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A Systematic Error in X-ray Grating
Interferometry due to Asymmetric Scattering

Distributions
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�Swiss Light Source, Paul Scherrer Institut, Villigen, Switzerland
†School of Biology and Medicine, University of Lausanne, Lausanne, Switzerland
��Institute for Biomedical Engineering, UZH/ETH Zürich, Zürich, Switzerland

Abstract. The high sensitivity provided by x-ray grating interferometry is one of the distinct char-
acteristics of this phase contrast imaging technique. Up to now, several contributions to the un-
certainty of the determined phase signal are known, which can be addressed by adapting total ac-
quisition time or improving the mechanics of the experimental setup. Here, we demonstrate the
occurrence of an additional systematic error, which is intrinsic to the physics of the contrast forma-
tion process. Based on a recently established scattering-based description of grating interferometry,
we demonstrate analytically that asymmetric scattering distributions lead to a systematic error in
the determined phase signal.
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INTRODUCTION

Since its first experimental demonstration [1, 2] grating interferometry (GI) — a phase-
sensitive, hard x-ray imaging technique – has attracted increasing interest from the field
of biomedical research [3–5]. An important contribution to this interest is the particular
high sensitivity towards electron-density variations in the sample [6], which renders
GI especially suitable for imaging subtle differences in soft tissue materials. The high
sensitivity is realized by taking advantage of phase contrast, which is, in general, orders
of magnitude stronger than absorption contrast in the hard X-ray regime [7].
GI utilizes a beam splitter and an analyzer line grating in order to facilitate phase

sensitivity (Fig. 1). The beam splitter introduces a periodical phase shift into the incident
wave, which provides a rectangular-shaped interference pattern at certain distances [8].
Refraction taking place at the sample will lead to a lateral offset of this interference
pattern. Since refraction is proportional to the first derivative of the phase signal after
transmission through the sample [9], sensitivity to phase is achieved. However, the
typical period of the rectangular-shaped interference pattern is in the order of a few
microns, which is too small to be resolved by standard x-ray imaging detectors. Thus, an
additional absorption grating is introduce in front of the detector in order to analyze the
lateral offset of the interference pattern. By scanning either of the gratings, an oscillatory
intensity pattern is recorded in each pixel, which is called the phase stepping curve
(PSC). The PSC can be analyzed by a Fourier-based approach in order to retrieve the
three complementary contrast, which are provided by GI: absorption, phase and dark-
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FIGURE 1. Sketch of the grating interferometer.

field contrast [9–11]. More details about the contrast formation process, data analysis
procedures and experimental implementation can be found in literature [9, 12, 13].

UNCERTAINTY OF THE PHASE SIGNAL

It is clear that a thorough understanding of all possible contributions to the uncertainty of
the determined phase signal is crucial for maximizing the performance of GI. The known
contributions can be best understood by looking on the details of the experimental scan
and data analysis procedures.
In experiment, a flat-field PSC, f �φm�, without the sample and a sample PSC, s�φm�, is

obtained, where φm denotes the lateral offset of step m during the scan in radians. Since
the PSCs are periodical, their intensity distributions may be expressed by a complex
Fourier series [12]

s�φm� �∑
n

an exp��i�qnφm�P�� � (1)

an are the Fourier coefficients, qn are the spatial frequencies and P constitutes the to
be determined fringe offset. The flat-field PSC is described by eq. (1) for P � 0. P can
be determined by calculating the difference of the phase of the first non-trivial Fourier
component q1 of the Fourier transforms of the individual PSCs

P� arg�ŝ�q1��� arg� f̂ �q1��� (2)

The caret denotes the Fourier transform of the corresponding functions.
At least three contributions to the uncertainty of P have been published.

• Phase step jitter, which reflects mechanical instabilities of the experimental setup
and can be regarded as an uncertainty in the position of the phase step φm in eq. (1).
If Piezo actuators are utilized for scanning the grating, this contribution is usually
negligible [14, 15].

