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DESCRIPTION

[0001] The present invention relates to an arrangement for x-rays, in particular hard x-rays, for
obtaining quantitative x-ray images from a sample.

[0002] X-ray grating Interferometry (Gl) can provide simultaneously three complimentary
contrasts: absorption, differential phase and small-angle scattering. Each contrast corresponds
to a different physical interaction of the incoming x-rays with the sample under examination.
The phase signal Is highly sensitive to the electron density variations in the sample and can
reveal differences between materials with similar absorption properties. The scattering signal is
able to access unresolved structure variations of the sample in (sub) micrometer scale, which
IS beyond the resolution capability of the imaging modality. It has been demonstrated that both
differential phase and scattering signals can provide valuable information additional to the
traditional absorption contrast in medical imaging, material science and non-destructive testing.
Especially, the scattering signal has drawn great attention due to its success in providing
guantitative or inaccessible structural information in radiographic applications.

[0003] In general, the scattering signal exhibits highly directional behavior if the underlying
sample contains ordered Internal structure. However, up to now Imaging with grating
Interferometers has been mainly performed with linear gratings and the scattering sensitivity Is
only perpendicular to the grating lines, for instance, one implementation is descripted in Ref.[1]
using linear gratings. Therefore, in order to obtain multiple-direction scattering (or differential
phase) sensitivity, either the sample or the interferometer needs to be rotated, which Is a time-
consuming procedure. The usage of 2D gratings can mitigate the issue and provide up to four
directions scattering sensitivity, however this approach requires a complicated imaging setup
since one of the gratings needs to be scanned In a raster manner. Moreover, the noise
performance Is not the same In all directions due to different modulation orders of the phase
stepping curves. An alternative speckle scanning technique is proposed to sense the scattering
signal by scanning a membrane In the direction of interest, but this approach has similar
shortcomings as the linear grating interferometric designs since the scattering sensitivity only

corresponds to the scan direction.
[0004] A 2D phase grating is for example known from CN 104833685 A.

[0005] To cope with samples containing unknown directional structures, it would be favorable
to design an imaging system with the following characteristics:

e Omnidirectional scattering sensitivity

o Differential phase contrast in two directions to allow integration of the phase signal

e Fast acquisition

o Straightforward mechanical setup: no need for scanning/rotation of sample or optical
elements.
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[0006] Such a system would assure that all micro-structures, highly ordered or not, can be
detected with the same sensitivity without taking any demanding precautions of the alignment
of the sample with the optical axis.

[0007] These objectives are achieved according to the present invention by a single-shot
Imaging arrangement according to claim 1 and preferred embodiments according to the

dependent claims 2 to 11 .

[0008] This single-shot imaging arrangement Is capable of omnidirectional scattering
sensitivity, acquisition of differential phase contrast signals in vertical and horizontal directions
and absorption contrast without the rotation or shift of optical elements or the sample under

examination.

[0009] Preferably, the phase-shift periodic structure G1 1s made by deep etching into silicon, a
polymer or similar material, preferable for low energy X-ray photons; or deposit heavy metal
Into gaps of low-absorbing structure or grow heavy metal on low-absorbing substrate, in either
case the metal is used as the phase shift material, preferably for high energy X-ray photons.

[0010] A further preferred embodiment of the present invention is achieved, when the phase-
shift periodic structure G1 creates a periodic interference pattern with a repetition of each unit
cell P' and the period within each unit cell is p' at a known distance (Talbot effect) downstream
on the PSD; P' and p' match the radius of curvature of an incident wavefront by relation

y 1 dq+1lq
p o ﬂp ll 4
N g

where /4 1s the distance between the X-ray source (or the absorption grating or mask GO if GO
IS used) to the phase-shift periodic structure (G1), dq Is the distance between the phase-shift

periodic structure (G1) and the created self-image n = 1 for /2 shift grating while n = 2 for 1
shift grating.

[0011] Typically, the detector can be a charge integrating detector with single photon sensitivity
which has enhanced the spatial resolution using charge sharing effect.

[0012] For the absorption grating or mask GO an advantageous design can be achieved when
the absorption grating or mask GO is a 2D chessboard/mesh-type grating with pitch of

L
or integer multiples thereof, or when GO is not used but the X-ray source comprises 2D array
of individual sources that may be mutually incoherent and whose lateral separation
lq
Po=p X i

or integer multiples thereof.
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[0013] Further, In order to provide a simple arrangement for the sample handling, a
mechanism can be comprised to place the sample to be investigated between the X-ray source

(or GO If GO 1s used) and the phase-shift periodic structure G1, or between the phase-shift
periodic structure G1 and the detector.

