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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°l@nd 22, 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 aroud 9 A a spatial resolution about 1@m in a field of view of some square millimeters is achieved
experimentally and confirmed by ray-tracing simulations.
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1. INTRODUCTION resolution over very large fields of viewit presents a

. . . disadvantage connected with the necessity to use them, in

Experiments on using spherically bent crystals for X-ray e . . N
S . . .order to minimize the astigmatism, only for angles of inci-

backlighting imaging of plasma objects were started practi-

cally 30 years agéBelyaevet al, 1976 and nowadays they dence within a few degrees of normal. Such a restriction on

are more and more widely applied for diagnostics of differ—the angle of incidence, along with the fixed interplanar
ent plasma facilitiesPikuz et al, 199%, 199%, 1997: spacing(2d) of the crystal itself, limits the wavelengths

Agisy ot al. 1996, 1857, 1966, 1069, 2oaioo0m; 'Sl Usednowloriackighing dnostes
Brown et al, 1997; Sanchez del Riet al., 1997, 1999; PP g b g

et 1955 Kool 19583555, 3 (% MEMSNRG Gt s o oy il bt
et al, 1999, 2001; Sinaret al, 2003, 2003). Despite of > 9

the fact that imaging of plasmas by spherically bent crystalé:urvature in order to eliminate the astigmatism for incident

has many advantagathey have a very high luminosity angles far from norma(\Vollbrecht et al, 1998; Missalla

. . . . ._getal, 1999; Uschmanat al., 2000. However, high-quality
compared with pinholes and can provide a high SpatlaForroidal surfaces are more complicated to obtain compared

. with spherical ones. Another disadvantage of using such
Address correspondence and reprint requests to: A. Faenov, MISDC

of VNIIFTRI Mendeleevo, Moscow region, 141570, Russia. E-mail: Cr_yStaIS for baCk"ghting .diagnostics is _the very difﬁcu“.
faenov@yahoo.com alignment due to constraints on all the six degrees of posi-
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tioning freedom. Furthermore, for an ideal torroidal surfacesurface. The object and the detector are mounted at a dis-
and an ideal alignmerisee, for more details, a theoretical tances from the crystal according with the usual optical
modeling, which has been done by Uschmanal., 2000, equation

reasonable spatial resolution in the range of 3gfrdcould

be reached only in a field of view around 1@, which is 1l/a+1/b=2/R, (1)
not appropriate for current Z-pinch plasma investigations
and for the future big scale laser plasma facilities. whereRis the crystal radius of curvature, aadndb are the

Another approach to the broad the range of suitablelistance from the objectto the crystal and from the crystal to
imaging wavelengths is to increase the variations of prothe detector, respectively. The magnification of the image is
duced types of spherically bent crystals and their cutsdefined by the valudél = b/a.

Unfortunately not so many types of crystals and their cuts The modification of the monochromatic backlighting
could be bent along a spherical surface with a big enouglscheme, the SMB is shown in Figure 1b. A main advantage
ratio between the crystal sizes and their radius of curvaturedf the SMB scheme, compared with the usual backlighting

To avoid the restrictions on using spherically bent crys-scheme, is the possibility to work in a wide range of Bragg
tals with practically any angles of incidene(i.e., to avoid ~ angles far from 99 but still to receive a stigmatic image of
problem with the apparent astigmatism aberratiGnaenkel ~ the object. In the SMB scheme, the detector is placed at a
et al. (1999, Pikuzet al. (1999, 2001, Floraet al. (2002), special fixed position downstream from the crystal between
and Sanchez del Riet al. (2001) have proposed the modi- the tangential and sagittal foci. This position depends from
fication of traditionally used monochromatic backlighting on the wavelengttBragg angle®) and the crystal curvature
schemes—the so-called Shadow Monochromatic Backlightand is defined by the equati¢Banchez del Riet al., 2001
ing (SMB) scheme or X-ray crystal imaging microscope
(XCIM). The traditional X-ray monochromatic backlight- d=(fifs—f)/(fi+ 1), 2
ing scheme with the spherically bent crystal is shown in
Figure la. In this scheme the backlighter is placed on thavheref, andfs are the tangential and sagittal focuses, corre-
Rowland circle very close to the optical axis of the crystalspondingly. The magnification in this position is calculated
by Sanchez del Riet al.(2001) asM = d/x (see Fig. 1h To
obtain different magnifications in such a scheme it is just
simply necessary to move the object along the source—

8 ~ (82 + < 90)° crystal directior(to change distance and to keep fixed the
Va+1/=2/R; M =b/a backlighter, the crystal, and the detector positions.

