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X-ray dark-field imaging using a grating interferometer has shown potential benefits for a variety of applications in
recent years. X-ray dark-field image is commonly retrieved by using discrete Fourier transform from the acquired phase-
stepping data. The retrieval process assumes a constant phase step size and a constant flux for each stepped grating position.
However, stepping errors and flux fluctuations inevitably occur due to external vibrations and/or thermal drift during data
acquisition. Previous studies have shown that those influences introduce errors in the acquired phase-stepping data, which
cause obvious moiré artifacts in the retrieved refraction image. This work investigates moiré artifacts in x-ray dark-field
imaging as a result of flux fluctuations. For the retrieved mean intensity, amplitude, visibility and dark-field images, the
dependence of moiré artifacts on flux fluctuation factors is theoretically derived respectively by using a first-order Taylor
series expansion. Results of synchrotron radiation experiments verify the validity of the derived analytical formulas. The
spatial frequency characteristics of moiré artifacts are analyzed and compared to those induced by phase-stepping errors. It
illustrates that moiré artifacts can be estimated by a weighted mean of flux fluctuation factors, with the weighting factors
dependent on the moiré phase and different greatly for each retrieved image. Furthermore, moiré artifacts can even be
affected by object’s features not displayed in the particular contrast. These results can be used to interpret images correctly,
identify sources of moir¢ artifacts, and develop dedicated algorithms to remove moiré artifacts in the retrieved multi-contrast

images.
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1. Introduction

In the field of x-ray phase imaging, x-ray grating inter-
ferometry has attracted increasing attention from the scien-
tific community,!'~'8 since it can be implemented with con-
ventional tube sources and detectors.!>3] As a multi-contrast
technique, x-ray grating interferometry simultaneously pro-
vides the transmission, refraction (i.e., differential phase) and
dark-field images of the investigated object.*! The additional
refraction and dark-field images offer the potential of com-
plementary information. The refraction signal features im-
proved soft-tissue contrast, while the dark-field signal en-
ables the detection of unresolved microstructures below the
spatial resolution of x-ray grating interferometer.®! Over the
past decades, x-ray grating interferometry has shown signifi-
cant potential in diverse applications including, but not limited

21 materials

to: mammography, %] cardiovascular imaging,
science,?>23! non-destructive testing,>*+?> detection of for-
eign bodies, %! and chest imaging for early detection of pul-
monary emphysema.!?7-2%]

In x-ray grating interferometry, the phase-stepping tech-
nique is commonly used for data acquisition.!'=3! The phase-
stepping technique is achieved by stepwise translating one of
the gratings and acquiring an intensity image at each scanned

grating position. Transmission, refraction and dark-field im-
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ages of the object can be retrieved from the acquired phase-
stepping data using discrete Fourier transform!'=! or a least-
squares fitting algorithm.[*"] The retrieval process assumes
that a constant x-ray flux is utilized for each phase step, and
a constant step size equals to a fraction of the grating period.
However, flux fluctuations and phase stepping errors unavoid-
ably occur during the phase-stepping process. They can be in-
duced by the instability of the x-ray source, the thermal drift,
vibrations and mechanical inaccuracies of x-ray grating inter-
ferometer. Flux fluctuations and phase-stepping errors cause
intensity variations in the acquired phase-stepping data. These
variations introduce moiré artifacts in the retrieved images.
The resulting moiré artifacts make the image interpretation
ambiguous in practical applications, and impede further im-
age post-processing algorithms. Therefore, it becomes quite
necessary to quantify the amplitude and the shape of moiré ar-
tifacts induced by flux fluctuations and/or phase-stepping er-
rors. This knowledge can be useful for image artifact removal
and image interpretation.

