMB scheme, for positions
of the backlighting source, the crystal, and the detector. In
the SMB scheme, due to such fixed positions, the obtained
images are stigmatic. In the new considered XMPI config-
urations, the positions of the source, the crystal, and the
object are flexible, and in such cases the obtained images are
astigmatic, but still the information about the space proper-
ties of the object are kept with a high enough spatial reso-
lution in both directions.

In XMPI schemes the magnifications are determined by
the following equations:

Mt 5 6~b 2 ft !0~ ft 2 a! ~3!

in the tangential direction and

Ms 5 6~b 2 fs!0~ fs 2 a! ~4!

in the sagittal direction.
Here ft and fs are the tangential and the sagittal focus,

respectively~see eq.~2! and Fig. 1b!, a is the distance
between the crystal and the object andb is the distance
between the crystal and the image~see Fig. 1c!.

It is necessary to stress that, due to the big angle of
incidence, the reflected beam has an astigmatic structure
and the image could be slightly deformed because of the
different magnification value in the sagittal and in the tan-
gential directions. In such a case, to reach a geometrical
similarity between the image and the object it is sufficient to
make a trivial linear geometrical transformation.

2.1. Ray-tracing modeling of the scheme

Ray-tracing simulations of the projection-imaging scheme
illustrated above have been performed using the code ORTO
~Labateet al., 2004!. The geometrical features of different
optical setups based on bent Bragg crystals, as well as other
optical elements, can be modeled by this code, which is also

able to consider the physical characteristics of the inter-
action with the crystal by taking into account the crystal
rocking curve. The code generates, using a Monte Carlo
method, a set of rays originating in a given region of the
space with a user-defined distribution and propagating toward
another region with a suitable angular distribution. The
spectral distribution of the source can also be considered
~see more details in Labateet al., 2004!.

For the simulations described in the present article, a
planar source with a Gaussian shape has been used. Each ray
thus has its origin on a plane normal to the line joining the
source and the center of the crystal~see Fig. 2a! and the
probability for this origin to be at distancer from the source
center is given by a Gaussian distribution~having its max-
imum at r 5 0!. A white ~uniform! spectrum has been
assigned to this source. Because the rocking curve of the
crystal has been taken to be uniform in a given angle around
the Bragg angle, this means that only the geometrical fea-
tures of the system have been modeled. Because an almost
perfect mica crystal has been used for the experimental
tests, this approximation is suitable to provide an estimate of
the attainable spatial resolution of the system as well as to
study the distortion of the image.

Two different configurations, corresponding to different
values of the Bragg angle, have been considered for the
following simulations. In both cases, the point X-ray source
as well as Gaussian sources, with a FWHM of 15, 30, and
50mm, were considered. The imaged object was composed
of two grids, rotated by 458 to each other, having, respec-
tively, a period of 800 and 60mm and a wire thickness of 50
and 14mm. For each simulation, 107 rays were sampled,
whose direction was uniformly distributed in a solid angle
defined by the source position and the four edges of the
crystal, whose size was selected as 83 8 mm2.

Figure 2b,c~left! shows the result of a simulation per-
formed using a Bragg angleqB 5 80.58 and a crystal with
a radius of curvatureRc 5 150 mm. The detector was
considered to be 123 12 mm2 wide ~this corresponds to
the whole image in the figure!. The source is placed at a
distancec 5 148 mm from the crystal, and the object
~position 1 in Fig. 2a! and detector, both oriented normal
to the ray coming from the center of the crystal, lie at
distancesa 5 106 mm andb 5 410 mm downstream of the
crystal. The corresponding values of the tangential and
sagittal magnification of the objects~at the position defined
by the ray coming from the center of the crystal! areMt >
6.25 andMs > 5.0, respectively. A more astigmatic con-
figuration was also considered, using a Bragg angleqB 5
67.98. The result, using a detector 203 12 mm2 wide, is
shown in Figure 2b,c~right!. The distances in the setup
werec 5 100 mm,a 5 62 mm, andb 5 360 mm. Since a
crystal radius ofRc 5 100 mm was used, these led to
magnificationsMt > 11.25 andMs > 4.4.

