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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 so-called water-window region. Also, a monochromatic X-ray
beam is a prerequisite in order to use the so-called differen-
Laser-produced plasmas are currently recognized as briglial absorption imaging techniqué®ix, 1995). This tech-
and versatile pulsed sources of X-ray radiation for a widenique is a powerful tool to search for specific elements in a
range of applications, having a pulse duration ranging fronmsample by using X-ray radiography. The technique has been
the nanosecond down to the 100-fs scale, sizes of the ord@roposed for the detection of small concentrations of con-
of 10-100um and repetition rate of 10-100 Hgee, e.g., trast agents in biological and medical applications. It is
Giulietti & Gizzi, 1998, and references thergin currently under study for clinical application in coronary
The X-ray spectrum from laser plasmas consists of incoangiography. Such kinds of studies are carried out using
herent radiation due to Bremsstrahlung as well as line emiseither monochromatized synchrotron sour¢&siortti &
sion from high charge state ions, which is particularly usefulThomlinson, 2008 or laser—plasm&, sources(Tillman
when using plasmas produced at lower intensifidarzi et al., 1996.
et al, 2000; Labatest al., 2002. More recently, character- In the last few years, the use of spherically bent Bragg
istic radiation emissioimainly K, andKg) from the cold  crystals as dispersive elements in the soft X-ray region has
target materialsee, e.g., Von Der Lindet al, 2001, and been considered for both dense plasma diagnostics and
references therejnwhose generation is particularly effi- X-ray applicationgsee Pikuzet al., 2004, and references
cientat laser intensities of the order of10V/cm? or higher  therein. Bent crystals used in Laue configuration are also

with hundredths of femtosecond duratiOBastianiet al., currently considered as tools to achieve monochromatic
1997; Reiclet al., 2000, has been studied and exploited for beams to be used in medical applications at higher energies
applications. (Dill etal., 1998.

When dealing with such a kind of broad-band radiation,a When dealing with such crystals, ray-tracing simulations
suitable X-ray optics is used when a monochromatic X-rayof the beam propagation in these experimental setups are
beam is needed. Using a monochromatic X-ray beam is aften required, due to the strong aberrations involved in
crucial issue to enhance the contrast in X-ray imagingusing bent surfaces. Ray-tracing simulations are also needed
applications(Burattini et al, 1990 and to explore the to model the pattern of the X-ray backlighting beam in

imaging applications. As shown below, this pattern can be
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In this article, ray-tracing simulations of a bent Bragg the glancing(Bragg angle at the center of the crystal, the
crystal-based optics for monochromatic imaging of thinlatter two quantities can be written §s= Rsind,/2 and
samples and differential absorptigrimaging applications fs = R/(2 sindy). The object is “imaged”(actually, the
will be discussed. After a short introduction on the underly-object and image planes are not conjugatadthe plane
ing principles, a brief description of the ray-tracing codegiven by Eq.(1) with a magnification factoM = (x —
will be given, followed by the results of the simulations, in p;)/(q — X,), wherex, is the distance from the crystal to the
particular concerning the spatial resolution of the systenobject. Due to the astigmatism of the system for working
and the pattern of the X-ray beam. anglesd # /2, this is the only plane in which an undis-
torted (i.e., with the same magnification in the tangential
and sagittal directionigransmission image can be obtained.
This will be further clarified by the results of the ray-tracing
A detailed description of a typical experimental setup issimulations shown in Section 3.
beyond the scope of this article and can be found elsewhere The degree of monochromaticity of the beam used for the
(Gizzi et al, 20094. A schematic configuration used to radiography is defined by the position of the X-ray source.
obtain an X-ray monochromatic beam is shown in Figure 1in our case the source is placed on the Rowland circle,
and is based upon an idea proposed by Piual. (2001) therefore providing a narrow dispersion curve along the
and Sanchez del Riet al. (2001). The technique can be crystal. Figure 2 shows the wavelengths diffracted in the
thought of as a modification of the well-known projection case of a bent mica crysté?d = 19.9 A [Holzer et al.,
radiography technique, obtained by inserting a spherically1998], radius of curvatur® = 150 mm) as a function of a
bent crystal between the object to be imaged and the detecurvilinear coordinate along the crystalin the horizontal
tor to get a monochromatic image. plane, for a crystal size of 48 mm in the tangential plane.