To deal with the effect of phase-stepping errors, Hauke et
al. utilized a Taylor series expansion to derive moiré artifacts
of the intensity, phase, amplitude and visibility images in a
single phase-stepping.'3!! Their results revealed that while the
strength of moiré artifacts was different from each retrieved
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image, the basic shape of moiré artifacts was determined by
the moiré phase. Alternatively, Marco et al. presented a the-
oretical explanation for the correlation between the phase of
the phase stepping curve and moiré artifacts induced by the
phase-stepping jitter in all three retrieved modalities.*?! Based
on these correlations, they developed a correction algorithm
that was able to eliminate the moiré artifacts without degrad-
ing true image information. Recently, Hashimoto ef al. ana-
lyzed the moiré artifact of the retrieved refraction image as a
result of flux fluctuations and the phase-stepping errors with
a different technique.?*! They also proposed an improved al-
gorithm to estimate the flux fluctuations and stepping errors,
and remove the moiré artifact in the retrieved refraction im-
age. Quite recently, Viermetz et al. presented x-ray dark-field
CT results of a human-sized anthropomorphic body phantom
by integrating a Talbot—Lau interferometer into a clinical CT

1341 To suppress the artifacts induced by drifts, vibra-

gantry.
tions and flux fluctuations of the x-ray tube, they developed
an iterative optimization which requires prior knowledge in-
cluding the expected amplitude and frequency of the intensity,
phase and visibility variations. However, to the best of our
knowledge, there lacks a comprehensive analysis of the effect
of flux fluctuations on the variations of retrieved amplitude,
visibility and dark-field images. And that will be the subject
of this work.

The paper is structured as follows. Section 2 briefly
reviews the principle of x-ray dark-field imaging, and then
presents theoretical investigations of the influence of flux fluc-
tuations on the retrieved mean intensity, amplitude, visibil-
ity and dark-field images, respectively. By using a first-order
Taylor series expansion, analytical formulas of moiré artifacts
are derived for those distinct retrieved images. In Section 3,
we present the results of synchrotron radiation experiments to
verify theoretical formulas derived in Section 2. The spatial
frequency characteristics of moiré artifacts are discussed and
compared to moiré artifacts induced by phase-stepping errors.
Finally, we conclude this work in Section 4. We expect that
those results can be useful to identify the source of moiré arti-
facts, and develop dedicated algorithms for artifact correction.

2. Theory and methods

In this section, we first briefly review the theoretical for-
mulas to retrieve x-ray dark-field images and then derive theo-
retical formulas of moiré artifacts induced by flux fluctuations
using the first-order Taylor series expansion.

2.1. Data acquisition and dark-field retrieval

In x-ray grating interferometry, the phase-stepping tech-
nique is commonly utilized for data acquisition. One of the
gratings is translated stepwise by a fraction of the grating pe-
riod whereby an intensity image is acquired by the detector at

each grating position. Under an ideal situation without flux
fluctuations, the measured intensity data can be well approxi-

mated by a sinusoidal function for each pixel3!]

- 2rk
I (5.9) =T () A (1) cos | =+ (6,3) + g (1) |,
(L<k<N), ey

where (x,y) denotes the pixel coordinates in a two-
dimensional detector array, /; being the measured intensity of
the k-th phase step, I being the mean intensity, A being the
amplitude, N being the total number of phase steps over one
grating period, ¢ being the phase shift induced by the object,
and @, being the moiré phase resulting from the misalignment
and local imperfections of the gratings. 3!l

In literatures, several algorithms have been developed
for retrieval of transmission, refraction and dark-field images

[1-3.16.301 Thjg work in-

from the acquired phase-stepping data.
vestigates the relation of flux fluctuations and the occurrence
of moiré artifacts by using the discrete Fourier transform based

[1-3] For this algorithm, the phase-stepping data is

algorithm.
treated as a series of equidistantly sampled sinusoidal func-
tions. As a consequence, one can calculate the mean intensity

I and the amplitude A respectively by

_ 1 ¥
I(xy) = 5 Xl (x5), )
k=1
2 N k ?
A(x7y) = N Zlk (‘xay)exp <_127CN) ) (3)
k=1

from which the visibility V can be retrieved by

V(x,y) = A(x,y)/1(x,y). 4)

Furthermore, the object’s transmission signal 7 and dark-field
signal D can be retrieved by calculating these parameters re-
spectively for an object measurement (superscript o) and a ref-
erence measurement without object (superscript r)

T (x,y) =1°(x,y) /1" (x,y), ®)
D(x,y) =V°(x,y)/V" (x,). (©6)

The retrieved transmission and dark-field signals are normally
displayed in the form of images.

