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Abstract—Experimental results are presented on the measurement of a holographic (phase-contrast) image of
a boric fiber (100-um-diameter boric cylinder with a 20-um-diameter tungsten core) and on radiation focusing
by Fresnel zone plates using the Kurchatov synchrotron radiation source. By comparison of the obtained holo-
gram with theoretically calculated data, the vertical size of the source was determined to be 325 £ 25 um. This
value was also confirmed by measuring the half-width of the direct image of the source. Features of image

recording on a photographic film are discussed.
DOI: 10.1134/S1027451007010016

INTRODUCTION

In 1995, after the advent of synchrotron radiation
sources of the third generation (ESRF, APS, and
Spring-8), it was found that these sources produce x-ray
beams with high spatial coherence, close to laser beams
in their parameters. This fact led to the emergence of
new fields of x-ray optics, such as the direct high-reso-
lution phase-contrast near-field imaging of microob-
jects [1, 2] and the holographic recording of microob-
ject images, followed by reconstruction of the total
optical density from the beam direction using numeri-
cal methods [3]. The additional use of conventional
tomography methods allowed the optical density to be
reconstructed in the cross section of a weakly absorbing
object, when the absorbance varies at the noise level
and cannot be used in analysis. The angular size of new
sources in the object exposure region is on the order of
107 rad, which is comparable to or even higher than the
resolution achieved using crystals. New sources made it
possible to obtain x-ray beams of extremely small sizes
by focusing the diverging wave by various x-ray lenses,
among which Bragg—Fresnel lenses [4], Fresnel zone
plates (ZPs) [5, 6], and compound refractive lenses [7,
8] are of most interest. Recently, refractive lenses of
various types have been actively developed, and more
than a hundred papers on this problem have been pub-
lished up to the present. These lenses, as well as ZPs,
do not change the optical axis direction. They have a
single focusing order, which makes these lenses of pri-
mary importance for the development of x-ray micro-
scopes. Beams with transverse sizes of the order of
100 nm [9] and ten times magnified high-contrast
images of weakly absorbing biological microobjects
[10] have been already obtained.

An obvious and important problem is the develop-
ment of methods for the precise determination of the
effective source size, since the coherent wavefront
structure in practical experiments can be distorted by
various optical elements placed in the source-to-object
path, e.g., a monochromator. Moreover, the effective
size is affected by various mechanical instabilities. The
effective source size can be determined both by focus-
ing and by analyzing interference fringes in holo-
graphic images of model objects [11, 12]. The problem
of possible, at least partial, extension of the field of
application of new methods to second-generation
sources, which number in the tens in the world, also
seems natural.

In this study, we have analyzed a number of the
capabilities of second-generation sources for the prac-
tical use of spatially coherent phenomena, even under
conditions of a significant loss of coherence. The exper-
iment was carried out at the source of the Kurchatov
Center for Synchrotron Radiation and Nanotechnology
(KCSRNT). Since this SR source was not previously
applied to such problems, the first objective was the
determination of its effective transverse size. Two
methods were used to solve this problem: source focus-
ing by a Fresnel ZP and recording the holographic
image of a thin boric fiber. The vertical (minimum)
source size was estimated from an analysis of the
experimental data obtained by these two methods. In
the next section, we describe the experimental layout
and present the experimental data. In the third section,
we analyze the experimental results, and the fourth sec-
tion is devoted to particular details of the used measure-
ment method.
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Fig. 1. Experimental layout: source (S), object (O), and
position-sensitive detector (D). Converging rays show the
source projection equal to the region of averaging the coher-
ent pattern; diverging rays show the object shadow region.

EXPERIMENTAL

The experiment was carried out at the Station for X-
ray Crystallography and Materials Science (XCMS) on
the 4.6 channel of the source of KCSRNT [13]. The
XCMS station is equipped with a vacuum two-crystal
monochromator, slit collimators, SR beam monitors, an
x-ray detector, and a universal set of goniometric
devices necessary to solve problems of x-ray materials
science. The station is equipped with dynamic stabili-
zation systems of the spatial position of the SR beam in
the extraction channel (the precision is ~10 wm) and the
angular position of the second crystal monochromator
(precision is ~0.03 arc seconds), which provide neces-
sary conditions for precise x-ray diffraction experi-
ments. Silicon wafers with (111) symmetric reflections
were used as crystals monochromators.

