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Abstract

Ray-tracing simulations of an optical X-ray system based on a spherically bent crystal operating in Bragg configuration
for monochromatic projection imaging of thin samples are presented, obtained using a code developed for that purpose.
The code is particularly suited for characterizing experimental arrangements routinely used with laser-produced plasma
X-ray sources. In particular, the spatial resolution of the imaging system was investigated and a careful study of the
complex pattern of the X-ray backlighting beam was performed.
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1. INTRODUCTION

Laser-produced plasmas are currently recognized as bright
and versatile pulsed sources of X-ray radiation for a wide
range of applications, having a pulse duration ranging from
the nanosecond down to the 100-fs scale, sizes of the order
of 10–100mm and repetition rate of 10–100 Hz~see, e.g.,
Giulietti & Gizzi, 1998, and references therein!.

The X-ray spectrum from laser plasmas consists of inco-
herent radiation due to Bremsstrahlung as well as line emis-
sion from high charge state ions, which is particularly useful
when using plasmas produced at lower intensities~Marzi
et al., 2000; Labateet al., 2002!. More recently, character-
istic radiation emission~mainly Ka andKb! from the cold
target material~see, e.g., Von Der Lindeet al., 2001, and
references therein!, whose generation is particularly effi-
cient at laser intensities of the order of 1017W0cm2 or higher
with hundredths of femtosecond duration~Bastianiet al.,
1997; Reichet al., 2000!, has been studied and exploited for
applications.

When dealing with such a kind of broad-band radiation, a
suitable X-ray optics is used when a monochromatic X-ray
beam is needed. Using a monochromatic X-ray beam is a
crucial issue to enhance the contrast in X-ray imaging
applications~Burattini et al., 1990! and to explore the

so-called water-window region.Also, a monochromatic X-ray
beam is a prerequisite in order to use the so-called differen-
tial absorption imaging technique~Dix, 1995!. This tech-
nique is a powerful tool to search for specific elements in a
sample by using X-ray radiography. The technique has been
proposed for the detection of small concentrations of con-
trast agents in biological and medical applications. It is
currently under study for clinical application in coronary
angiography. Such kinds of studies are carried out using
either monochromatized synchrotron sources~Suortti &
Thomlinson, 2003! or laser–plasmaKa sources~Tillman
et al., 1996!.

In the last few years, the use of spherically bent Bragg
crystals as dispersive elements in the soft X-ray region has
been considered for both dense plasma diagnostics and
X-ray applications~see Pikuzet al., 2004, and references
therein!. Bent crystals used in Laue configuration are also
currently considered as tools to achieve monochromatic
beams to be used in medical applications at higher energies
~Dill et al., 1998!.

When dealing with such crystals, ray-tracing simulations
of the beam propagation in these experimental setups are
often required, due to the strong aberrations involved in
using bent surfaces. Ray-tracing simulations are also needed
to model the pattern of the X-ray backlighting beam in
imaging applications. As shown below, this pattern can be
quite nonhomogeneous when line emission from a back-
lighter laser–plasma source occur in the useful energy range.
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In this article, ray-tracing simulations of a bent Bragg
crystal-based optics for monochromatic imaging of thin
samples and differential absorptionm-imaging applications
will be discussed. After a short introduction on the underly-
ing principles, a brief description of the ray-tracing code
will be given, followed by the results of the simulations, in
particular concerning the spatial resolution of the system
and the pattern of the X-ray beam.

2. THE OPTICAL CONFIGURATION IN BRIEF

A detailed description of a typical experimental setup is
beyond the scope of this article and can be found elsewhere
~Gizzi et al., 2004!. A schematic configuration used to
obtain an X-ray monochromatic beam is shown in Figure 1
and is based upon an idea proposed by Pikuzet al. ~2001!
and Sanchez del Rioet al. ~2001!. The technique can be
thought of as a modification of the well-known projection
radiography technique, obtained by inserting a spherically
bent crystal between the object to be imaged and the detec-
tor to get a monochromatic image.