2.2. Moiré artifact of retrieved dark-field images

Previous work demonstrated that even slight flux fluctua-
tions introduced obvious moiré artifacts into the retrieved re-
fraction image.!33! The following analysis will focus on the
moiré artifact induced by flux fluctuations in the retrieved
dark-field image. When flux fluctuations are present, a flux
fluctuation factor is introduced into Eq. (1), and the measured
phase-stepping data can be expressed as follows:

I (x,y) = ™ {f (x,y) +A (x,y)
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coos | 2+ pe) +ntr)] b (1k<m). )

where A; denotes the flux fluctuation factor of the k-th phase
step relative to the first step (i.e., A1 = 0). It should be noted
that the relative values between A are of importance since an
addition of a constant value to A just introduces a trivial offset
into the retrieved mean intensity and amplitude images. This
offset can be corrected by normalization.

To estimate the effects of flux fluctuations on the retrieved
images, a Taylor series expansion will be used for further anal-
ysis. It is assumed that the flux fluctuation factor A; is small
for all k. Therefore, we can safely apply the first-order Taylor
expansion around A; = 0 for all flux fluctuation factors. Note
that a similar approximation was made previously for estima-
tions of moiré artifacts induced by phase-stepping errors.3!-31
Before the estimation of moiré artifacts, we tested the validity
of our approach. For this purpose, we used our approach to es-
timate the moiré artifact induced by flux fluctuations in the re-
trieved refraction image. The obtained result was in agreement
with that previously obtained with a different approach. 3!
Therefore, the agreement verifies the feasibility of our ap-
proach, which can be safely used to proceed with the following
calculations.

We estimate the effect of flux fluctuations on the retrieved
mean intensity and amplitude images. The image deviations
resulting from flux fluctuations are often specified as moiré
artifacts. 317331 Under the above approximations, we can esti-
mate the moiré artifact of the mean intensity image Al by

N
= 8

By using Eqgs. (2) and (7), the derivative with respect to the

flux fluctuation factor can be expressed as

o
81}6 A=

N
) = 11, Z [1+Acos <2;k+(/)+(pm>} )
=0

k=1

By substituting Eq. (9) into Eq. (8), we obtain the analytical
expression of the moiré artifact AT

I
A[f

N 2n
Z)Lk—i-VZ)chos (+(p+(pm) . (10)

k=

where the indices of the detector pixel coordinates are dropped
for clarity. As shown by Eq. (10), the strength of the moiré ar-
tifact is proportional to the mean intensity /. The first term
in Eq. (10) contains an unweighted mean of flux fluctuation
factors, and is independent of the moiré phase ¢p,. It intro-
duces a global constant offset in the retrieved mean intensity
image. The second term is proportional to the visibility V, and
contains a weighted mean of flux fluctuation factors, with the
weighting factors dependent on the moiré phase @y,. The sec-

ond term determines the moiré artifact with a spatial frequency

equal to that of the moiré phase ¢y,. Note that Eq. (10) is quite
different from the moiré artifact induced by phase-stepping
errors.31-321 The moiré artifact induced by phase-stepping er-
rors consists of a single term that is proportional to the ampli-
tude A, and has a spatial frequency equal to that of the moiré
phase ¢n.