[0014] Suitable analysis means may provide for an analysis procedure being implemented for
obtaining the absorption, differential phase contrast and directional scattering contrasts of the

sample that comprises the steps of recording two intensity images of the interference pattern
(with sample and without sample) on the detector.

[0015] Further, the analysis means may comprise means to detect the location of individual
unit cells on the recorded flat image by using the circular nature of the phase-shift periodic
structure G1, that being said, an intensity maximum is observed in the center of a unit cell.

[0016] Furthermore, the analysis means may comprise means to calculate the shift between
the flat and sample images of each unit cell, preferably achieved either with Fourier based
methods and/or Hilbert transform methods by calculating the analytical signal or spatial
correlation methods.

[0017] Further, the analysis means may comprise means to evaluate the radial visibility
reduction for every angle in order to obtain omnidirectional scattering images, preferably
accomplished by Fourier methods from the following formula

spf
RkRo

ol nf e
RkRo

C(n,m,08) =

[0018] Preferably, the mechanism to handle the sample may also comprise means for rotating
the sample relatively to the remaining components to perform data collection for a tomographic
scan.

[0019] Advantageously, the phase-shift periodic structure G1 may be an absorption grating.

[0020] Preferred embodiments of the present invention are hereinafter described in more
detaill with reference to the attached drawings which depict In:

Figure 1
schematically an experimental setup of a single shot X-ray imaging arrangement;

Figure 2
(a) schematically the experimental setup of Figure 1 Iin perspective view; (b) scanning
electron microscopy image of fabricated grating (scale bar 10um), period of unit cell
25pm and period of each grating 5 um; (c¢) schematic of containing all necessary
annotation for analyzing the recorded pattern;

Figure 3
a directional scattering image of a carbon fiber loop as sample as shown in Figure 2; the
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color of the loop represents the most prominent scattering direction; and

Figure 4
experimental result of imaging a butterfly; (a) transmission contrast, differential phase
contrast in (b) horizontal and (c¢) vertical direction and (d) directional scattering image.

[0021] Figure 1 schematically shows an experimental arrangement for single-shot X-ray
Imaging. The arrangement comprises an X-ray source 1. In case of a polychromatic X-ray
source a source grating 2 can be used. The source grating 2 can have a checkerboard of a
grid design as seen In the figure. A sample 3 Is placed downstream the source grating 2. Right
after the sample 3 a phase shifting or phase-modulating grating 4 is placed. The phase-shifting
grating 4 can have the two shown designs; mosaic and honeycomb. An x-ray detector S Is
placed at Talbot distance from the phase-shifting grating 4.

[0022] The single-shot Imaging arrangement iIs capable of omnidirectional scattering
sensitivity, acquisition of differential phase contrast signals in vertical and horizontal directions
and absorption contrast without the rotation or shift of optical elements or the sample under
examination. There are two key components that enable the omnidirectional scattering
sensitivity:

1. 1) a dedicated and optimized phase grating design; and
2. 2) a detector with sufficient resolution to resolve the generated interference pattern.

[0023] These two topics are addressed In Figure 2 which schematically depicts the
experimental setup of Figure 1 In perspective view (a). Figure 2(b) shows scanning electron
microscopy iImage of the fabricated phase-shift grating (scale bar 10 ym), having a period of
the unit cell of 25um and a period of each grating of 5 um. Figure 2(c) schematically shows all
necessary annotations for analyzing the recorded pattern.

