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X-ray Talbot and Talbot-Lau interferometers consisting of transmissionigratings.are' widely used for X-ray phase
imaging, which depicts soft materials. This study exploits the use of a pair.of concave and convex parabolic
gratings instead of a conventional rectangular phase grating to enhance the phase signal optically. To gain insight
into the optimal design, signal enhancement is evaluated by directly measuQng the self-image formed downstream
of the pair. Increase in the differential phase signals is demonstrated as a function of the distance between the

pair, and prospects for deploying this concept into a practical phasesimaging technique are discussed.

X-ray transmission images, are widely used in non-destructive inspection fields such as
medical image diagnosis, securityschecks, quality inspections, X-ray microscopy, and so
on, relying on X-ray absorption contrast:; About a century after X-ray discovery, since the
1990s, research on X-ray phasescontrast has become active,'® thanks to advances in the
manufacturing technology of/X-ray optical elements, the spread of high-brightness X-ray
sources such as synchrotron radiation, and the development of digital X-ray image detectors.
X-ray phase imaging is-attracting attention for its ability to visualize light-element materials,
which cannot bé visualized by conventional X-ray radiography due to insufficient contrast.
X-ray Talbot interferomctry,” including its variations like Talbot-Lau interferometry,® is
actively studied due to its adaptability with both synchrotron radiation and laboratory-based
X-ray sources, using transmission gratings. It is highlighted that three kinds of images mapping
absorption, differential phase (or refraction), and scattering (or dark-field signals®) caused
by a sample are generated simultaneously and can be utilized complementarity. Its practical

applications to medicine and non-destructive testing are in progress in collaboration with
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X-ray phase imaging surpasses conventional radiography because the phase shift.ctoss
section is about a thousand times larger than the absorption cross section for light elements:
Therefore, the sensitivity of X-ray phase imaging should be a thousand times better in principle.
However, such a theoretical sensitivity gain has not been attained practically especially, with
X-ray Talbot interferometers built in laboratories because of the performance,of X-ray tubes;
the limited spaces for instrumentation, and so on.

The imaging sensitivity or the signal-to-noise ratio can normally be improved by increasing
the X-ray exposure time and/or X-ray flux density, because the uncertainty (or statistical noise)
in the refraction signal is inversely proportional to the square root of the t(ﬁl photon number
per pixel. In this Letter, apart from such approaches relying on noisereduction, we will discuss
a new measure to improve the signal-to-noise ratio by enhaneing the signal.

A Talbot interferometer consists of a phase grating (G1)and an amplitude grating (G2),
and a sample is normally placed in front of G1.” '8 A self-image of Gl is generated by
the (fractional) Talbot effect,!” and its deformation causedyby the sample is analyzed by
G2. The sensitivity of X-ray Talbot interferometry is therefore proportional to the distance
between G1 and G2 and inversely proportional to.their periods. Increasing the G1-G2 distance
enhances sensitivity due to a stronger signal. While long interferometers can be easily built
at synchrotron radiation facilities, they are notiideal for compact laboratory designs. Current
fabrication technology can achieve grating periods of a few microns or larger for high-aspect-
ratio structures needed for hard X-rays, while a period below one micron remains a challenging
target.zo)

As the third approach/for i&reasing the sensitivity, we have been studying the signal
enhancement by using a pair/0f concave and convex parabolic gratings in place of the phase
grating G1 which normally has a rectangular grating profile.?" It was demonstrated that the
sensitivity to the q/minute, X-ray refraction caused by a sample could be enhanced without
reducing the grating period or elongating the interferometer, utilizing the lens-array effect
of the parabolic gratings. However, the pilot demonstration selected grating structures and
alignments_convenient for the experiment. Consequently, an optimal design guideline for
sensitivity-enhanced X-ray phase imaging considering the distance between concave and
convex parabolic gratings and the position of the amplitude grating (G2) in relation to the
focal lengths of the parabolic gratings has not yet been explored.

Therefore, to gain insight into the optimal design, we conducted experiments to directly

measure the self-images downstream of the concave (L1) and convex (L2) parabolic gratings
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as a function of the L1-L2 distance. Differential phase images and visibility images were
calculated from the self-images by the Fourier-transform method,?? and the sensitivity'en-
hancement factor was evaluated. In addition, the effect of the lateral shift between L1 and I.2
was evaluated.

