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Abstract—The first results obtained by a new experimental method for phase-contrast microscopy of micro-
objects using synchrotron radiation and a nanofocusing lens in a cone-beam geometry are presented. In the
experiment, a secondary radiation source is formed in the lens focus located at a small distance from the
microobject, enabling the acquisition of its magnified image. Under the near-field regime, the microobject
structure can relatively easily be determined from the experimental image using the transport of intensity
equation. The experiment was performed at the KISI-Kurchatov synchrotron radiation source. A model
weakly absorbing microobject—commercially available carbon fiber of grade VMN-4—was used.
The obtained fiber dimensions and structural features, resolved with submicron spatial resolution, are con-

sistent with the electron microscopy data.
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INTRODUCTION

Methods of coherent X-ray microscopy are widely
used to visualize the internal structure of microobjects
on modern synchrotron radiation (SR) sources.
The coherence of an SR beam makes it possible to
analyze the structure of weakly absorbing objects, the
investigation of which by absorption microscopy is dif-
ficult or even impossible. The task of developing new
coherent methods of study is urgent in view of the con-
struction of fourth-generation SR sources in Russia
[1]. The most popular X-ray method of coherent visu-
alization is phase-contrast microscopy (PCM) [2, 3],
where the phase shift of the radiation wave function
in the material of studied object is transformed into
the intensity contrast for the SR propagating in
empty space.

The character of intensity distribution on a detector
is determined by the wavelength A, object size D, and
the distance Z after the object. The simplest PCM ver-
sion implies measurements at relatively small distances
(near-field regime), where the condition D? >> AZ is
fulfilled. In this case, an intensity contrast arises near
the boundaries of regions with different optical densi-
ties, which often provides information about the
object without any complex calculations. At the same
time, the near-field approach has two fundamental
limitations.
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The first one is related to the fact that the resolu-
tion of modern area detectors (~0.5 um) is insufficient
for detailed visualization of object with sizes ~1 um.
This problem can be overcome by magnifying an
image in a cone-beam geometry of the experiment,
when a secondary small-sized SR source is generated
before a sample studied. Previously, a scheme was pro-
posed (theoretically considered in [4, 5] and experi-
mentally implemented in [6]), which is based on a
nanofocusing compound refractive lens (NCRL) [7, 8].
It was shown that, using NCRL, one can visualize the
structure of periodic microobjects with a period less
than 0.5 um, even for an SR beam with a limited spa-
tial coherence.

The second limitation is as follows. To obtain
quantitative information about the distribution of
object thickness or electron density, one must calcu-
late the phase shift from the measured SR intensity
distribution. In the near-field regime, methods based
on solving the transport of intensity equation (TIE)
are widely used to this end [9—12]. In the general case,
a numerical solution of TIE makes it possible to calcu-
late the transverse phase distribution from the mea-
sured values of relative SR intensity and its first deriv-
ative with respect to the longitudinal coordinate z.
However, when using some assumptions (for example,
the absence of absorption), only the transverse inten-
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sity distribution can be used for phase reconstruction.
The solution of the inverse PCM problem using TIE is
characterized by simplicity of realization, because is
reduced to numerical solution of the Poisson equation
with application of the fast Fourier transform algo-
rithm.

In this paper, we present successful implementa-
tion of quantitative phase-contrast visualization of
weakly absorbing microobjects using TIE in a cone-
beam experimental scheme based on NCRL. The TIE
applicability for solving the PCM inverse problem
using a secondary SR source in the NCRL focus is
analyzed. The reported results were obtained on the
KISI-Kurchatov source using a model small weakly
absorbing microobject and a cone-beam experimental
scheme in the near-field regime.

THEORY

The PCM experimental scheme generally contains
an SR source, a monochromator, a microobject under
study, and a detector; all these elements are aligned
along the optical axis (z axis of the coordinate system).
The SR source is located at a distance of 10—100 m
from the microobject and has finite sizes in the plane
oriented perpendicular to the optical axis (x, y); differ-
ent source points radiate incoherently. The SR is
monochromatized using a double-crystal monochro-
mator, which selects a certain wavelength A from the
spectrum, without changing the SR propagation
direction. Therefore, its influence can be disregarded,
assuming that the microobject is illuminated by
monochromatic radiation from different source points
independently. The intensity distribution after the
microobject is recorded by a high-resolution area
detector.