The experimental layout is shown in Fig.1. Radia-
tion from the source passed through the monochroma-
tor (not shown in the figure) and transilluminated
microobjects (a Fresnel ZP and a boric fiber) placed in
the same holder. The spatial structure of the wave field
intensity was recorded on a high-resolution Kodak film
positioned at the ZP focus. The film resolution was no
worse than 1 wm per dot. The source—object distance
was L; = 15.06 m, while the object—film distance
depended on the focal length of the used ZPs.

(a)

100 pm
S

Radiation with a photon energy of 12 keV (wave-
length is A = 1.033 A) was focused using a round sili-
con single-crystal ZP with the radius of the first zone
ri = 12.44 um and the number of zones N = 242. The
7P aperture and outermost zone size were 387 and 0.4 um,
respectively. The etched region depth and, correspond-
ingly, the zone thickness equaled 72 = 9 um. Such a ZP

focuses a 12-keV plane wave at a distance F = r%/?u =

1.5 m with the efficiency of the order of 20%. With
regard to the finite distance L, to the source, the focal
length L, = 1.667 m is determined by the lens formula

L;l =F!- L]l . Figure 2 shows the digitized source

and fiber images obtained by scanning films with a
pixel size of 0.885 um.

The source image is shaped as an ellipse strongly
elongated along the horizontal axis. Since the image
size significantly exceeds the diffraction limit of the dot
image, equal to the outermost zone size for the ZP, this
image is indeed a real image of the source. The fiber
represented a 100-pm-diameter boron cylinder, inside
which a 20-pum-diameter tungsten cylinder was placed.
The fiber was positioned horizontally; hence, only the
vertical intensity distribution is of interest. Although
the complex structure of interference fringes cannot be
distinguished in the image, the first interference fringe
(black) on the fiber edge is clearly pronounced.

The increase in intensity at the fiber edge has the
interference (coherent) nature. Because of refraction at
the round boundary of the fiber, beams deflect from its
axis. At a certain distance after passing through the
fiber, these beams interfere with beams that bypassed
the fiber. The phase difference between these beams
increases with increasing distance from the boundary.
When the phase difference is &, a destructive interfer-
ence arises, and the intensity decreases almost to zero.
At a phase difference of 2m, a constructive interference
occurs. In this case, the intensity increases almost four
times, since the beam amplitudes are summed upon
interference, and the intensity is the squared summed
amplitude. Therefore, the first two fringes do not com-

100 pm

IS

(b)

Fig. 2. (a) Source image focused using a zone plate and (b) phase-contrast image of a boric fiber with a tungsten core obtained at

the same distance. The x-ray photon energy is 12 keV.
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Fig. 3. The same image as in Fig. 2 but for an x-ray photon energy of 8 keV.

pensate each other when the image is smeared by a
source of finite transverse sizes. Exactly this situation
allowed us to observe the interference increase in the
intensity at the fiber edge. The finer effect of a decrease
in intensity is not seen by eye but is revealed in mathe-
matical processing. We note that the width of the black
fringe is approximately the same as the vertical size of
the source image, and this fringe can also be used to
measure the effective source sizes.

The focusing of the vertical size of the source was
also measured using a linear ZP and another round ZP
with differing parameters, and similar results were
obtained in these measurements.

Radiation with a photon energy of 8 keV (wave-
length is 1.55 A) was focused using a round ZP with the
radius of the first zone r; = 8.8 wm and the number of
zones N = 122. The aperture of this ZP and the outermost
zone size are 194 and 0.4 pm, respectively. This ZP

focuses the 8-keV plane wave at the distance F = rf /h=
0.5 m. With regard to the finite distance L, = 15.06 m to
the source, the focal length L, is 0.517 m. Figure 3
shows the source and fiber images obtained by scan-
ning films with pixel sizes of 0.354 and 0.885 um. The
images exhibit similar structures; however, the source
image sizes decrease because of a shorter object—film
distance, and the interference maximum at the fiber
image edges becomes more distinct.