The parabolic gratings used for the presented experiments were fabric¢ated by the.deep
X-ray LIGA (Lithographie, Galvanoformung, Abformung) process at the Karlsruhe Research
Accelerator (KARA) and at the Institute of Microstructure Technology (IMT), Germany.?%-2!
Concave and convex parabolic array structures made of Ni were fabri¢ated ondndividual Si
substrates, and in use the X-ray beam was directed along the substrate surface./Although the
imaging field of view in the direction perpendicular to the substrate Was\therefore limited
by the pattern height (several tens of microns), the experimentsiconducted for this study
were performed without any inconvenience. Of course, for ¥arious applications in the future,
expansion of the field of view should be attained, and strategies fordoing so will be discussed
later.

The experiments were performed by using monochromatic synchrotron X-rays at
BL20XU-med, SPring-8, Japan, where X-rays are available about 200 m downstream from
the undulator source. The photon energy of the X-rays was set to 17.0 keV through a double-
crystal monochromator. Concave (L1) and convex (I.2) parabolic gratings with a period of 10
um were placed on a single flat plate, as showninFig. 1(a). The L1 had a bi-concave shape and
L2 had a plano-convex shape, which is similar but not identical to those used in the previous
work.?! The focal lengths of L1 and'L.2 were designed to be 80 mm and —80 mm for 17.0-keV
X-rays, respectively. The actual focal length of L1 (f;) was experimentally measured to be
92 mm, and it is speculated that thexdifference from the design occurred because the radius
of the curvature of the concaves was slightly larger than the design (429 nm). Although the
focal length of L2 (f2) could not be measured using X-rays, it was possible to infer it from the
experimental results, as discussed later. A 30-degree wedge of a set square made of polymethyl
methacrylate (PMMA) was placed in front of L1 on the same table (note that the tip of the
wedge was not sharp). The intensity of X-rays downstream of the L1-L2 pair was recorded
by a high-resolution/ X-ray image detector consisting of a LuAG(Ce) scintillator 10 um in
thickness, a lens system (AAS50, Hamamatsu, Japan), and a sCMOS camera (ORCA-Flash4.0,
Hamamatsu, Japan), whose effective pixel size was 0.49 pm. The L1-L2 distance (Z) was set
to 20, 30, 54, 60, 70, and 92 mm, and the L.2-detector distance (L) was set to 17 + 50n [mm)],
where m'= 1, 2, ..., 9, for each setting of Z. The lateral position between L1 and L2 was

changed by rotating the plate slightly by A® about the vertical axis, and the change in the
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Fig. 1. Top view and side view of the experimental setup (a) with parabolic gratings (L1 and L2) placed on a
common plate and a representative self-image (b) observed directly-by a high-resolution detector. A 30-degree
wedge made of polymethyl methacrylate (PMMA) was,placed in front of L1. Due to a slight difference in the
pattern heights of L1 and L2, self-images in.area A1 (through the L1-L2 pair), area A2 (through only L1), and
the area without gratings were simultaneously recorded by a high-resolution image detector, as shown in (b).
The lateral position between L1 and L2 was changed by rotating the plate by a small angle A®, and a movie of

the self-image is given in Movie 1 in Supplement. Scale bar: 50 um.

self-image pattern was also studied:

Figure 1(b) shows a representative self-image observed when Z = 54 mm and L = 117
mm. Since the pattern height of L1 was slightly larger than that of L2, the self-image pattern
observed downstream consisted of areas through the L1-L2 pair (A1), L1 only (A2), and
without grating$. Note that only the propagation-based phase contrast (edge enhancement)?®
of the wedge sample is seen in the area without gratings. A series of self-images observed
varying AQ® are presented in Movie 1 in Supplement.

Differentialgphase images calculated from Movie 1 using the Fourier transform method??
aresprovided.in Movie 2 in Supplement. Figure 2(a) highlights one of the frames, showing
only areas'/Al and A2. Movie 2 indicates that the differential phase signal remained invariant
within'#£70.02 rad on the scale of the self-image fringe phase as A® was varied; that is, the

measurement was not affected by the lateral position change between L1 and L2. This implies
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Fig. 2. Differential phase image (a) obtained from the self-image presented in Fig«1. Profiles at Al and A2

are represented by the solid and dashed lines, respectively (b).

that this optical configuration is robust against mechanical perturbation, grating imperfection,
and misalignment, ensuring that the measurements of the differential phase in this work are
free from such concerns. &

Figure 2(b) shows the profiles of the differential phase in Fig. 2(a), where the solid line
and dashed line are those at A1 and A2, respectively. The differential phase signal in Al,
within the slope region of the wedge, was actually higher compared to that in A2. The strong
signal seen at the tip of the wedge sample is likely due to the tip being chipped, and signal
enhancement is seen here as well.