Theoretically, the standard scheme with a finite
distance from the source to the object can be reduced
to scaling the results for an infinitely remote source,
i.e., for an incident plane wave with an intensity /.
Therefore, it is convenient to consider this case first.
We assume that the microobject has a homogeneous
composition with the refractive index n =1— 8 + i},
where 0 and B describe, respectively, the phase shift
and the decrease in the modulus of the SR wave func-
tion because of the absorption. The microobject thick-
ness along the z axis depends on the transverse coordi-
nates and is described by a function #(x, y). The case of
uniform thickness and transverse dependence n(x, y)
is equivalent.

In the geometric optics approximation [13], the SR
relative intensity directly behind the microobject is
determined as I(x, y)/I, = exp[—2kPt(x, y)], and the
wave function phase is @(x, y) = —kot(x, y), where k =
2nt/A. The change in the SR intensity after the micro-
object along the z axis in the paraxial approximation is
described by TIE [9]:

Vl[[(xay’ Z)VJ_‘P(X, y: Z)] = _k[a[(xv y’ Z)/BZ]; (1)
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where V| is the gradient operator over the transverse
coordinates (x, y). TIE describes the change in the
intensity of the radiation propagating behind the
object due to the nonuniform phase distribution; it
can be used to calculate the phase, which is propor-
tional to the object thickness. To this end, it is neces-
sary to measure the intensity in the plane directly
behind the microobject, at the distance z; satisfying
the near-field condition. In this case, the derivative
dl(x, y, 7)/0z can be estimated as a finite difference
Al/z, [12].

Equation (1) is simplified for a microobject with
negligible absorption (k7 << 1):

Vie(x,y) = —(k/z)IL(x, ) — 11, 2)

where I(x, y) = I,(x, y)/1,, I,(x, y) is the intensity dis-
tribution at the distance z; from the microobject and
1, is the incident radiation intensity. Here, it is suffi-
cient to measure one time the intensity behind the
microobject. Expression (2) is the Poisson equation; it
can be solved numerically for @(x, y) using the fast
Fourier transform algorithm [10—12]. Then, with the
known parameter o, the microobject thickness is cal-
culated as #(x,y) = —(x, y)/(kd). Note that, under
the conditions of a real experiment, the intensity /; of
the incident SR beam is not strictly constant. How-
ever, at weak variations in intensity (V  [y(x, y) = 0),
Eq. (2) can be solved using the measured intensity dis-
tribution without a microobject at the distance z,.

For the real geometry of an experiment with an
extended SR source, whose points emit incoherently,
the resulting intensity distribution is the sum of the
intensity distributions from each source point over all
points. In the paraxial approximation, the intensity
Lo(x,y,z) for a thin microobject illuminated by
a point source at a distance z, is related to the intensity
1..(x, y, z) for a plane wave by the relation

Lo(,3,2=2) = M L(X, 90 2 = 2), 3)

where x, =x/M, y, = y/M, z, = z;,/M, and the param-
eter M = z,/z, + 1 is the geometric magnification fac-
tor [6, 13]. In other words, the image of a microobject
illuminated by a point source is equivalent to the
image obtained under illumination by a plane wave,
but with a changed scale over the transverse coordi-
nates Xx,, y, and effective propagation distance z,. This
circumstance makes it possible to solve Eq. (2), valid
for an incident plane wave, also for a microobject illu-
minated by a point source, replacing /,(x,y) and z,
with I ,(Mx, My) and z,, respectively.

A displacement of a point source perpendicular to
the optical axis to a point with the coordinates x,, y
leads to displacement of the image as a whole by the
distances (M — 1)x, and (M — 1)y, along the x and y
axes, respectively. As a result, if the SR source bright-
ness is set by the function S(x, y), the image I,(x, y) of
Vol. 70
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a microobject illuminated by an extended source takes
the form

1,(x,y) = T4(x, ) * P(x,y), 4)
where P(x, y) = S(x/|[M — 1], y/[M — 1]) is the func-
tion of the source projection onto the image plane.
The symbol * denotes two-dimensional convolution.
The brightness S(x, y) for SR sources is generally
approximated well by a two-dimensional Gaussian
function.