From Figures 2b,c it is clearly seen that spatial resolution
is good enough for both angles that have been used in the
modeling. What is interesting is that even in the case when
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the size of the backlighting source~30 mm! is two times
larger than the size of the object~14 mm! the obtained
modeling images clearly resolve the object. This means that
even for such a size of the backlighter source a spatial
resolution is around 10mm. The effect of the astigmatism
can be clearly seen in the image, but these difficulties could
be easily overcome by a simple geometrical transformation
without losing spatial resolution of the system.

In some additional modeling the object and the detector
were also oriented parallel to the crystal. Figure 3a shows
the tilting of the object and the detector to the anglew.

Results of this modeling are presented in Figure 3b,c. It can
be clearly seen from this figure that placing the object in
such a configuration reduce spatial resolution~compare
results presented in Figs. 2b,c~right! and 3b,c!. It means that
in experiments the object must be oriented as accurately as
possible perpendicular to the reflected beam from the center
of the crystal.

Finally, to explain a shift of the vertical wires, which was
observed in the experimental tests, further simulations were
performed with the objects~the meshes! tilted around an
axis defined by the plane of the object and the tangential

Fig. 2. Ray-tracing modeling of the XMPI scheme with spherically bent crystal in the case when the object~object 1! and detector are
placed downstream and perpendicular to the reflected beam. a: Sketch of the scheme used for modeling and experiments; b: simulated
images of the double mesh~big mesh has a period 800mm and wire thickness of 50mm, small mesh has a period of 60mm and wire
thickness of 14mm!, obtained under Bragg angle 80.58 ~left! and 67.98 ~right! with different sizes of the source; c: densitograms of the
small mesh images for all considered cases.
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plane of the system. It corresponds that the object was
rotated to the angleb ~see Fig. 3a!. Figure 4 shows the
results of a simulation carried out using the same parameters
as for the latter one, but now with the object rotated 58 and
208 around this axis~also the source FWHM is in this case
0.0 mm, corresponding to a point source!. Figure 4 obvi-
ously shows the effect of a misalignment of the object with
respect to a perfectly vertical~i.e., normal to the tangential
plane! position.

In all the above considered cases, ray-tracing simulations
demonstrate very clearly that sharp, well spatially resolved
images with an acceptable degree of distortion can be obtained
using the scheme illustrated above.

3. EXPERIMENTAL RESULTS AND
DISCUSSIONS

Experiments for X-ray monochromatic projection imaging
of an object, placed downstream of the reflected beam,

were carried out at the “Hercules” laser facility at the
“Ente per le Nuove Tecnologie, l’Energia e l’Ambiente”
~ENEA! Institute in Frascati, Italy~Bollanti et al., 1996,
1998!. This is a XeCl excimer laser with an active volume
of 9 3 4 3 100 cm3 and a wavelength of 0.308mm. The
laser energy was 0.5–1 J, the pulse duration was 12 ns,
and the repetition rate was 0.5 Hz. The laser radiation was
focused onto a Fe target to form a backlighter source of
about 15–25mm in diameter. Between 500 and 1000 laser
shots were needed for obtaining good images on the film.
Spherically bent mica crystals, with radius of curvature
R 5 100 mm ~working area 8 mm3 28 mm! and R 5
150 mm~working area 14 mm3 48 mm!, were used for
obtaining monochromatic images.

A couple of meshes~the same parameters as meshes used
in ray-tracing modeling!, were used as a test object: One mesh
was with a period of 800mm and a diameter of the wires of
5065mm and another mesh was with a period of 60mm and
a diameter of the wires of 14mm. The obtained images were

Fig. 3. Ray-tracing modeling of the XMPI scheme with spher-
ically bent crystal in the case when the object~object 1! and
detector are placed downstream and parallel to the crystal
surface: a: Sketch of the scheme used for modeling and exper-
iments; b: simulated images of the double mesh~big mesh has a
period of 800mm and wire thickness of 50mm, small mesh has
a period of 60mm and wire thickness of 14mm!, obtained under
Bragg angle 67.98 with different sizes of the source; c: densito-
grams of the small mesh images for all considered cases.

Easy spectrally tunable highly efficient X-ray backlighting schemes 293



recorded on Kodak RAR 2492 film. The film holder was pro-
tected by a 7-mm Be foil and by two layers of 1-mm poly-
propylene filters coated with 0.2-mm layers of aluminum.
Additional 2-mm polypropylene filters were used to stop the
plasma debris from reaching the surface of the crystal.