[0024] The imaging arrangement according to a preferred embodiment of the present
Invention comprises the following elements:

o An X-Rays source providing radiation for examining the object of interest (probe).

e An optional source grating 2 for increasing the coherence of the X-Ray source, the
source grating 1s manufactured from an absorbing material and has a 2D grid or
checkerboard design In order to increase coherence of the incoming beam In both
horizontal and vertical directions (as shown in Figure 1).

e [he phase shifting grating 4 that modulates the phase of the incoming X-Rays by 1T or
/2. Examples for the dedicated design of the phase grating are depicted in Fig. 2(a).

e An X-Ray sensitive detector that i1s adapted to detect radiation after passing through the
sample 3 and the phase-shifting grating 4 with a resolution sufficient to record the
Interference pattern at the distance the detector is placed.
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[0025] Particularly new In the proposed grating interferometer arrangement is the design of the
phase-shifting grating 4. In conventional grating Interferometry with linear gratings the
scattering signal I1s detected from the visibility reduction of the interference fringe. Fine
structures of the sample cause a local degradation of the coherence of the beam. Coherence
IS the main regulator of the local fringe visibility. However, linear grating require coherence only
In one direction (the normal to the grating lines) in order to produce interference. In contrary, a
circular interference pattern would require coherence in all direction (on the imaging plane) In
order to generate a self-image with high visibility. A circular covering the whole field of view
would only be capable of providing scattering information for different angles through linear
segments passing through the center of the grating.

[0026] In order to avoid this problem but still exploits the omnidirectional properties of the
circular gratings the present invention proposes a design for the phase-shifting grating 4 being

composed of a mosaic or a honeycomb repetition of circular gratings as shown In Figures 1
and 2 (a).

[0027] In the case of a mosaic repetition the circular gratings (also called unit cell) are
repeated with a period of P in horizontal and vertical directions. In the case of the honeycomb
arrangement the distance between the centers of neighboring unit cells is again P. The pitch of
the circular gratings 1s p. In order to achieve the maximum filling ratio of the field of view (FOV)
p should be a multiple of P, however designs where this condition is not fulfilled are also
allowed.

[0028] The detector is placed at a Talbot distance defined by the design photon energy of the
arrangement and the pitch of the circular gratings p. The interference fringe at the selected
Talbot distance can be characterized from the following periodicities: P' and p’, where P' the
repetition rate of the self-images of the individual circular gratings and p' the period of the self-
Images of the circular gratings. These periodicities are connected to the design values as

following
p 1, ditly
f L1

where /1 I1s the distance between the source (or the source grating 2 if the source grating 2 is
used) to the phase-shifting grating 4, d, 1s the distance between the phase-shifting grating 4

and the generated interference pattern at the detector plane, n = 1 for /2 shift grating while n
= 2 for 1 shift grating. The projected period P' defines the pixel size of the reconstructed
Images of the sample under investigation.

[0029] The phase-shifting grating 4 s fabricated in a phase shifting material for the design
energy of the imaging arrangement. This means that for low energies the grating can be
etched in SiI with deep reactive ion etching. For higher energies heavier materials like gold and
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nickel can be used to reduce the required thickness, at these high energies the required
thickness for a phase shift of T or m/2 does not Iintroduce a significant absorption of the

Incoming X-Rays.

[0030] The imaging procedure requires the acquisition of two images. Initially, an image is
recorded with only the phase-shifting grating 4 (and the source grating 2 If used) being placed
In the x-ray beam. This image will be called the flat image (f). As the next step the sample Is
Introduced Into the x-ray beam without shifting or removing the phase-shifting grating 4 and a
so-called sample image (s) Is recorded.

[0031] The analysis procedure starts by locating the self-images of the individual circular
gratings on the pixel matrix of the flat image. Due to the circular nature of the grating a
maximum Is observed In the center, and this maximum is used as a finding criterion for the
centers. Once all the centers have been detected a square area of P'xP' around each center Is
selected and will be noted with the spatial coordinate (n, m) as shown in Figure 2 ¢). The fringe
of each circular grating is approximated by

I(nnm,p,8) = A(n,m) + B(n,m, 8) cos (2 ng)

where A(n, m) denotes the average intensity in the defined area, B(n, m, 8) the angular
depend scattering coefficient and p, 6 are the local coordinates at the unit cell (n, m). The
transmission image Is calculated as the ratio (sample over flat) of the average values of the
recorded interference patterns:

Yo2ols(nym,p,6)

2.0 Zp [y (n,m,p,0)

T(n,m) =

[0032] The differential phase contrast images in horizontal and vertical directions are
calculated by estimating the shift of the Individual circular grating self-images. This can be
done by a number of methods, for instance, spatial correlation estimation. Here, a method is
proposed based on a linear square fit of the local estimated phase difference between the
sample and flat fringes with a theoretical model that is valid for a sinusoidal approximation of
the fringes. If the sample fringe Is shifted by (x0, yO) then the local phase difference for one
circular grating is given by

2T

®(p, 0,xq,¥0) = ?[\ p? — x5 — ¥5 — 2p(xgcosl + y,sint) — p]

[0033] The experimental local phase shift is calculated by a Hilbert phase retrieval in the x ory
direction. The theoretical model is then fitted to the experimental phase and the values x0 and

y0 are estimated.