Similar to Eq. (8), we can estimate the moiré artifact of
the amplitude image AA as follows:

N
(1)
; ( al«k }Lk >

where the derivative with respect to the flux fluctuation factor

is calculated by using Egs. (3) and (7),

A\ 2 (2w
|, —Ncos N + @+ ¢Pn
Ae=0

X {I_+Acos (217\7(+(p+(pm)]. (12)

Substituting Eq. (12) into Eq. (11) results in the following ex-
pression of the moiré artifact AA:

AA—l Ail +21_ilcos @—i— +
=N k=1k k N P+ Pm

k=1
N
+A 'Y Aycos {2(2;](+<p+<pmﬂ}, (13)
k=1

where the first term is proportional to the amplitude A and is
an unweighted mean of flux fluctuation factors. It determines
a global constant offset in the retrieved amplitude image. The
second and third terms in Eq. (13) both contain a weighted
mean of flux fluctuation factors, with the weighting factors
dependent on the moiré phase ¢p. The second term is pro-
portional to twice the mean intensity, and introduces moiré
artifacts with a spatial frequency equal to that of the moiré
phase ¢n.
amplitude A, and results in moiré artifacts with a spatial fre-

By contrast, the third term is proportional to the

quency twice that of the moiré phase ¢,. Moreover, it notes
that in terms of the spatial frequency, the moiré artifact AA in
Eq. (13) is quite different from that induced by phase-stepping
errors. 31321 The moiré artifact resulting from phase-stepping
errors has a spatial frequency twice that of the moiré phase @y,,
and an amplitude proportional to the amplitude A.

Generally, the moiré artifacts AT and AA are small when
compared to I and A, respectively. Therefore, we can esti-
mate the moiré artifact of the visibility image AV by applying
another first-order Taylor expansion with respect to I and A.
Using Eq. (4), and in equivalence to Eq. (8), the moiré artifact
of the visibility image AV can be estimated as follows:

A A

AV = — —

Al 14
7~ AL (14)
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which is a superposition of the moiré artifact of the amplitude
image and the negative moiré artifact of the mean intensity im-
age. By substituting Egs. (10) and (13) into Eq. (14), the moiré
artifact AV can be derived into

1

N 27k
_ _y2
AV = N{(z v )glxkcos( N +(p+(pm>

N Amk
+V Y Acos <N+2(p+2(pm)]. (15)

k=1
Different from Eqgs. (10) and (13), no constant offset is pre-
sented in Eq. (15). As revealed by Eq. (15), the moiré arti-
fact AV consists of two terms both dependent on the moiré
phase @p,.
of flux fluctuation factors.

Both of the two terms contain a weighted mean
The first term is proportional to
the quantity (27 Vz), and introduces artifacts with a spatial
frequency equal to that of the moiré phase ¢,. By contrast,
the second term is proportional to the visibility V' and intro-
duces artifacts with a spatial frequency twice that of the moiré
phase @p,.
phase-stepping errors is similar to Eq. (15) in terms of the spa-

As a comparison, the moiré artifact induced by

tial frequency. However, the artifact amplitudes resulting from
phase-stepping error are substantially different from Eq. (15).
While the first term with the same spatial frequency as the
moiré phase is proportional to the squared visibility V2, the
second term with a doubled spatial frequency is proportional
to the visibility V.

Furthermore, we estimate the moiré artifact of the re-
trieved dark-field image AD. According to Eq. (6), the
dark-field signal D is retrieved from two independent phase-
stepping measurements. Generally, the flux fluctuations occur
in both object and reference measurements. The flux fluctu-
ation factors within these two phase-stepping procedures are
typically not correlated and therefore must be treated sepa-
rately. As a consequence, the artifact in the retrieved dark-field
image is a superposition of two independent artifacts, both be-
ing characterized by a weighted mean of flux fluctuation fac-
tors. Assuming that the errors in the object visibility V° and
the reference visibility V' are small, the moiré artifact AD in
the retrieved dark-field image can be estimated again by using
the first-order Taylor approximation with respect to V° and V*.
The resulting moiré artifact AD is given by

AD:

AVe  VOAVT AVO AVT
—D( > (16)

yrooyroyr yo yr

where

AVe 1 K 2 > N (an
—=— | ==V° Acos| —+ @+ ¢
vo T N[\V k; N

N Amk
+ 7L°c05<+2 +2 m)},
k; £ N 20420

A7)

AVT 1
o= (7o) B (5 v )
+ Z A cos <47rk +2(pm>} .