In Sanchez del Riet al.(2001) and Pikuzet al. (2001 it
has been shown experimentally that the SMB scheme allows
us to obtain highly spatially resolvgd-5 wm) monochro-
matic(8A/A ~1072-10"%) images over a large field of view
(some square millimetergor Bragg angle® as small as
~40°. Aray-tracing modelingSanchez del Riet al., 2001
d confirmed that in such scheme the spatial resolution could
F"\% 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
g (40 » 70)° small enough radius of curvature, is that the object should be

= (fifs = 1°)/(F: +15) ; ) :
M = dix 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 9C°. 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,
Fig. 1. Evolution of the monochromatic backlighting schemes with spher-the position of the object has been changed and moved
ically bent crystals. a: Traditional scheme, where the distances ObjeCtdownstream of the reflected beam. Experimental results are

crystal and crystal image are defined by optical equation; b: SkiB . . .
XCIM) scheme, which allows strongly decreased Bragg ang: c: presented, which were obtained in the case when a test mesh

XMPI scheme proposed in this article with the object placed downstreaniVas placed either b?tween the crystal ?nd the tahgential
of the beam reflected from crystal. focus or after the sagittal focus. The obtained experimental

Spherical crystal
= —~

Spherical crystal

FS

©p ~ (50 + <90)°
M= (b—f)/(fi—a)
Ms = (b—f)/(fs—a)
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results are compared with the results of the ray-tracingble to consider the physical characteristics of the inter-
calculations, which were performed using the speciallyaction with the crystal by taking into account the crystal

developed ray-tracing code ORTQabateet al., 2004). rocking curve. The code generates, using a Monte Carlo
method, a set of rays originating in a given region of the
2. X-RAY MONOCHROMATIC PROJECTION space with a user-defined distribution and propagating toward
IMAGING (XMPI) SCHEME: GENERAL another region with a suitable angular distribution. The
DESCRIPTION AND RAY-TRACING spectral distribution of the source can also be considered
MODELING (see more details in Labaét al., 2004.

For the simulations described in the present article, a
As was mentioned above, the described new types of X-rayjanar source with a Gaussian shape has been used. Each ray
monochromatic projection imagingKMP1) schemes are  thys has its origin on a plane normal to the line joining the
placed somehow between the traditional and the SMB schemesy rce and the center of the crystage Fig. 2pand the
Such considered schemes are still utilizing the properties ohropability for this origin to be at distancdrom the source
the shadow monochromatization, but for much bigger Braggenter is given by a Gaussian distributidraving its max-
angles, which are closer to normal incidence and®s jmum atr = 0). A white (uniform) spectrum has been
around 50-80compared with the 20—60which is more  assigned to this source. Because the rocking curve of the
usual for the SMB scheme, and compared with the 82-87 ¢rystal has been taken to be uniform in a given angle around
which is typical for the traditional backlighting scheme the Bragg angle, this means that only the geometrical fea-
There are no strong restrictions in the new approachesyres of the system have been modeled. Because an almost
which are very important for the SMB scheme, for positionsperfect mica crystal has been used for the experimental
of the backlighting source, the crystal, and the detector. IRests; this approximation is suitable to provide an estimate of
the SMB scheme, due to such fixed positions, the obtaineghe attainable spatial resolution of the system as well as to
images are stigmatic. In the new considered XMPI config—study the distortion of the image.
urations, the positions of the source, the crystal, and the Twpo different configurations, corresponding to different
objectare flexible, and in such cases the obtained images a{g|yes of the Bragg angle, have been considered for the
astigmatic, but still the information about the space properso|iowing simulations. In both cases, the point X-ray source
ties of the object are kept with a high enough spatial resogg well as Gaussian sources, with a FWHM of 15, 30, and

lution in both directions. 50 um, were considered. The imaged object was composed
In XMPI schemes the magnifications are determined bygf two grids, rotated by 45to each other, having, respec-
the following equations: tively, a period of 800 and 6@m and a wire thickness of 50
and 14um. For each simulation, fOrays were sampled,
M, = (b —f)/(f—a) 3 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 8 mnv.