ANALYSIS OF THE RESULTS
AND DETERMINATION OF THE SOURCE SIZE

As is known, the distribution of the wave field inten-
sity over coordinates in the focal plane should be
known to determine the source size by focusing. In this
case, the half-width (FWHM) of this distribution
immediately yields the source size after dividing by the
geometrical magnification factor equal to M = L,/L,.
However, the problem is that the film exhibits only the
blackening D equal to the logarithm of the intensity.
Hence, the relative intensity can be calculated by the

equation I = exp(aD — B), in which the coefficients o
and P should be determined independently.

To avoid this problem, we begin an analysis of the
results with the fiber image shown in Fig. 3. The verti-
cal cross section near the left edge, averaged over nine
horizontal points, was determined from this image. The
corresponding dependence of the blackening on the
coordinate (micrometers) (with regard to the pixel size)
is shown in Fig. 4. This image exhibits two blackening
levels. One corresponds to radiation outside the fiber.
Because the experimental curve will be compared with
the theoretically calculated data, the unit intensity can
be associated with this level. Another level is in the
region of the cross section that contains no tungsten.
The average intensity in this region depends weakly on
the source size and must correspond to the theoretical
absorbance of boron. For this cross section, the coeffi-
cients o= 0.005 and 3 = 0.4 were determined. It is clear
that the former coefficient depends on the film proper-
ties and processing method but does not depend on the
exposure time, whereas the latter coefficient depends
only on the exposure time. We can see in Fig. 4 that the
blackening in the shadow region of the tungsten core is

D(x), arb. units
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Fig. 4. Dependence of the blackening on the coordinate in
the vertical cross section of the boric fiber image for a pho-
ton energy of 8 keV.
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Fig. 5. Relative radiation intensity as a function of the coor-
dinate when a boric fiber is exposed to coherent radiation
from a point source at a photon energy of 8 keV.

strictly zero. This is because the exposure time is insuf-
ficient. As a result, the blackening in the fiber shadow
region does not describe the intensity; that is, it lies out-
side the dynamic range of the film. However, this is
insignificant for determining the source size, since the
region of the interference maximum at the image edge
is most sensitive.

For comparison with theoretical intensity profiles,
we calculated radiation transport for the above experi-
mental parameters. Consider a spherical wave diverg-
ing from a point source placed in the optical axis pass-
ing through the fiber and detector centers. This wave is
modified by the fiber in the geometrical optics approx-
imation, i.e., is simply multiplied by the exponential
transmission function that takes into account the wave
phase shift due to the optical density of the material and
the decrease in the amplitude due to absorption. The
maximum phase shift for the boric cylinder of diameter
t =100 um is Az =-28.513 rad, and the highest absor-
bance gt is 0.05. As for tungsten, we should take the
values of its parameters minus the values for boron,
since tungsten substitutes for boron. The additional
phase difference and the absorbance are —32.744 rad
and 10, respectively. The further radiation transport
through the air between the fiber and the film is deter-
mined by the convolution of the wave field in the plane
immediately behind the fiber with the Kirchhoff propa-
gator in the paraxial approximation. This theory has
been outlined in detail, e.g., in [12].

Figure 5 shows the distribution of the relative radia-
tion intensity calculated for a point source in the same
region as the experimental curve, but with a step of
0.25 wm. It is understood from this figure that the fully
coherent fiber hologram is rather complex. The maxi-
mum period of intensity oscillations is observed near
the fiber edge end to be ~7 um. As the distance from the
fiber edge increases, the oscillation period decreases to

extremely small sizes. This hologram property allows
the size of very small sources to be determined to a high
accuracy. At the next stage, we calculated the convolu-
tion of the intensity distribution shown in Fig. 5 with
the Gaussian distribution with various half-widths cor-
responding to various source sizes. The theoretical val-
ues were interpolated to the same points at which the
experimental intensity was determined.