=1 N

In practical applications, flux fluctuations can be induced by

(18)

various external influences, and hence the flux fluctuation fac-
tors can be considered as stochastic. Moreover, the weight-
ing factors are distinct for object and reference measurements.
Therefore, moiré artifacts of object and reference visibility
images do not mutually annihilate generally. As a result,
the retrieved dark-field image always bears moiré artifacts
in the case of flux fluctuations. Finally, as demonstrated by
Egs. (16)—(18), besides the dependence on the dark-field sig-
nal, the moiré artifact AD can even be influenced by object’s
refractive features which are not displayed in the dark-field
modality and thus can appear independent of the expected
morphology.

Finally, for the sake of completeness, we mention that
flux fluctuations also introduce moiré artifacts into the re-
trieved transmission image 7. Following a similar procedure
and using Eq. (6), we can approximately estimate the moiré
artifact of the transmission image AT resulting from flux fluc-
tuations as

N N 27k
; —I—V"Zl,?cos <N+(p+(pm>

Z\ﬂ

(19

T | u 27k
N Lzlxﬁvr Y A cos <N + (Pm)

where amplitude and shape are influenced by object’s refrac-
tive and scattering features which are not displayed in the

transmission modality.

3. Experimental results and discussion

To verify theoretical results and visualize the effect of flux
fluctuations on the retrieved images, experiments were carried
out at beamline BL13W1 of Shanghai Synchrotron Radiation

Facility. %]

The x-ray grating interferometer consisted of a
7 /2-shifting phase grating with a period of 2.39 um, and an
analyzer grating with a period of 2.4 pm. The little difference
in the grating periods was to match the beam divergence. The
photon energy was 20 keV, and the distance between the two
gratings was 46.4 mm. For data acquisition, a phase-stepping
procedure was performed by translating the analyzer grating
over one period. The phase step number is seven. Images
were acquired with a scientific complementary metal-oxide—
semiconductor (sSCOMS) detector (Hamamatsu ORCA-Flash
4.0V2) with an effective pixel size of 13 um. The exposure
time was 3 ms for each image. The measured visibility had a
mean value of 0.487 and a standard deviation of 0.032 over the
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field-of-view. To investigate the spatial frequency of the moiré
artifacts, the moiré phase ¢, was designed to be a parallel
fringe pattern due to a pitch mismatch. As shown in Fig. 1,
there were 20 moiré fringes within the field-of-view.

Within such a short exposure time, both the x-ray beam
and the detector were sufficiently stable and precise. There-
fore, we assumed no flux fluctuations in acquired phase-
stepping data. Then the mean intensity, amplitude, phase and
visibility images were retrieved using discrete Fourier trans-
form based algorithm. These retrieved images did not bear
moiré artifacts, and were used as ground truth images to cal-
culate the theoretical moiré artifacts according to Egs. (10),
(13), (15), and (16), respectively.

To simulate flux fluctuations, the values of flux fluctuation
factors were randomly chosen from the interval [—0.1,0.1] and
listed in Table 1. According to Eq. (7), the phase-stepping
data with flux fluctuations was simulated, and then used to re-
trieve the images containing moiré artifacts. The pixelwise
difference of those images with moiré artifacts and their cor-
responding ground truth images were calculated to produce
experimental moiré artifacts. Besides those values listed in
Table 1, several other sets of flux fluctuation factors were also
used to compare the theoretical and experimental moiré arti-
facts. They all presented equivalent results. Therefore, the set
of flux fluctuation factors listed in Table 1 was exemplarily
chosen to evaluate and discuss the results of this work.