Figure 2b,c(left) shows the result of a simulation per-
formed using a Bragg angk®; = 80.5 and a crystal with
in the sagittal direction. a radius of curvatureR; = 150 mm. The detector was

Heref, andf, are the tangential and the sagittal focus, considered to be 1 12 mn¥ wide (this corresponds to
respectively(see eq.(2) and Fig. 1b, a is the distance the whole image in the figuje The source is placed at a
between the crystal and the object ands the distance distancec = 148 mm from the crystal, and the object
between the crystal and the imaggee Fig. 1¢ (position 1 in Fig. 2aand detector, both oriented normal

It is necessary to stress that, due to the big angle ofo the ray coming from the center of the crystal, lie at
incidence, the reflected beam has an astigmatic structur@stances =106 mm ancb = 410 mm downstream of the
and the image could be slightly deformed because of th&rystal. The corresponding values of the tangential and
different magnification value in the sagittal and in the tan-Sadittal magnification of the objectat the position defined
gential directions. In such a case, to reach a geometricdly the ray coming from the center of the crystateM, =
similarity between the image and the object it is sufficient to6-25 andMs = 5.0, respectively. A more astigmatic con-

make a trivial linear geometrical transformation. figuration was also considered, using a Bragg anie=
67.9. The result, using a detector 2012 mn¥ wide, is

shown in Figure 2b,dright). The distances in the setup
werec = 100 mm,a = 62 mm, andb = 360 mm. Since a
Ray-tracing simulations of the projection-imaging schemecrystal radius ofR, = 100 mm was used, these led to
illustrated above have been performed using the code ORT@agnificationsM, = 11.25 andVig = 4.4.

(Labateet al., 2004. The geometrical features of different  From Figures 2b,c itis clearly seen that spatial resolution
optical setups based on bent Bragg crystals, as well as oth&x good enough for both angles that have been used in the
optical elements, can be modeled by this code, which is alsmodeling. What is interesting is that even in the case when

in the tangential direction and

M= £(b—f5)/(fs—a) 4)

2.1. Ray-tracing modeling of the scheme
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Fig. 2. Ray-tracing modeling of the XMPI scheme with spherically bent crystal in the case when the(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 meghig mesh has a period 8Qm and wire thickness of 5Am, small mesh has a period of @@n and wire

thickness of 14«m), obtained under Bragg angle 80(¥eft) and 67.9 (right) with different sizes of the source; c: densitograms of the

small mesh images for all considered cases.

the size of the backlighting sour¢80 um) is two times  Results of this modeling are presented in Figure 3b,c. It can
larger than the size of the obje¢t4 um) the obtained be clearly seen from this figure that placing the object in
modeling images clearly resolve the object. This means thatuch a configuration reduce spatial resoluti@mpare
even for such a size of the backlighter source a spatialesults presented in Figs. 2i§right) and 3b,g. It means that
resolution is around 1@m. The effect of the astigmatism in experiments the object must be oriented as accurately as
can be clearly seen in the image, but these difficulties coulghossible perpendicular to the reflected beam from the center
be easily overcome by a simple geometrical transformatiomf the crystal.
without losing spatial resolution of the system. Finally, to explain a shift of the vertical wires, which was
In some additional modeling the object and the detectobbserved in the experimental tests, further simulations were
were also oriented parallel to the crystal. Figure 3a showgerformed with the objecté&he meshestilted around an
the tilting of the object and the detector to the angle axis defined by the plane of the object and the tangential
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10000 1 Point Fig. 3. Ray-tracing modeling of the XMPI scheme with spher-
* source ically bent crystal in the case when the objéabject 2 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 mésiy mesh has a

5000 - period of 800um and wire thickness of 5@m, small mesh has

a period of 6Qum and wire thickness of 14m), obtained under

Bragg angle 67.9with different sizes of the source; c: densito-
grams of the small mesh images for all considered cases.
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plane of the system. It corresponds that the object wasvere carried out at the “Hercules” laser facility at the
rotated to the angl@ (see Fig. 3a Figure 4 shows the “Ente per le Nuove Tecnologie, 'Energia e I'’Ambiente”
results of a simulation carried out using the same parametef&ENEA) Institute in Frascati, ItalyBollanti et al, 1996,

as for the latter one, but now with the object rotatéébd  1998. This is a XeCl excimer laser with an active volume
20° around this axigalso the source FWHM is in this case of 9 X 4 X 100 cn? and a wavelength of 0.308m. The