With reference to Figure 1, if an X-ray source is placed on
the Rowland circle~i.e., the circle whose radius is half the
curvature of the crystal! and the object is between the source
and the crystal, a radiography of the object is obtained in a
plane lying at a distance from the crystal given by
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wherept andpsare the position of the tangential~horizontal!
and sagittal~vertical! focuses respectively, given by the
usual relations
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Hereq is the distance from the center of the crystal to the
source andft and fs are the focal lengths of the crystal in
the tangential and sagittal directions, respectively. Ifq0 is

the glancing~Bragg! angle at the center of the crystal, the
latter two quantities can be written asft 5 Rsinq002 and
fs 5 R0~2 sinq0!. The object is “imaged”~actually, the
object and image planes are not conjugated! at the plane
given by Eq.~1! with a magnification factorM 5 ~x 2
pt !0~q2 xo!, wherexo is the distance from the crystal to the
object. Due to the astigmatism of the system for working
anglesq Þ p02, this is the only plane in which an undis-
torted ~i.e., with the same magnification in the tangential
and sagittal directions! transmission image can be obtained.
This will be further clarified by the results of the ray-tracing
simulations shown in Section 3.

The degree of monochromaticity of the beam used for the
radiography is defined by the position of the X-ray source.
In our case the source is placed on the Rowland circle,
therefore providing a narrow dispersion curve along the
crystal. Figure 2 shows the wavelengths diffracted in the
case of a bent mica crystal~2d 5 19.9 Å @Hölzer et al.,
1998# , radius of curvatureR5 150 mm! as a function of a
curvilinear coordinates along the crystal~in the horizontal
plane!, for a crystal size of 48 mm in the tangential plane.
This behavior is defined by the usual Bragg relation:

l~s! 5
2d

n
sin@q~s!# . ~3!

The calculation is performed for a glancing angle at the
center of the crystal~s5sc50! qc5qHea . 0.8929 rad and
a diffraction ordern 5 2. These parameters give a central
wavelength diffracted by the crystallc 5 lHea . 7.75 Å,
corresponding to the wavelength of the resonance line Hea
~1s2p–1s2 transition! from the He-likeAl ions~unless other-
wise specified, we will refer to these values forlc andqc

from now on!.
In the figure the three curves all refer to the source at an

angleqHea with respect to the crystal normal at its vertex,

Fig. 1. Crystal optics setup for the the simulated experiment. The direction
of a curvilinear coordinates along the crystal is indicated.

Fig. 2. Wavelengths diffracted by the bent crystal as a function of the
coordinates~see Fig. 1!. Data are shown for three different positions of the
source~see text!, all referring to the same value ofqc ~see text!.
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but at different distances from the crystal surface; the dashed
curve refers to the case in which the source is on the Rowland
circle, the fine dashed one to the source placed 20 mm far-
ther from the crystal, and the solid curve gives the result when
the source is placed 20 mm closer to it. These plot clearly
shows that when the source is on the Rowland circle a nearly
monochromatic beam is diffracted, with a spectral width
across the whole crystal length that, in the case taken into
account, is about 50 mÅ, which gives aDl0l . 731023 at
l 5 7 Å. This enables a monochromatic transmission image
of the object to be obtained in the image plane.

It is worthwhile noting that the flatness of the dispersion
curve shown in Figure 2 in the case of the source placed on
the Rowland circle also enables a nearly uniform X-ray
beam pattern to be obtained in an illuminated field of some
millimeters, regardless of the fact that the source exhibits a
continuous or line emission. This issue, which is quite
important for imaging purposes, will be clarified and con-
firmed by the ray-tracing results.

3. RAY-TRACING SIMULATIONS

In this section we illustrate the results of ray-tracing of the
simulated experiment of Figure 1, performed using the code
ORTO~an Object-oriented Ray-Tracing envirOnment! devel-
oped for this purpose at the Intense Laser Irradiation Labo-
ratory ~ILIL !. The geometrical features of different optical
setups based on bent Bragg crystals, as well as other optical
elements, can be modeled by the code, which is also able to
consider the physical characteristics of the interaction 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 density and propagating toward another region
with a suitable angular distribution. The spectral distribu-
tion of the source can also be considered.