Table 1. Flux fluctuation factors used for moiré artifacts estimations.
l] )Lz l3 14 )LS Aﬁ l7

Reference 0 0.0390 —0.0366 0.0900
Object 0 0.0531 0.0590

—0.0931 —0.0123 —0.0237
—0.0626 —0.0020 —0.0109 0.0293

Figure 1 presents moiré artifacts of the retrieved mean in-
tensity image in a reference measurement. Figure 1(a) shows
the theoretical moiré artifact calculated by Eq. (10) and the
ground truth images, and Fig. 1(b) shows the experimental
moiré artifact. Visually speaking, the agreement of Figs. 1(a)
and 1(b) is qualitatively good. For a quantitative evaluation,
Fig. 2(a) shows the profile comparison along the dashed line
marked in Fig. 1(a). The agreement of the two line profiles
is quantitatively excellent, supported by the fact that the cal-
culated correlation coefficient has a value of 0.9976. The ex-
istence of some locally minor discrepancies between theoreti-
cally calculated and experimental profiles can be explained by
the first-order truncation of the Taylor series expansion used in
the derivation of Eq. (10). Furthermore, Fig. 2(b) shows a plot
of the Fourier spectra of the experimental profile. As expected
by Eq. (10), the spectrum of the moiré artifact consists of two
spatial frequencies. One is located at zero, and the other is
equal to that of the moiré phase. By contrast, the moiré arti-
fact induced by phase-stepping errors has a single spatial fre-

quency equaling to that of the moiré phase.3!-3?] These results
validate the analytical model of the moiré artifact Al.

400 1400

T 118

Fig. 1. Moiré artifacts of the retrieved mean intensity image. (a) Theoret-
ical moiré artifact. (b) Experimental moiré artifact. Scale bar is 650 pm
in panel (a).
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Fig. 2. (a) Line profile comparison between theoretical and experimental
moiré artifacts. (b) Fourier spectra of the experimental profile.
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Fig. 3. Moiré artifact of the retrieved amplitude image. (a) Theoretical
moiré artifact. (b) Experimental moiré artifact. Scale bar is 650 pm in
panel (a).
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Figure 3 displays moiré artifacts of the retrieved ampli-
tude image in a reference measurement. Figure 3(a) shows the
theoretical moiré artifact calculated by Eq. (13) and the ground
truth images, and Fig. 3(b) shows the experimental moiré arti-
fact. Qualitatively, the visual appearance of Figs. 3(a) and 3(b)
agrees quite well. For a quantitative comparison, Fig. 4(a) de-
picts the profiles along the dashed line indicated in Fig. 3(a).
The correlation coefficient of the line profiles is calculated to
be 0.9974. The excellent agreement between the two pro-
files validates the theoretical formula of the moiré artifact AA.
However, it is observed that there are some locally minor dis-
crepancies between theoretical and experimental profiles. It is
mainly attributed to the approximation of the first-order Tay-
lor expansion used to derive Eq. (13). Moreover, Fig. 4(b)
plots the experimental profile of the Fourier spectra. As ex-
pected from Eq. (13), the moiré artifact AA is a superposi-
tion of patterns of three distinct spatial frequencies. One is
a global offset with a zero frequency, one has the same spatial
frequency as that of the moiré phase, and the other has a spatial
frequency twice that of the moiré phase. By comparison, the
moiré artifact induced by phase-stepping errors consists of a
single pattern with its spatial frequency twice that of the moiré

phase. (31,32]
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Fig. 4. (a) Line profile comparison between theoretical and experimental
moiré artifacts. (b) Fourier spectra of the experimental profile.
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Fig. 5. Moiré artifact of the retrieved visibility image. (a) Theoretical
moiré artifact (b) Experimental moiré artifact. Scale bar is 650 pwm in
panel (a).
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Fig. 6. (a) Line profile comparison between theoretical and experimental
moiré artifacts. (b) Fourier spectra of the experimental profile.