With reference to Figure 1, if an X-ray source is placed onThis behavior is defined by the usual Bragg relation:
the Rowland circl€i.e., the circle whose radius is half the
curvature of the crystabnd 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

2. THE OPTICAL CONFIGURATION IN BRIEF

2d |
A(s) = Y sin[d(s)]. 3

The calculation is performed for a glancing angle at the
L PP p? B center of the crystdls = 5. = 0) ¥ = Je, = 0.8929 rad and
pe+ps a diffraction ordem = 2. These parameters give a central
wavelength diffracted by the crystal = Ao, = 7.75 A,
wherep, andps are the position of the tangentidorizonta) corresponding to the wavelength of the resonance line He
and sagittal(vertical) focuses respectively, given by the (1s2p-1s? transition from the He-like Aliongunless other-

X =P

usual relations wise specified, we will refer to these values foyrand J.
from now on.
1 N E @ In the figure the three curves all refer to the source at an
q Pis fis angledye, With respect to the crystal normal at its vertex,

Hereq is the distance from the center of the crystal to the
source and; andf are the focal lengths of the crystal in 81 ‘
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Fig. 2. Wavelengths diffracted by the bent crystal as a function of the
Fig. 1. Crystal optics setup for the the simulated experiment. The directioncoordinates (see Fig. 1. Data are shown for three different positions of the
of a curvilinear coordinate along the crystal is indicated. source(see text, all referring to the same value of, (see text
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but at different distances from the crystal surface; the dashespectrunithe functions that calculate the final spectrum are
curve referstothe case in which the source is on the Rowlandefined inside the cla’®RTOpath; to improve the execu-
circle, the fine dashed one to the source placed 20 mm fation speed, pointers to thegmembet functions are then
ther fromthe crystal, and the solid curve gives the result whempassed to the functions performing the detection by each
the source is placed 20 mm closer to it. These plot clearlyletectors
shows that when the source is on the Rowland circle a nearly Simulations by ORTO were performed to model the
monochromatic beam is diffracted, with a spectral widthoptical properties of the setup of Figure 1. Because the first
across the whole crystal length that, in the case taken intexperimental setup trials were carried out for differential
account, is about 50 mA, which givesa/A =7x 10 %at  imaging across the,2p, , edge of Br at 1596 eVsee the
A =7 A. This enables a monochromatic transmission imagevebsite at http’/physics.nist.gotPhysRefDatg here we
of the object to be obtained in the image plane. report the results obtained with a glancing angle at the
It is worthwhile noting that the flatness of the dispersioncenter of the crystaf), = 0.8921 rad, corresponding to a

curve shown in Figure 2 in the case of the source placed odiffracted wavelength, = 7.745 A(E = 1600 eV), just
the Rowland circle also enables a nearly uniform X-rayabove the Br edge.
beam pattern to be obtained in an illuminated field of some The spectrum of the laser—plasma point source was sup-
millimeters, regardless of the fact that the source exhibits @osed, on the basis of previous experiments performed in
continuous or line emission. This issue, which is quitethe same target irradiation conditiofisabateet al., 2001,
important for imaging purposes, will be clarified and con- as consisting of two Gaussian lines centerethat 7.75 A
firmed by the ray-tracing results. and A, = 7.80 A, with HWHM A, = AA, = 5 mA and
intensityA; = 10A,, corresponding to theex and to the IC
3. RAY-TRACING SIMULATIONS line from He-like Al ions, respectively. _

Although more general forms of rocking curves can be
In this section we illustrate the results of ray-tracing of theconsidered by ORTO, the crystal rocking curve was taken
simulated experiment of Figure 1, performed using the codénto account in the simplified form
ORTO(an Object-oriented Ray-Tracing envirOnmedeavel-
oped for this purpose at the Intense Laser Irradiation Labo- 1 for|d—A| = AN
ratory (ILIL ). The geometrical features of different optical R(A— ;) = { (4)

. 0 elsewhere,
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 withwhere A; is the wavelength corresponding to the angle of
the crystal by taking into account the crystal rocking curve.incidence of the ray on the crystal and, is half the width
The code generates, using a Monte Carlo method, a set of the rocking curve as given by Sanchez del Rtoal
rays originating in a given region of the space with a(2000.
user-defined density and propagating toward another region Unless otherwise stated, the simulations described below
with a suitable angular distribution. The spectral distribu-were all performed taking into account a point source. This
tion of the source can also be considered. source was considered to generate, using a Monte Carlo
The code is written in @+ language; it contains method, 16 rays per run, with isotropic angular distribu-

five major objects, which are inherited by other classestion, toward the crystal. Typical running times were in the

ORTOsource, ORTOobstacle , ORTOdetector |, range 2—4 min on a Pentium [l 400MHz CPU with a Linux
ORTOray, ORTOsetup. The first three objects are abstract operating system.