Note the evident property of Eq. (2). If o(Mx, My)
is a solution for the intensity /o(Mx, My), the solution
for the intensity /,(Mx, My) from (4) is

0, (Mx, My) = o(Mx, My) * P(Mx, My). (6))

It follows from these considerations that the accuracy
of the phase image obtained by solving Eq. (2) is deter-
mined by the size of the SR source projection. Note
that the accuracy also decreases with increasing the
distance at which the intensity distribution is
recorded, because Eq. (2) is valid only in the near-
field approximation. However, numerical calculations
show that, even when the near-field criterion is not
strictly fulfilled, the phase is determined with a satis-
factory accuracy.

The standard geometry of the experiment on a SR
source corresponds to the condition z, >> z;, and the
image is barely magnified, because M = 1. To obtain
a significant magnification, one must use the inverse
condition z, << z;, corresponding to a cone-beam
geometry. In this case, M= M — 1 = z,/z,, and the
image scale increases unlimitedly with an increase
in z;. In addition, the near-field criterion is deter-
mined by the effective distance z, = z;; i.e., the image
character barely depends on z;. With increasing z;, the
scale of the source projection function P(x,y)
increases simultaneously with the image magnifica-
tion. With allowance for (5), one can see that the res-
olution of the reconstructed image of the phase
¢ Mx, My) is determined in this scheme directly by
the SR source size rather than the source projection.

From a practical point of view, a microobject under
study cannot be located close to an SR source. In addi-
tion, since the sizes of modern SR sources are 10—
100 um, the source projection size would significantly
exceed the image size. These problems can be solved
by a new method of SR beam nanofocusing, using
a planar NCRL [7, 8] to form a secondary source
before the microobject [4—6]. The experimental
scheme of PCM based on a planar NCRL is presented
in Fig. 1.

Planar NCRLs consist of many identical focusing
elements. The refracting surface of the elements is
a parabolic cylinder, which provides linear focusing in
one plane. Modern silicon NCRLs with an aperture of
50 um are characterized by a high manufacturing
accuracy and provide focusing of a coherent SR beam
to a transverse size of less than 50 nm [14]. The analyt-
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Fig. 1. Experimental PCM scheme using a planar NCRL:
(1) monochromatic SR beam, (2) NCRL, (3) microob-
ject, and (4) detector.

ical theory of SR focusing using NCRLs was devel-
oped in [15—19]. The SR focusing can be calculated
based on the equations of the developed theory using
the available XRWP program [20], as well as the on-
line-program [21], which makes it possible to calcu-
late the focused-beam parameters.

It follows from the theory that the wave function of
focused radiation for strongly absorbing CRLs is
a Gaussian function, which is characterized by a half-
width w, in the focus and an angular divergence A6.
These parameters are related as follows: w,=
0.441(A/A0). For a sufficiently large distance from the
focus, z, >> zg, where zz = 2.27(wf/k) is the Rayleigh
length, the transverse dependence of the phase is par-
abolic, which corresponds to a point source in the
paraxial approximation. This means that an NCRL
can be used to magnify the microobject image, similar
to a point source. The difference between these two
cases is that the finite divergence AG must be taken into
account for a Gaussian beam to provide complete
microobject illumination. The half-width of beam
intensity on the sample, w,, should exceed the sample
size to satisfy the uniform illumination condition in
(2). For example, for a photon energy £ =12 keV (A =
0.1 nm), if the beam focal size is w,= 50 nm, the angu-
lar divergence AO = 911 urad. Then the beam half-
width w at the distance z, = 20 mm is 18 um, which is
sufficient for illuminating a microobject with a char-
acteristic size D= 10 um. The near-field condition
D? >> Az, is also fulfilled in this case.

In the case of an extended SR source, its dimin-
ished image is formed in the NCRL focus. Each point
of the SR source corresponds to a nanosized Gaussian
beam in the focus. As was shown in the previous para-
graph, each such Gaussian beam can approximately be
considered as a point source. Then the secondary SR
source can also be considered as a set of incoherently
emitting point sources. Thus, with allowance for (5),
the resolution of the reconstructed image of the
microobject phase is limited by the incoherent size of
the secondary SR source in the NCRL focus. Note
that this size can be increased in a real experiment due
to other factors, for example, vibrations of optical
scheme elements.