Figure 6 shows six fragments with the same experi-
mental distribution (circles) shown in each of them and
theoretical curves calculated for various source sizes
from 150 to 500 wm. A comparison of the curves allows
the conclusion that the vertical source size is 325 =+
25 um.

As for the source images obtained with focusing,
their vertical cross sections were also measured as
blackening curve versus coordinates. Determining the
half-width of the blackening curves and dividing it by
the magnification factor M, we obtain a value of
360 um. After the blackening curves were converted
into the intensity using the coefficient o determined
above, the source size was determined by the above
method to be 320 um. This value correlates very well
with the data for the fiber.

DISCUSSION OF THE RESULTS

As follows from the previous section, the method
for obtaining a direct image of the source on a film for
determining its size is not as simple as it seems at first
glance. The film blackening is proportional to the loga-
rithm of the intensity; moreover, it has a limited
dynamic range. In the case of small source sizes, both
factors cause additional difficulties. First, under strong
contrast conditions, the half-width of the logarithmic
function is much larger than the half-width of its argu-
ment. Second, when the difference in the blackening is
large, the dynamic range of the film can be exceeded.
Therefore, at small source sizes and a large gain in
intensity, position-sensitive detectors with wide
dynamic ranges should be used [14]. The situation can
be rescued using low-efficiency and, hence, poorly
focusing optical elements; however, the diffraction
limit of an optical system should be very well known in
this case. Moreover, mathematical processing might be
required to eliminate the influence of the optical system
on the obtained pattern.

However, in the case under consideration, it was
found that the half-width of the blackening curve
exceeds the half-width of the intensity by only 11%.
This raises the problem of determining conditions for
the contrast at which such a situation arises. An analysis
of this problem in the case of a Gaussian intensity dis-
tribution is relatively simple. Let the radiation intensity
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Fig. 6. Comparison of the experimental relative intensity with theoretical curves calculated for various transverse sizes of the source.

The source sizes are given on the plots in micrometers.

be described as a function of coordinate x by the expres-
sion

Ig(x) = exp(aD(x)-P)

) (1

= Aexp(—a(x/xy)" )+ B, a = In2,
where D(x) is the film blackening. It is clear that the
half-width of the curve Ix(x) is equal to 2x,. At the same
time, the half-width of the blackening curve 2x, can be
determined by direct calculations

lnC 172
2)61 = ZXOG, G - (m) )

2

C=1+1+0)" c¢= %.

It follows from formula (2) that the half-width of the
blackening curve is always larger than the half-width of
the intensity curve, since C is always larger than two.
However, the question remains of how large this differ-
ence is and what factors determine its value. Since the
blackening cannot be negative, the intensity described
by the blackening always has a nonzero background,
i.e., the minimum value of B = exp(—f}) is always larger
than zero. The larger the height of the intensity maxi-
mum above the background, the larger the degree of
broadening is. The function G(c) is shown in Fig. 7. At
very small values of ¢, we can approximately write
G(c)=1 + 0.18 ¢, but the derivative rapidly decreases
with c.

We note that the parameter ¢ is approximately
equal to unity in the experimental data on focusing.
This determines the slight increase in the half-width
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Fig. 7. Universal curve G(c) describing the ratio of the half-
widths of blackening and intensity curves as a function of
the contrast c.

when the blackening curve is used. The curve
obtained above might be used to convert the half-
width of the blackening curve into the half-width of
the intensity curve at any c¢. However, the difficulty is
that this parameter in terms of the blackening curve is
given by

D
oo A_exp(@Dy) 3)
B eXp(a'l)min)

Hence, it depends, in any case, on the unknown
coefficient o. As for the holographic image of the
fiber, the transition from the blackening to the inten-
sity is necessary to achieve an acceptable agreement
of the experimental profile with the theoretical cal-
culation.
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