Three types of experiments have been done. In all such
experiments the test object was placed downstream of the

reflected beam, at various positions around the tangential
and the sagittal focusing points of the beam. The schemes of
the setup correspond to the positions of Object 1 and Object 2
in Figures 2a. The numerical parameters of the experimental
configurations are presented in the Table 1.

In the first type of experiment~Fig. 2a, object in position
2, and Exp. No. 1 in Table 1!, a test mesh was placed after

Fig. 4. Ray-tracing modeling results obtained for different positions of meshes and detector. a: The meshes and the detector are
perpendicular to the reflected beam; b: the meshes are rotated at the angleb; c: the meshes and the detector are placed parallel to the
crystal and after meshes were rotated at angleb.
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Table 1. Parameters of X-ray monochromatic projection imaging (XMPI) schemes used in experiments.

Exp. No.

Crystal radius
of curvature

~mm!

Bragg
angle

~8!

Distance
source–crystal p

~mm!

Tangential
focus q'

~mm!

Sagittal
focus q
~mm!

Distance
crystal–object a

~mm!

Distance
crystal–image b

~mm!

1 150 80.5 148 148 156.4 175 410
2 150 80.5 148 148 156.4 106 410
3 100 67.9 100 86.3 117.3 62 360

Fig. 5. a: Experimental monochromatic projection image for the double mesh~object 2 position in Fig. 2a!, placed downstream of the
reflected beam after tangential and sagittal foci~big mesh: period 800mm; wires 506 5 mm; small mesh: period 60mm, wires 14mm!,
obtained at the wavelengthl59.82 Å~Bragg angleQ580.58! by mica spherical crystal~R5150 mm! in second order of reflection; b:
above image linearly transformed in the case of magnificationM 5 9.7x. Densitograms of the small mesh image are shown in layout
~I ! and the big mesh image in layout~II !.
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the tangential and the sagittal foci of the reflected beam. The
test mesh contained a big mesh and two small meshes, tilted
at 458 to one another. The resulting image obtained in this
case, with a good spatial resolution in both the sagittal and
the tangential directions, is shown in Figure 5a. Due to the
big angle of incidence, the reflected beam has an astigmatic
structure and we could see that the image is also slightly
deformed because of the different magnification in the
sagittal and in the tangential directions for astigmatic beam.
In fact in the considered scheme the magnification in the
sagittal direction was

Ms 5 2~b 2 fs!0~ fs 2 a! 5 13.7x,

whereas in the tangential direction it was

Mt 5 2~b 2 ft !0~ ft 2 a! 5 9.7x.

It is necessary to underline that, despite of the astigmatic
deformation of the illuminating beam, the image in Fig-
ure 5a has a very good spatial resolution in the whole field of
view of 8.531.5 mm. In such a case, to reach a geometrical
similarity between the image and the object it is sufficient to

Fig. 6. a: Experimental monochromatic projection image for the double mesh~object 1 position in Fig. 2a!, placed downstream of the
reflected beam between the crystal and tangential foci~big mesh: period 800mm, wires 506 5 mm; small mesh: period 60mm, wires
14 mm!, obtained at the wavelengthl 5 9.82 Å ~Bragg angleQ 5 80.58! by mica spherical crystal~R5 150 mm! in second order of
reflection; b: linearly transformed image. Densitogram of the small mesh image layout shows high spatial resolution.
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do a linear geometrical transformation according with the
ratio Ms0Mt . The result of this linear transformation is
shown in Figure 5b. It is clearly seen that after such a
transformation the image is stigmatic, and it has a magnifi-
cation 9.7x and a very good correspondence to the initial
shape of the object.

For many plasma-backlighting applications it is very
important to distinguish the monochromatic backlighting
radiation from the strong background radiation of the plasma
object. To do it, usually some type of diaphragm is placed
at the tangential foci at the Rowland circle. It means that
it is very important to consider the backlighting scheme

in which the object will stay after the crystal, but inside
the Rowland circle, before the tangential foci~the above
ray-tracing modeling has been done for this type of
scheme!. The scheme of such an experiment is presented
in Fig. 2a~Object 1 case; see also the description in Table 1,
Exp. 2! and the results of this type of experiment is pre-
sented in Figure 6a. For a better comparison with the pre-
vious experimental scheme, the Bragg angle in this experiment
has been chosen the same~Q 5 80.58! as in the experimen-
tal conditions of Figure 5. In experiment 2, which we
considered now, the magnification in the sagittal direction
was