0.0 um, corresponding to a point soujcéigure 4 obvi- laser energy was 0.5-1 J, the pulse duration was 12 ns,
ously shows the effect of a misalignment of the object withand the repetition rate was 0.5 Hz. The laser radiation was
respect to a perfectly verticéile., normal to the tangential focused onto a Fe target to form a backlighter source of
plane position. about 15-25um in diameter. Between 500 and 1000 laser

In all the above considered cases, ray-tracing simulationshots were needed for obtaining good images on the film.
demonstrate very clearly that sharp, well spatially resolvedpherically bent mica crystals, with radius of curvature
images with an acceptable degree of distortion can be obtaind®l = 100 mm (working area 8 mmx 28 mm) and R =
using the scheme illustrated above. 150 mm(working area 14 mnx 48 mm), were used for
obtaining monochromatic images.

A couple of mesheg&he same parameters as meshes used
inray-tracing modeling were used as a test object: One mesh
was with a period of 80@m and a diameter of the wires of
Experiments for X-ray monochromatic projection imaging 50+ 5 uwm and another mesh was with a period of6@ and
of an object, placed downstream of the reflected beama diameter of the wires of 14m. The obtained images were

3. EXPERIMENTAL RESULTS AND
DISCUSSIONS
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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 thg8angtee meshes and the detector are placed parallel to the

crystal and after meshes were rotated at apgle

recorded on Kodak RAR 2492 film. The film holder was pro- reflected beam, at various positions around the tangential

tected by a 7wm Be foil and by two layers of Jtm poly-

and the sagittal focusing points of the beam. The schemes of

the setup correspond to the positions of Object 1 and Object 2

propylene filters coated with 0.2m layers of aluminum.

Additional 2-um polypropylene filters were used to stop the in Figures 2a. The numerical parameters of the experimental

plasma debris from reaching the surface of the crystal.

configurations are presented in the Table 1.

Three types of experiments have been done. In all such In the first type of experimen(Fig. 2a, object in position
experiments the test object was placed downstream of th2, and Exp. No. 1 in Table)la test mesh was placed after
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Table 1. Parameters of X-ray monochromatic projection imaging (XMPI) schemes used in experiments.

Crystal radius ~ Bragg Distance Tangential Sagittal Distance Distance
of curvature angle source—crystal p focus d focus q crystal-objecta  crystal-image b
Exp. No. (mm) (°) (mm) (mm) (mm) (mm) (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
a) @y =80.5°

. Small wire: FWHM = 23 um . Big wire : FWHM = 55 um

Fig. 5. a: Experimental monochromatic projection image for the double rfwsjkct 2 position in Fig. 2aplaced downstream of the
reflected beam after tangential and sagittal fig mesh: period 80@m; wires 50+ 5 um; small mesh: period 6@m, wires 14um),
obtained at the wavelength= 9.82 A(Bragg angle® = 80.5) by mica spherical crystdR =150 mm in second order of reflection; b:
above image linearly transformed in the case of magnificatlon 9.7¢. Densitograms of the small mesh image are shown in layout

(1) and the big mesh image in layofit).
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the tangential and the sagittal foci of the reflected beam. The Mg = —(b—fy)/(fs—a) =13.7

test mesh contained a big mesh and two small meshes, tilted

at 45 to one another. The resulting image obtained in thisyhereas in the tangential direction it was

case, with a good spatial resolution in both the sagittal and

the tangential directions, is shown in Figure 5a. Due to the M; = —(b—f)/(f,—a) =9.7¢

big angle of incidence, the reflected beam has an astigmatic

structure and we could see that the image is also slightly Itis necessary to underline that, despite of the astigmatic
deformed because of the different magnification in thedeformation of the illuminating beam, the image in Fig-
sagittal and in the tangential directions for astigmatic beamure 5a has a very good spatial resolution in the whole field of
In fact in the considered scheme the magnification in theview of 8.5X 1.5 mm. In such a case, to reach a geometrical
sagittal direction was similarity between the image and the object it is sufficient to