[0034] The directional scattering images are obtained by radial Fourier analysis of the
recorded circular fringes. The scattering contrast is calculated by the appropriate Fourier
coefficient of the radius of the fringe. The ratio of the Fourier coefficients results in the scatter
contrast under that specific angle. Specifically directional scattering images are given by
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RER]
R'R!
where Ry Is the k-th harmonic of the discrete Fourier transform of the recorded fringe In

C(n,m,8) =

direction © and k=P'/p'.

[0035] The method was experimentally validated at the TOMCAT beam line of the Swiss Light
Source at Paul Scherrer Institut, CH-5232 Villigen PSI. A phase shifting grating with a radial
period of Sum and unit cell period of 25 um was fabricated by e-beam lithography and deep
reactive ion etching (DRIE) of Si in house. The grating was etched to a depth of 11um which, at
17 keV illumination, produces a phase shift of pi/2. A scanning electron microscopy (SEM)
Image of the grating can be seen in Fig. 1 (b). The experimental setup I1Is summarized in Fig. 1
(a). The photon energy was selected by a Si 111 monochromator. A pco. edge 4.2 CCD
camera with 10 fold magnification (effective pixel size of 0.65um) was placed 17cm behind the
phase-shifting grating 4 which corresponds to the first fractional Talbot order.

[0036] The directional scattering image of the carbon fiber loop can be seen In Fig. 3. A
second sample that was scanned with the same parameters was a butterfly placed on the tip of
a steel needle. The resulting transmission, differential phase in horizontal and vertical direction
and directional scattering image can be seen in Fig. 4 (a), (b), (c) and (d) respectively.

[0037] At the moment appropriate optics are used In order to achieve the necessary resolution
to resolve the fringe, however current developments in detector research have made possible
resolution enhancement beyond the pixel size of charge integrating hybrid detectors with single

photon sensitivity. These developments will allow the application of the method for clinical and
Industrial applications.

Reference
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Patentkrav

1. Indretning til reantgenstraler, isaer harde rantgenstraler, til opnaelse af kvan-
titative rentgenbilleder fra en prave (3), omfattende:

a) en rentgenstralekilde (1), fortrinsvis en polykromatisk standard-r@ntgenstra-
lekilde;

b) en faseforskydende periodisk struktur (4);

C) en positionssensitiv detektor (5), der har et antal individuelle pixels, hvorved
den er i stand til at tilvejebringe tilstraekkelig rumlig oplasning til at opl@zse det
Interferensm@nster, der genereres af den faseforskydende struktur;

d) midler til optagelse af billederne fra detektoren;

e) midler til evaluering af intensiteterne i et single shot-billede med henblik pa
at opna egenskaberne ved praven indbefattende absorption, differentiel fase-
kontrast og direktionel (lille vinkel) spredningskontrast, fortrinsvis for specifice-
rede omrader af pixels; og

f) eventuelt et absorptionsgitter (2) foran, eller indlejret i reantgenstralekilden
(1);

kendetegnet ved, at

den faseforskydende periodiske struktur (4) er:

1) en 2D periodisk struktur sammensat af celleenheder, hvor celleenhederne
er cirkulaere gitre; perioden af enhedscellerne er P og de cirkulaere gitres peri-
ode er p, hvor de periodiske strukturer | det cirkulasre gitter genererer en rant-
genstrale-faseforskydningsforskel, som er fortrinsvis pa /2 eller ulige multi-
pler deraf, herefter benasvnt /2-forskydning; eller 1 eller T+Nx2x1T, herefter
benavnt T-forskydning, hvor N er et helt tal; eller

1) en honeycomb-struktur sammensat af celleenheder, hver celleenhed er et
cirkuleert gitter, som muligger den maksimale fyldningsfaktor af en sadan pe-
riodisk struktur; hvor de periodiske strukturer | det cirkulaere gitter genererer
en rentgenstrale-faseforskydningsforskel, som er fortrinsvis pa /2 eller ulige
multipler deraf, herefter benasvnt 11/2-forskydning; eller 1 eller T+Nx2x11, her-
efter benasvnt T-forskydning, hvor N er et helt tal.