Fig. 7. a: Experimental monochromatic projection image for the double mesh~object 1 position in Fig. 2a!, placed downstream of the
reflected beam between the crystal and tangential foci~big mesh: period 800mm, wires 506 5 mm; small mesh: period 60mm, wires
14 mm!, obtained at the wavelengthl 5 9.22 Å ~Bragg angleQ 5 67.98! by spherical mica crystal~R5 100 mm! in second order of
reflection; b: linearly transformed image. Densitograms of the small mesh image in different directions shows high spatial resolution.
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Ms 5 ~b 2 fs!0~ fs 2 a! 5 5x

whereas in the tangential direction it was

Mt 5 ~b 2 ft !0~ ft 2 a! 5 6.2x.

We could see that still, despite the astigmatic deformation
of the illuminating beam, the image in Figure 6a has a very
good spatial resolution in the whole field of view of 7.43
3.8 mm2. Again, like above, to reach the geometrical simi-
larity between the image and the object it is sufficient to do
a linear geometrical transformation, according with the ratio
Ms0Mt . The result of such a linear transformation is shown
in Figure 6b. It is clearly seen that, after such transforma-
tion, the image is stigmatic and it has a magnification 5x and
a very good correspondence to the initial shape of the object.
From comparison of the images from Figures 2 and 6 we
clearly see a very good coincidence between experimental
and ray-tracing results.

As was demonstrated by ray-tracing modeling, it is pos-
sible to obtain a very good spatial resolution also for bigger
Bragg angles. So, in this case it is interesting experimentally
to obtain images in such a scheme for bigger Bragg angles,
which lay farther from the normal. The result of such an
experiment is presented in Figure 7a~see also the descrip-
tion of the experimental conditions in Table 1, Exp. 3!. The
Bragg angle in this experiment corresponds to ray-tracing
modeling and wasQ 5 67.98, so it was very far from the
normal. As can be seen from Figure 7a, the astigmatism of
the obtained image is very big. But such strong astigmatism
does not dramatically decrease the spatial resolution of the
image and still in both directions the spatial resolution is
very high. In Experiment 3 the magnification in the sagittal
direction was

Ms 5 ~b 2 fs!0~ fs 2 a! 5 5x

whereas in the tangential direction it was

Mt 5 ~b 2 ft !0~ ft 2 a! 5 12.3x.

Like above, to reach a geometrical similarity between the
image and the object it is sufficient to do a simple linear
geometrical transformation, according with the ratioMs0Mt .
The result of such a linear transformation is shown in
Figure 7b. It is clearly seen that, after such a transformation,
the image is stigmatic and it has a magnification 5x and a
very good correspondence to the initial shape of the object.

Thus, from the experiments carried out and from the
ray-tracing modeling, it is possible to conclude that when
the angles of incidence of the backlighter beams on the
crystal were rather big~;10 and;228!, the beams reflected
by the crystal always had an astigmatic profile and the
obtained images of the objects were astigmatic. Such a
disadvantage is crucial in the case of working in the visi-
ble spectral range with usual optical devices; but in the

case of the X-ray spectral range, where crystal optics have
unique properties~due to the Bragg conditions! to reflect
only very narrow beams, such a disadvantage is not really
essential and it still allows us to obtain images with a
sufficiently high spatial resolution in both directions. Fur-
thermore, a simple linear transformation of the images allowed
us to reconstruct them with a high enough accuracy~a
deformation in all directions not larger than 2% remains
for images obtained under an angle of incidence of 108,
and no more then 15% for an angle of incidence of 228!.
Due to the small size of the X-ray backlighter source, the
reconstructed images have a very high spatial resolution
~better than 10mm for a Bragg angle around 808 and
about 15–20mm for a Bragg angle around 688! in a big
field of view.

4. CONCLUSIONS

In summary, we proposed a new modification of the X-ray
backlighting and self-emitting imaging technique~based on
the use of spherically bent crystal!, which can be efficiently
used under Bragg angles far from 908. The data presented in
this article demonstrate that such a technique allows us to
obtain X-ray monochromatic backlighting images of inves-
tigated objects in a big field of view~some square milli-
meters!, with a spatial resolution up to 10mm. It gives the
possibility to strongly increase the spectral tunability of
backlighting imaging systems based on spherically bent
crystals, which could be very useful for different plasma
diagnostic applications.
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