7.4 mm

F
4

3.8 mm

Fig. 6. a: Experimental monochromatic projection image for the double rf@gkct 1 position in Fig. 2aplaced downstream of the
reflected beam between the crystal and tangential(figimesh: period 80@m, wires 50+ 5 um; small mesh: period 6@m, wires
14 um), obtained at the wavelength= 9.82 A (Bragg angle® = 80.5) by mica spherical crystdR = 150 mn) 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 thein which the object will stay after the crystal, but inside
ratio Mg/M;. The result of this linear transformation is the Rowland circle, before the tangential fdthe above
shown in Figure 5b. It is clearly seen that after such aray-tracing modeling has been done for this type of
transformation the image is stigmatic, and it has a magnifischemg The scheme of such an experiment is presented
cation 9.7 and a very good correspondence to the initialin Fig. 2a(Object 1 case; see also the description in Table 1,
shape of the object. Exp. 2 and the results of this type of experiment is pre-

For many plasma-backlighting applications it is very sented in Figure 6a. For a better comparison with the pre-
important to distinguish the monochromatic backlightingvious experimental scheme, the Bragg angle in this experiment
radiation from the strong background radiation of the plasmdnas been chosen the safte= 80.5) as in the experimen-
object. To do it, usually some type of diaphragm is placedal conditions of Figure 5. In experiment 2, which we
at the tangential foci at the Rowland circle. It means thatconsidered now, the magnification in the sagittal direction
it is very important to consider the backlighting schemewas

3.6 mm

60
60 um pm

Fig. 7. a: Experimental monochromatic projection image for the double rf@gkct 1 position in Fig. 2aplaced downstream of the
reflected beam between the crystal and tangential(fiigimesh: period 80gm, wires 50+ 5 um; small mesh: period 6@m, wires

14 um), obtained at the wavelength= 9.22 A (Bragg angle® = 67.9) by spherical mica crystdR = 100 mn) 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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Mg = (b —f)/( fs— a) = 5 case of the X-ray spectral range, where crystal optics have
unique propertiesdue to the Bragg conditiongo reflect
whereas in the tangential direction it was only very narrow beams, such a disadvantage is not really
essential and it still allows us to obtain images with a
M, = (b—f)/(f,—a) =6.2% sufficiently high spatial resolution in both directions. Fur-

thermore, a simple linear transformation of the images allowed
We could see that still, despite the astigmatic deformatiorus to reconstruct them with a high enough accuréay
of the illuminating beam, the image in Figure 6a has a verydeformation in all directions not larger than 2% remains
good spatial resolution in the whole field of view of 24  for images obtained under an angle of incidence df, 10
3.8 mn¥. Again, like above, to reach the geometrical simi- and no more then 15% for an angle of incidence of)22
larity between the image and the object it is sufficient to doDue to the small size of the X-ray backlighter source, the
alinear geometrical transformation, according with the ratioreconstructed images have a very high spatial resolution
Ms/M;. The result of such a linear transformation is shown(better than 10um for a Bragg angle around 8Gand
in Figure 6b. It is clearly seen that, after such transformaabout 15-20um for a Bragg angle around 68in a big
tion, the image is stigmatic and it has a magnificatiémbd  field of view.
avery good correspondence to the initial shape of the object.
From comparison of the images from Figures 2 anq 6 W&  ~ONCLUSIONS
clearly see a very good coincidence between experimental
and ray-tracing results. In summary, we proposed a new modification of the X-ray
As was demonstrated by ray-tracing modeling, it is pos-backlighting and self-emitting imaging techniglimsed on
sible to obtain a very good spatial resolution also for biggetthe use of spherically bent crystalvhich can be efficiently
Bragg angles. So, in this case itis interesting experimentallysed under Bragg angles far from”90he data presented in
to obtain images in such a scheme for bigger Bragg angleshis article demonstrate that such a technique allows us to
which lay farther from the normal. The result of such anobtain X-ray monochromatic backlighting images of inves-
experiment is presented in Figure (&&e also the descrip- tigated objects in a big field of vieusome square milli-
tion of the experimental conditions in Table 1, Exp. Bhe  meters, with a spatial resolution up to 10m. It gives the
Bragg angle in this experiment corresponds to ray-tracingossibility to strongly increase the spectral tunability of
modeling and wa® = 67.9, so it was very far from the backlighting imaging systems based on spherically bent
normal. As can be seen from Figure 7a, the astigmatism ofrystals, which could be very useful for different plasma
the obtained image is very big. But such strong astigmatisndiagnostic applications.
does not dramatically decrease the spatial resolution of the
image and still in both directions the spatial resolution is
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