Fig. 2. SEM image of a VMN-4 CF.

EXPERIMENT

The experiment was performed on the X-ray Crys-
tallography and Physical Materials Science (XCPM)
beamline of the KISI-Kurchatov source, where SR is
generated by a bending magnet located at a distance
z,= 15m from a sample studied. The SR source is
approximated by a two-dimensional Gaussian func-
tion with half-widths of ~100 um in the vertical direc-
tion and ~1000 um in the horizontal direction. The
SR beam is monochromatized using a double-crystal
Si(111) monochromator, whose angular position is
tuned to the photon energy £= 12 keV. A detailed
technical description of the XCPM beamline is pre-
sented in [22].

The model sample was commercially available car-
bon fiber (CF) of grade VMN-4 [23]. Figure 2 pres-
ents a scanning electron microscopy (SEM) image of
individual CFs. VMN-4 CFs have an approximately
elliptical cross section with sizes of ~8 and 5 um along
the major and minor axes, respectively. The average
fiber density is ~1.7 g/cm?. One can also see in Fig. 2
that individual CFs have a characteristic depression
over the entire length, which arises as a result of high-
temperature annealing. Since the sample studied was a
linear microobject, a scheme with one-dimensional
magnification in the direction perpendicular to the CF
axis was used.

A secondary linear source was formed using a sili-
con NCRL with an aperture of 50 um and a number of
elements N= 104. The NCRL was mounted on a
goniometer for spatial and angular positioning when
tuning the experimental scheme. Focusing was per-
formed in the vertical plane, corresponding to the
minimum SR source size. For the aforementioned
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experimental parameters, the theoretical value of the
coherent beam size in the NCRL focus was w,=
68 nm. This value corresponds to the beam divergence
AO = 670 urad. The sample was installed on piezoelec-
tric actuators, providing its positioning with a nano-
meter precision, at the distance gz, = 20 mm after the
NCRL focus. With allowance for divergence, the
beam half-width at the sample site was wy, = 13.4 um,
which is larger than the CF diameter.

The intensity distribution was recorded using a two-
dimensional X-ray detector XSight Micron (Rigaku)
based on a scintillation screen and an sCMOS camera.
The detector was located at the distance z; = 275 mm
after the sample. For the aforementioned values of z,
and z;, the geometric image magnification was M =
14.75. In the experiment, we first recorded the empty
beam image, i.e., the intensity distribution /,(x, y)
without a sample in order to take into account the
phase-contrast image background. Then the sample
studied was positioned in the SR beam diverging after
the NCRL, and the phase-contrast image /,(x, y) was
recorded.

RESULTS AND DISCUSSION

The magnified images of the empty SR beam after
the secondary source, /,(x, y), and the CF phase con-
trast, /,(x, y), are presented in Fig. 3. Since the image
is magnified in only the vertical plane, the number of
pixels in the vertical direction is larger than along the
horizontal. The vertical scale corresponds to the sizes
at the sample position, with allowance for Eq. (3).
The effective detector pixel size in the vertical direc-
tion with allowance for the geometric magnification
is 22 nm.

The distribution of the empty beam intensity
(Fig. 3a) in the vertical direction is described fairly
accurately by a Gaussian function, which corresponds
to the analytical theory of NCRL-aided focusing.
The insignificant deviations from the ideal Gaussian
shape are related to the nonuniform distribution of the
SR beam intensity incident on the NCRL. The intro-
duction of a CF into the beam leads to the occurrence
of a strong contrast of the intensity distribution in the
vertical direction (Fig. 3b). The image is significantly
blurred in the horizontal direction because of the rela-
tively large SR source size in this direction and the
absence of focusing in the horizontal plane. However,
this is not a limitation for a one-dimensional sam-
ple, because its thickness is approximately constant
along x.