The code is written in C11 language; it contains
five major objects, which are inherited by other classes:
ORTOsource , ORTOobstacle , ORTOdetector ,
ORTOray, ORTOsetup. The first three objects are abstract
classes declaring the pure virtual functionsRayGun() ,
Interaction() , andDetection() , which perform
the fundamental operations of the ray-tracing; these func-
tions are then overridden in the derived classes such as
ORTOsphericalcrystal or ORTOZonePlate ~see
below!.Adetailed description of the code structure is beyond
the scope of this report: We only mention here the fact that,
unlike the SHADOW code~Welnak et al., 1994!, the de
facto standard code for synchrotron radiation applications
~Cerrinaet al., 1996!, a ray has not a unique value of the
photon energy, but is defined by its origin and its direction
only. The physical characteristics of each ray are taken into
account by apath, which containsNobst 1 1 ~Nobst is the
number of obstacles! rays; it also contains the variables
defining the spectrum of the source and it keeps track of the
interaction with each obstacle in order to modify the initial

spectrum~the functions that calculate the final spectrum are
defined inside the classORTOpath; to improve the execu-
tion speed, pointers to these@member# functions are then
passed to the functions performing the detection by each
detectors!.

Simulations by ORTO were performed to model the
optical properties of the setup of Figure 1. Because the first
experimental setup trials were carried out for differential
imaging across theL22p102 edge of Br at 1596 eV~see the
website at http:00physics.nist.gov0PhysRefData!, here we
report the results obtained with a glancing angle at the
center of the crystalqc . 0.8921 rad, corresponding to a
diffracted wavelengthlc . 7.745 Å ~E . 1600 eV!, just
above the Br edge.

The spectrum of the laser–plasma point source was sup-
posed, on the basis of previous experiments performed in
the same target irradiation conditions~Labateet al., 2001!,
as consisting of two Gaussian lines centered atl1 5 7.75 Å
and l2 5 7.80 Å, with HWHM Dl1 5 Dl2 5 5 mÅ and
intensityA1510A2, corresponding to theHea and to the IC
line from He-like Al ions, respectively.

Although more general forms of rocking curves can be
considered by ORTO, the crystal rocking curve was taken
into account in the simplified form

R~l 2 l i ! 5 H1 for 6l 2 l i 6# Dlr

0 elsewhere,
~4!

wherel i is the wavelength corresponding to the angle of
incidence of the ray on the crystal andDlr is half the width
of the rocking curve as given by Sanchez del Rioet al.
~2000!.

Unless otherwise stated, the simulations described below
were all performed taking into account a point source. This
source was considered to generate, using a Monte Carlo
method, 106 rays per run, with isotropic angular distribu-
tion, toward the crystal. Typical running times were in the
range 2–4 min on a Pentium II 400MHz CPU with a Linux
operating system.

Figure 3 shows the radiation intensity detected assuming
a CCD-like detector with an array of 26.43 7.9 mm2 size,
11003 330 pixels, like the one used in Gizziet al. ~2004!,
placed in the position of the image plane~see Fig. 1!. As
above, the crystal is supposed to be 48312 mm2 wide. The
coordinates in the figure identifies vertical slabs of the
detector illuminated by different parts of the crystal, whose
coordinate is as in Figure 1:s0 and s1 indicate the two
boundaries of the crystal~s5 224 mm ands5 124 mm in
Fig. 1! andsc corresponds to the center of the crystal~s5
0 mm in Fig. 1!. The overall shape of the illuminated field is
due to the dependence of the sagittal focal length of the
crystal upon the angle of incidence, which results in differ-
ent heights in the plane of the detector. The main spectral
component in the figure is theHea line, reflected by the
central region of the crystal where, as pointed out above, a
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nearly flat behavior of the dispersion curve occurs~see
Fig. 2!. Toward the left and right edges of the detector the
two weaker components~coming from two distinct regions
of the crystal nearly symmetric with respect to its center!
due to the IC line are also clearly visible.