classes declaring the pure virtual functioRayGun() , Figure 3 shows the radiation intensity detected assuming
Interaction() , andDetection() , which perform  a CCD-like detector with an array of 26:47.9 mn¥ size,

the fundamental operations of the ray-tracing; these funci1100Xx 330 pixels, like the one used in Gizzi al. (2004,
tions are then overridden in the derived classes such gdaced in the position of the image plafeee Fig. 1. As
ORTOsphericalcrystal or ORTOZonePlate (see above, the crystal is supposed to bexd82 mn? wide. The
below). Adetailed description of the code structure is beyondcoordinates in the figure identifies vertical slabs of the
the scope of this report: We only mention here the fact thatdetector illuminated by different parts of the crystal, whose
unlike the SHADOW codgWelnak et al,, 1999, thede coordinate is as in Figure I, and s; indicate the two
facto standard code for synchrotron radiation applicationsboundaries of the crystés= —24 mm ands= +24 mm in
(Cerrinaet al., 1996, a ray has not a unique value of the Fig. 1) ands. corresponds to the center of the crygmk
photon energy, but is defined by its origin and its directionO mm in Fig. 2. The overall shape of the illuminated field is
only. The physical characteristics of each ray are taken intalue to the dependence of the sagittal focal length of the
account by gpath which containsNyps; + 1 (Nopst IS the  crystal upon the angle of incidence, which results in differ-
number of obstaclgsrays; it also contains the variables ent heights in the plane of the detector. The main spectral
defining the spectrum of the source and it keeps track of theomponent in the figure is thelea line, reflected by the
interaction with each obstacle in order to modify the initial central region of the crystal where, as pointed out above, a
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IC

Fig. 3. Radiation intensity detected by a 26<4.9-mn? size, 1100 330-pixels detector in the position of the image plane as obtained
by ORTO simulations with 1Dsampled rays¢darker gray levels correspond to brighter regions of the X-ray he@he coordinate
identifies slabs of the detector illuminated by different regions of the crystal as is in Figure 1.

nearly flat behavior of the dispersion curve occusse The spatial resolution attainable using the scheme described
Fig. 2). Toward the left and right edges of the detector theabove has also been studied by performing ray-tracing
two weaker componentsoming from two distinct regions simulations with a finite size backlighting source. To this
of the crystal nearly symmetric with respect to its center purpose, a planar source with a Gaussian shape has been
due to the IC line are also clearly visible. used. Each ray thus has its origin on a plane normal to
To test the imaging properties of the configuration, ray-the line joining the source and the center of the crystal; the
tracing simulations were performed considering a Fresnegbrobability for this origin to be at a distanaefrom the
zone plate as an object to be imaged out. In our experimergource center is given by a Gaussian distributitewving its
(Gizzi et al., 2009 this plate is used as a resolution testmaximum at = 0).
sample due to its well-known spatial properties. The zone Figure 7 shows the intensity distribution on a planar
plate taken into account had = 1.14X 10" mm? result-  detector when a mesh with period 30én and wire thick-
ing in aradius of the first opaque zong= VAf =340um,  ness 5Qum is used as a test object to be imagte wires
and a total radius of 3.5 mm. The zone plate was placedre supposed completely opaque to the X-ray radiation
along the direction joining the source and the crystal, at a’he source size is 3gm FWHM and the spectrum is the
distance from the source chosen so as to get a magnificatisame as that of Figure 3. A lineout of the image of Figure 7
M = 1.6. Figure 4 shows the radiation detected by the samalong the horizontaltangential direction is shown in Fig-
planar detector as in Figure 3, placed in the image planeure 8, performed near to the center of the imége, to the
Similar results were also obtained for the detector closer téangential plane of the systenThe overall structure of the
the crystal by 1 cniFig. 5 and farther from the crystal by backlighting X-ray bean{corresponding to the image of
the same amountFig. 6). The latter two figures provide Fig. 3) due to its line structure is clearly visible in this plot,
clear visual and quantitative proof of the fact that the imagdogether with the superimposed structure of the imaged
plane defined by Eq1) is the only one where a radiography mesh. From the lineout of Figure 8 the spatial resolution of
is obtained preserving the aspect ratio of the object. the bent-crystal-based optical systemin the horizontal direc-

Fig. 4. Image of a Fresnel zone plate provided by a planar detector in the image plane, as obtained by ORT® seithpléd rays
(darker gray levels correspond to a smaller X-ray intensity
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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 19sampled rays.
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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 19sampled rays.

Fig. 7. Image of a 300um period, 50s.m wire thickness mesh, with a magnificatiéh= 1.6, provided by a detector in the image
plane, as obtained by ORTO with 48ampled rays.

tion can be estimated, by considering the width of the Such a poor resolution in the vertical direction is actu-
transition region from an illuminated to an opaque zoneally the main drawback of using the scheme presented to
corresponding to a wire of the mesh. In such a way, gerform monochromatic imaging. To improve the reso-
horizontal resolution of about 1am in the plane of the lution, both horizontal and vertical, of a monochromatic
object has been estimated. A similar procedure enabled us tmaging setup based on spherically bent crystals, slightly
find a worse resolution of about 4am in the vertical different schemes have recently been propggéklzet al.,
direction. 2004).



258 L. Labate et al.

Intensity (A.U.)
O = D W H» O O N 00 ©

0 5 10 15 20 25
Horizontal position (mm)

Fig. 8. Lineout of the image of Figure 7 along the horizoritahgential direction, performed near to the center of the imége, near
the tangential plane of the systgm
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