Along with the contrast at the CF boundaries, one
can observe an increase in intensity at the image cen-
ter, which is caused by the gradient of CF thickness in
the region of characteristic depression (Fig. 2). Note
that, for the photon energy in use, the theoretical
absorption in the thickest part of the CF is less than
0.2%; i.e., the CF can be considered an X-ray-trans-
Vol. 70
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Fig. 3. Recorded images of (a) SR beam after NCRL and (b) CF phase contrast.
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Fig. 4. (a) Intensity distribution used for reconstruction and (b) reconstructed CF thickness distribution.

parent object, and the intensity contrast in Fig. 3b is
a purely phase one.

To reconstruct the phase from the measured
images, we calculated the function [I(x,y)=
1,(x,y)/I)(x,y) in Eq. (2). The image I(x,y) is pre-
sented in Fig. 4a. One can assume approximately that
this image corresponds to the case of an incident plane
wave with unit intensity. It can be seen that the image
contains a high-frequency background, related to the
shot noise during signal detection. Nevertheless, the
intensity contrast is sufficiently bright in comparison
with the noise level. The phase distribution was recon-
structed from the image /,(x, y) by solving numerically
Eq. (2) using the fast Fourier transform algorithm.
Then the thickness distribution was calculated as
1x, y) = —@(x, )/ (kD).

The reconstructed image #(x,y) is presented in
Fig. 4b. One can clearly see CF boundaries, as well as
a characteristic depression in the central part. The CF
diameter in the image plane is approximately 8.5 um,
which slightly exceeds the real major CF diameter:
~8 um. The maximum reconstructed thickness along
the optical axis is ~4.5 um at a real value of the minor
CF diameter (~5 um). The increase in size in the
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image plane and the decrease in thickness can be
explained by the image blurring in correspondence
with (5), because of the finite size of the secondary
source in the NCRL focus. This leads both to blurring
of boundaries in the image plane and to reduction of
the thickness values #(x, y).

One can observe the presence of artifacts in the
form of distortions around the CF in the reconstructed
image. These distortions are due to the noise in the
phase-contrast image. When solving Eq. (2) using
a Fourier transform, high frequencies are amplified,
which manifests itself in the form of artifacts in the
reconstructed image [11, 12]. These artifacts may dis-
tort significantly the reconstruction result. However,
when an SR source with a high brightness is applied,
this problem is of little importance, because the sig-
nal-to-noise ratio is sufficiently large in this case.

As follows from the theory, the accuracy of the
image reconstructed using Eq. (2) is determined by the
secondary-source incoherent size in the NCRL focus.
This size is determined by both the SR source size and
the presence of vibrations of experimental setup ele-
ments. For the experimental parameters in use, the
theoretical beam size in the NCRL focus, with allow-
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ance for the finite SR source size, is 100 nm. However,
as was shown previously [6, 24], the real beam size in
the NCRL focus on the XCPM beamline is ~0.5 um
for the aforementioned parameters because of the
existence of vibrations. Thus, the resolution of the
reconstructed thickness image is ~0.5 um; it is limited
primarily by the mechanical instability of the experi-
mental setup elements rather than the finite spatial
coherence of the SR beam. With this factor excluded,
a spatial resolution of ~100 nm can theoretically be
achieved even on a second-generation SR source.
Implementation of the proposed experimental scheme
on a third- or fourth-generation SR source should
provide even better resolution.

CONCLUSIONS

The applicability of the transport of intensity equa-
tion for quantitative reconstruction of the thickness
distribution for an X-ray-transparent microobject by
phase-contrast microscopy using a secondary SR
source in the focus of a nanofocusing compound refrac-
tive lens was demonstrated. It was shown that the spatial
resolution of the reconstructed image is determined by
the incoherent SR beam size in the lens focus.

An experimental scheme with a silicon lens having
an aperture of 50 um was implemented on the XCPM
beamline of the KISI-Kurchatov SR source, and an
image of a CF with a diameter of ~8 um was obtained.
This image was reconstructed from experimental data
on measuring intensity; it is in agreement with the
SEM data. The spatial resolution of the obtained
image is ~500 nm. It is limited primarily by the
mechanical instability of the experimental setup ele-
ments. With this factor excluded, a resolution of
~100 nm can be achieved on a second-generation SR
source. The use of the lens on a third- or fourth-gen-
eration SR source should theoretically provide even
higher resolution.
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