2D jt.washassumed that a concave lens unit and a convex lens

In the previous study,
unit are aligned on a common principal axis. Therefore, the aforementioned fact that the

differential phase signal was almost invariant against A® is of practical significance beyond
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Fig..3. (a) The visibility of self-images as a function of A® when Z = 54 mm and L = 117 mm. The

visibility variation has a period of 178 prad, which corresponds to a lateral shift of one period between L1 and

L2:(b), Variation of the maximum self-image visibility along the optical axis.
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the assumption. However, we need to pay attention to the fact that the visibility depended
on A®, which is shown in Fig. 3(a) and Movie 3 in Supplement. The visibility varieéd4n a
range between 0.2 and 0.54 with a period of 178 urad, which corresponds to a lateral shift of
one period between L1 and L2. Although it is possible to obtain the differential phase signal
throughout the period, it is suggested that the displacement between L1 and L2 exceeding
the half of the period causes the increase of noise because of visibility reduction. Figure 3(b)
shows the variation along the optical axis of the maximum visibility through'A® scans. While
the visibility at A2 decreased rapidly, the visibility at A1 kept higher values. This implies that
the self-image downstream of the L1-L2 pair showed a needle-beamlet feature, which was
also suggested in the previous work.?! -

Next, assuming that the slope region of the wedge sample causes constant refraction (i.e.,
constant differential phase signal), the signals were area-averaged in A1 and A2 to remove
the signal fluctuation caused by the surface roughnessfof the wedge and photon statistics.

The result is summarized in Fig. 4, where measured differential phase signals are plotted as a

function of the distance from L1 (Z + L) for the settings of diiferent L1-L2 distances (Z). The
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Fig. 4. Differential phase signals of the wedge sample measured as a function of the distance from L1 (Z +
L). The dashed line shows the theoretical value when a rectangular phase grating is placed at the position of L1.
The resultat A2 (L1 only) almost coincides with the dashed line. Other results show the signals detected at Al.
Themumbers shown in the legend are the L1-L2 distances (Z).
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Fig. 5. Differential phase signal obtained by the experiment (a) and theory (b) as functions of Z and L. The
theoretical differential phase signal without enhancement.is given in (c). The signal enhancement factors (M)

obtained from the experimental results and the theoryiare given in (d) and (e), respectively.

plots at A2 (L1 only) are showntogether. The error bars correspond to the standard deviations
of the averaged signals. It is speculated that the error bars increased with distance from L1
due to the decrease in the visibility of the self-image, as shown in Fig. 3(b).

The data at A2 (L lhonly) corrésponds to the conventional signal directly relating to the
refraction by the sample and is consistent with the theory (dashed line) predicted if only a
rectangular phase grating were placed at the position of L1. The others are plots of the data
when Z = 20,30, 54, 60,and 70 mm. At any L1-L2 distance, the differential phase signals
were actually enhanced, and the slopes of the plots were steeper for larger Z, which indicates
that the enhancement factor increased with Z.

Here, we consider the signal enhancement factor M given by

le_ii, (1)
fLoL+Z

following the definition in the previous work.?") Contour maps of the differential phase signal

as functions of Z and L are given in Figs. 5(a), 5(b), and 5(c), which are those obtained
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by the experiment, the theoretical calculation using eq. (1), and the theoretical calculation
without enhancement, respectively. Note that, in calculating the theoretical values, f>%hould
be known. Because we only had a design value (—80 mm), a fitting analysis was conducted
between the theoretical and experimental results. We found that f> = —82.8 mm provided the
best fit. The theoretical differential phase signal was calculated using this value, resulting.in
Fig. 5(b). Compared to the differential phase signal without enhancement shown inFig. 5(c);
the experimental results clearly demonstrate the signal enhancement effect. Figures 5(d) and
5(e) show the comparison of M between the theory and the experiment. The tendency that
M is larger for greater Z and L is confirmed, although some systematic deviation remains in
the experimental results. These deviations are thought to be due to the sig\niﬁcant error bars
shown in Fig. 4 and the shape deviations of the gratings from the design.

It is thus confirmed by experiments that the enhancement factor can be described by eq.
1. The question in this study was rather whether there are any optimal relation in distances
between gratings. Regarding the distance between L1 and L2 (Z), a larger Z is preferable.
However, when Z reaches 92 mm, which is comparable to f;, the focal position of L1 coincides
with L2, leading to instability in the differential phase signal (see Fig. S1 in Supplement).
Therefore, the value for Z is recommended to be greater than f;/2 and safely less than fi.