2. Indretning ifelge krav 1, hvor den faseforskydende periodiske struktur (4) er
fremstillet ved dybastsning til silikone, et polymermateriale eller lignende ma-
teriale, til lavenergi-rantgenstralefotoner; eller afsaette tungmetal i spalter med
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lavabsorberende struktur eller dyrke tungmetal pa lavabsorberende substrat, |
hvert tilfaelde anvendes metallet som faseforskydningsmaterialet, fortrinsvis til
hajenergi-rentgenstralefotoner.

3. Indretning ifalge krav 1 eller 2, hvor den faseforskydende periodiske struktur
(4) danner et periodisk Iinterferensm@nster med en gentagelse af hver celleen-
hed P' og perioden inden hvor hver celleenhed er p' | en kendt afstand (T albot-
effekt) nedstrems pa detektoren (5); P' og p' matcher krumningsradien af en
iIndfaldende balgefront ved forholdet

1 dqi+l,

p =;P

I,

1 ., dl+i,
P ==p
1 {1

hvor /1 er afstanden mellem rantgenstralekilden (1) eller absorptionsgitteret
(2), hvis det anvendes pa den faseforskydende periodiske struktur (4), d1 er
afstanden mellem den faseforskydende periodiske struktur (4) og det skabte
selv-billede n = 1 for /2 forskydningsgitter mens n = 2 for 1 forskydningsgitter.

4. Indretning ifalge et af de foregaende krav 1 til 3, hvor absorptionsgitteret (2)
er et 2D-skakbraet/maskelignende gitter med toppunkt pa

w 11
p0=p d1

eller heltalsmultipler deraf, eller nar absorptionsgitteret (2) ikke anvendes men
rentgenstralekilden omfatter 2D-array af individuelle kilder, som kan vaere gen-
sidigt iInkohasrente og hvilkes laterale separation

11
p0=p dl

eller heltalsmultipler deraf.

5. Indretning ifelge et af de foregaende krav 1 til 4, hvor en mekanisme er
omfattet for at placere en prave (3), der skal undersgges, mellem rentgenstra-
lekilden (1) eller absorptionsgitteret (2) GO, hvis det anvendes, og den fasefor-
skydende periodiske struktur (4), eller mellem den faseforskydende periodiske
struktur (4) og detektoren (5).
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6. Indretning ifelge et af de foregaende krav 1 til 5, hvor der implementeres en
analyseprocedure til at opna absorptionen, differentiel fasekontrast og direkti-
onelle spredningskontraster af praven (3) som omfatter trinnene, hvor to inten-
sitetsbilleder af interferensmonsteret optages, et pravebillede med praven (3)
og et fladt billede uden praven (3) pa detektoren (5).

7. Indretning ifelge et af de foregaende krav, yderligere omfattende midler til
at detektere placeringen af individuelle celleenheder pa det optagede flade
billede ved at anvende den cirkulaere natur af den faseforskydende periodiske
struktur (4), og nar det er sagt, der observeres et intensitetsmaksimum i cen-
trum af en celleenhed.

8. Indretning ifelge et af de foregaende krav 1 til 7, yderligere omfattende mid-
ler til at beregne forskydningen mellem det flade billede og pravebilledet af
hver celleenhed, fortrinsvis opnaet enten med Fourier-baserede metoder

og/eller Hilbert-transformationsmetoder ved at beregne det analytiske signal
eller rumlige korrelationsmetoder.

9. Indretning ifelge et af de foregaende krav 1 til 8, yderligere omfattende mid-
ler til at evaluere den radiale synlighedsreduktion for hver vinkel med henblik
pa at opna omnidirektionelle spredningsbilleder, fortrinsvis fuldfart ved hjselp
af Fourier-metoder ud fra den fglgende formel

R RE
C(n,m,B) = .
RL R]

10. Indretning ifalge et af de foregaende krav 1 til 9, omfattende midler til at
rotere praven (3) |1 forhold til de resterende komponenter af indretningen med
henblik pa at udfare dataindsamling til en tomografisk scanning.

11. Indretning ifelge et af de foregaende krav 1 til 10, hvor den faseforsky-
dende periodiske struktur (4) er et absorptionsgitter.
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