To test the imaging properties of the configuration, ray-
tracing simulations were performed considering a Fresnel
zone plate as an object to be imaged out. In our experiment
~Gizzi et al., 2004! this plate is used as a resolution test
sample due to its well-known spatial properties. The zone
plate taken into account hadlf 5 1.143 1021 mm2, result-
ing in a radius of the first opaque zoner15!lf . 340mm,
and a total radius of 3.5 mm. The zone plate was placed
along the direction joining the source and the crystal, at a
distance from the source chosen so as to get a magnification
M . 1.6. Figure 4 shows the radiation detected by the same
planar detector as in Figure 3, placed in the image plane.
Similar results were also obtained for the detector closer to
the crystal by 1 cm~Fig. 5! and farther from the crystal by
the same amount~Fig. 6!. The latter two figures provide
clear visual and quantitative proof of the fact that the image
plane defined by Eq.~1! is the only one where a radiography
is obtained preserving the aspect ratio of the object.

The spatial resolution attainable using the scheme described
above has also been studied by performing ray-tracing
simulations with a finite size backlighting source. To this
purpose, 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; the
probability for this origin to be at a distancer from the
source center is given by a Gaussian distribution~having its
maximum atr 5 0!.

Figure 7 shows the intensity distribution on a planar
detector when a mesh with period 300mm and wire thick-
ness 50mm is used as a test object to be imaged~the wires
are supposed completely opaque to the X-ray radiation!.
The source size is 30mm FWHM and the spectrum is the
same as that of Figure 3. A lineout of the image of Figure 7
along the horizontal~tangential! direction is shown in Fig-
ure 8, performed near to the center of the image~i.e., to the
tangential plane of the system!. The overall structure of the
backlighting X-ray beam~corresponding to the image of
Fig. 3! due to its line structure is clearly visible in this plot,
together with the superimposed structure of the imaged
mesh. From the lineout of Figure 8 the spatial resolution of
the bent-crystal-based optical system in the horizontal direc-

Fig. 3. Radiation intensity detected by a 26.437.9-mm2 size, 11003330-pixels detector in the position of the image plane as obtained
by ORTO simulations with 106 sampled rays~darker gray levels correspond to brighter regions of the X-ray beam!. The coordinates
identifies slabs of the detector illuminated by different regions of the crystal as is in Figure 1.

Fig. 4. Image of a Fresnel zone plate provided by a planar detector in the image plane, as obtained by ORTO with 106 sampled rays
~darker gray levels correspond to a smaller X-ray intensity!.
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tion can be estimated, by considering the width of the
transition region from an illuminated to an opaque zone
corresponding to a wire of the mesh. In such a way, a
horizontal resolution of about 15mm in the plane of the
object has been estimated. A similar procedure enabled us to
find a worse resolution of about 40mm in the vertical
direction.

Such a poor resolution in the vertical direction is actu-
ally the main drawback of using the scheme presented to
perform monochromatic imaging. To improve the reso-
lution, both horizontal and vertical, of a monochromatic
imaging setup based on spherically bent crystals, slightly
different schemes have recently been proposed~Pikuzet al.,
2004!.

Fig. 5. Image of a Fresnel zone plate provided by a planar detector closer to the crystal by 1 cm with respect to the image plane, as
obtained by ORTO with 106 sampled rays.

Fig. 6. Image of a Fresnel zone plate provided by a planar detector farther from the crystal by 1 cm with respect to the image plane, as
obtained by ORTO with 106 sampled rays.

Fig. 7. Image of a 300-mm period, 50-mm wire thickness mesh, with a magnificationM 5 1.6, provided by a detector in the image
plane, as obtained by ORTO with 106 sampled rays.
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4. CONCLUSIONS AND PERSPECTIVES

We reported here on the ray-tracing simulations of an exper-
imental setup, based on a spherically bent mica crystal,
devoted to obtaining monochromatic microradiographies of
thin samples using a laser–plasma source. In particular,
results by the code ORTO, recently developed at ILIL, were
shown. The spatial resolution attainable using this kind of
optical system has been estimated by performing simula-
tions with a finite size source. The complex structure of
the backlighting X-ray beam, due to a line spectrum of the
source and to the features of the dispersion curve across the
crystal, has been carefully studied. The simulations demon-
strate the capability of ORTO to geometrically model sim-
ple experimental arrangements with bent Bragg crystals.
Further efforts are currently going on devoted to the improve-
ment of the code capabilities, in particular with respect to
the physical model describing the X-ray diffraction from the
Bragg crystals.
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