While the position of G2 is important in optical design of an X-ray Talbot interferometer,
the presented results of varying L suggest that'there is no strong positional recommendation
for G2. This is because the Ll-L2 pair formed needle beamlets within the range of this
experiment, as shown in Fig. 3(b). Note that the G1-G2 distance is calculated to be 685 mm
under the conditions of this study when a w/2 phase grating is employed for G1 and the Talbot
order is 1/2. Therefore, the optic\ai design with the L1-L2 pair can be more flexible and more
compact than that of a conyventional Talbot interferometer.

In X-ray Talbot interferometry, the scattering image (or dark-field signals) can be obtained
from the reductionin visibility. How about the signal enhancement in the scattering images? In
the previous work,2) an example obtained for a leaf sample was presented in its supplement,
and a signal’enhancement was actually seen. It is speculated that the enhancement factor M
is common with that for the scattering image since the small-angle scattering field from a
sample is considered to be amplified in the same manner as that for refraction. However, the
presented experiment was performed for a PMMA sample, with which visibility reduction was
not expected, and no theoretical formulation of this problem has currently been established.
Therefore, as a next step, the visibility reduction of the self-images downstream of the L1-L.2

pair'should be studied with a known scattering sample.
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Next, we consider a practically important question: can the presented signal enhancement
concept be applied to Talbot-Lau interferometry? Talbot interferometry requires a micfofocus
X-ray tube, whereas Talbot-Lau interferometry allows the use of a standard focus.X-ray
generator, allowing for faster measurements. A Talbot-Lau interferometer is constructed by
adding an amplitude grating (so-called GO) on the source side to a Talbot interferometer.. The
function of GO is to form a virtual array of microfocus X-ray sources, and each source forms
a self-image of G1 on G2 and is overlaid with the self-image formed by the neighbor source
constructively. When GO is placed upstream of the L1-L2 pair, the change in the direction of the
X-ray beams from the virtual sources to the pair corresponds to the A® scan in/the presented
experiments. The aforementioned result that the differential phase signal W£ constant through
the A® scan is meaningful in considering the application to the Talbot-Lau configuration. As
a result, we expect that a Talbot-Lau X-ray interferometer will be feasible with the presented
signal enhancement concept although it should be confirmed experimentally.

Note that the selection of the period of GO and the position of G2 must satisfy a geometrical
constraint so that the self-image keeps sufficient visibility. Conyentionally, the G1-G2 distance
is selected from discrete positions indexed by the Talbot order,”-® and then the period of GO is
determined. However, thanks to the needle-beamlet feature of the self-image in the presented
configuration, the position of G2 can be selected {reelyyand then the period of GO is determined
by the G2 position geometrically. Thus, the optical design for the Talbot-Lau configuration is
also flexible under the signal enhancement eoncept.

For conventional Talbot and_Talbot-Lau interferometry, the sample can be placed either
in front of G1 or between G1 and G2. However, for the presented signal enhancement config-
uration, the sample cannotbe pla\ed between the L1-L2 pair and G2 (i.e., downstream of the
pair) because the signal enhancement occurs at the pair.

The presented experiment was performed with monochromatic X-rays from synchrotron
radiation. When the sighal enhancement concept is introduced in laboratories, we need to
pay attention inusing a polychromatic cone beam. It is well known that X-ray Talbot (and
Talbot-Lau)/interferometers work sufficiently with polychromatic X-rays. However, it is not
clear how the signal enhancement is affected by the X-ray spectrum. The effect of X-ray beam
quality on the ehhancement factor is also a concern to be studied in the near future.

Todeploy.the sensitivity enhancement concept into a practical phase imaging technique,
it'is also important to broaden the field of view. As mentioned, the current gratings have
parabolic surfaces perpendicular to the substrate, and therefore the pattern height (several

tens of microns) limits the field of view. To circumvent this limitation, the parabolic surfaces
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should be made in a plane parallel to the grating substrate so that an X-ray beam can be
introduced perpendicular to the substrate. Then, such a parabolic grating can be usediin the
same way as the conventional setups of X-ray Talbot(-Lau) interferometers, and the field of
view can be expanded to the area where the grating pattern is formed.

Regarding the structures for such 2.5-dimensional gratings, there are two targets in devel-
opments: one is a linear grating having parabolic grooves in depth or bumps in-height, and the
other is a two-dimensional grating having an array of units of the paraboloid of revolution. The
former can sense refraction and scattering only in the direction perpendicular te the grooves
(bumps), the situation of which is the same as that with conventional Talbot(-Lau) interferom-
eters with linear gratings. If the latter is realized, corresponding to'a two-dir\nensional grating,
it would enable the simultaneous sensing of refraction and scattering in.two directions.

However, fabricating such 2.5-dimensional grating structures by conventional lithographic
approaches is not straightforward. Two-photon lithography?® isiéxpected as an attractive

technique for this purpose.
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