289

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions IP:  130.60.47.22 On: Thu, 12 May 2016 15:26:34



• Photon statistics, which takes into account the statistical nature of intensity mea-
surements and can be incorporated into eq. (1) by an uncertainty of the intensities
s�φm� or f �φm�. This contribution has been studied in depth and has been identified
as the main influence on the uncertainty of the phase signal [14–17].

• “Anatomical noise”, which relates to the fact that for a finite number of phase steps
P is only retrieved exactly by eq. (2) if an � 0 for n � 1 [17]. In other words, the
uncertainty of P depends on the exact shape of the PSCs. This effect decreases with
an increasing number of phase steps.

If delivered dose is not an issue, all these contributions can be addressed by either
increasing the total number of acquired photons or improving the mechanical stability
of the experimental setup.

INFLUENCE OF ASYMMETRIC SCATTERING DISTRIBUTIONS

Recently, we established an alternative perspective on the contrast formation process of
GI, which is based on scattering [18]. In the following, we will show that this alternative
view offers the possibility to identify an additional error in the retrieval of the phase
signal.
The scattering distribution g�φ� can be regarded as the histogram of all refraction

angles contributing to the signal in one detector pixel. g�φ� relates to the PSCs by [11]

s�φ� � f �φ��g�φ�� (3)

Inserting eq. (3) into eq. (2)

P� arg� f̂ �q1� � ĝ�q1��� arg� f̂ �q1�� � arg�ĝ�q1�� (4)

reveals that the value retrieved by the standard analysis procedure, P, is equal to the
phase of the Fourier transform of the scattering distribution at the appropriate spatial
frequency.
We associated the complementary contrasts (i.e., absorption, phase and dark-field),

which are delivered by grating interferometry, with the orders l of the (centralized)
moments Ml of the scattering distribution [18]. The centralized moments are defined
by [19]

Ml �
�
dφ �φ �µ�n g�φ�� (5)

µ is the expectation value of the distribution g�φ� and represents the to-be-determined
fringe offset in a least-squares sense. Ideally, the data analysis procedure (eq. 2) should
deliver P� µ . However, this will turn out to be true only under certain conditions.
In Fourier space the centralized moments Ml appear as coefficients of the Taylor

expansion [19]

ĝ�q� � ∑
l

��iq�l

l!
Ml e

�iqµ
� (6)

290

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions IP:  130.60.47.22 On: Thu, 12 May 2016 15:26:34



By neglecting orders higher than the fourth and assuming negligible absorption (without
loss of generality:M0 � 1), ĝ�q� reads

ĝ�q�� exp��iqµ�� �� �
exp�iφs�

�
1�

q2

2
M2� i

q3

6
M3���q

4�

�
� �� �

exp�iφa�

� (7)

According to eq. (4) there are two contributions to the value P (i.e, P� φs�φa), which
makes it clear that P� µ (with q1 � 1) is only correct if in the absence of moments of
higher order than two. The asymmetry of the scattering distribution is quantified by M3
and its influence on P can be seen at the definition of φa

tanφa �
1
6q
3
1M3

1� 1
2q
2
1M2

� (8)

Thus, an asymmetric scattering distribution leads to an additional systematic error in
fringe offset value P, which is retrieved by eq. (2). Experiments showed that realistic
values forM3 are in the order of 10

�2. Comparing the resulting φa (10
�3) to a detectable

φs (10
�2) shows that φa constitutes a significant contribution to P.

In [18] we proposed that a deconvolution procedure in order to directly retrieve the
scattering distribution g�φ�. In principle, this approach avoids the occurrence of the
presented systematic error. However, in the realistic case of present noise the accuracy of
a deconvolution is affected, which constitutes a different contribution to the uncertainty
of the phase signal. A comparison of the performance of both approaches will be an
issue for future investigations.
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