The moiré artifacts of the retrieved visibility image are
illustrated in Fig. 5. While Fig. 5(a) displays the theoretical
moiré artifact calculated by using Eq. (15) and the ground truth
images, Fig. 5(b) displays the experimental moiré artifact. As
can be seen, the qualitative consistence between Figs. 5(a) and
5(b) is quite good. Furthermore, Fig. 6(a) shows a profile
comparison along the dashed line marked in Fig. 5(a). The
calculated correlation coefficient between the line profiles has
a value of 0.9971. Thus, the quantitative agreement between
theoretical and experimental profiles validates the theoretical
model of the moiré artifact AV, despite some locally minor
discrepancies. The Fourier spectra of the experimental profile
is plotted in Fig. 6(b). As predicted by Eq. (15), there are two
spatial frequencies in the spectrum of the moiré artifact AV.
One is equal to that of the moiré phase, and the other is twice
that of the moiré phase. And the amplitude of the doubled spa-
tial frequency is lower than that of the same spatial frequency
as the moiré phase.

Figure 7 displays the retrieved dark-field images and the
moiré artifacts. Figure 7(a) shows the retrieved dark-field im-
age with moiré artifact, and Fig. 7(b) shows the retrieved dark-
field image without moiré artifact for a comparison. The pixel
difference of Figs. 7(a) and 7(b) is calculated, and thus ex-
perimental moiré artifact resulting from flux fluctuations is

obtained, and presented in Fig. 7(c). Figure 7(d) shows the
theoretical moiré artifact calculated by using Eq. (16) and
the ground truth images. A qualitative comparison between
Figs. 7(c) and 7(d) demonstrates that theoretical moiré arte-

fact agrees quite well with the experimental result.

b) ¢ ‘
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Fig. 7. (a) Dark-field image with moiré artifact. (b) Dark-field image
without moiré artifact. (c) Experimental moiré artifact. (d) Theoretical
moiré artifact. Scale bar is 650 um in panel (a).
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Fig. 8. (a) Line profile comparison between dark-field images with and
without moiré artifacts. (b) Fourier spectra of the profiles shown in
panel (a). (c) Line profile comparison between theoretical and experi-
mental moiré artifacts. (d) Fourier spectra of the experimental profile in
panel (c).

In order to gain some quantitative insight, Fig. 8(a)
presents a profile comparison along the dashed line indicated
in Fig. 7(a). Compared to the profile without artifacts, the pro-
file with artifacts exhibits significantly increased variations re-
sulting from flux fluctuations. Figure 8(b) plots the Fourier
spectra of the profiles shown in Fig. 8(a). Note that the spectra
of the profile without artifacts is offset vertically for ease of
illustration. As expected, the spectrum without artifact has a
single peak at the zero frequency. By contrast, there are two
additional peaks resulting from flux fluctuations in the spec-
trum with artifacts. Moreover, for a quantitative assessment,
Fig. 8(c) displays a profile comparison between theoretical and
experimental moiré artifacts along the dashed line marked in
Fig. 7(c). Despite a few slight local deviations, the theoretical
profile is in good agreement with the experimental result. The
correlation coefficient between the two profiles is calculated
to be 0.9968. Therefore, the quantitative agreement confirms
the validity of the theoretical model of the moiré artifact AD.
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Besides, Fig. 8(d) plots the Fourier spectra of the experimen-
tal profile. As described by Eq. (16), the moiré artifact AD is
a superposition of patterns of two spatial frequencies. One is
equal to that of the moiré phase, and the other is twice that of
the moiré phase.

4. Conclusion

We have presented comprehensive investigations of moiré
artifacts induced by flux fluctuations in x-ray dark-field imag-
ing using a grating interferometer. For the retrieved mean in-
tensity, amplitude, visibility and dark-field images, analytical
formulas of moiré artifacts are respectively derived by using
the first-order Taylor series expansion. The validity of theo-
retical formulas is verified by results of synchrotron radiation
experiments. Those results reveal that the moiré artifact of
each image can be estimated by a weighted mean of flux fluc-
tuation factors. And the weighting factors are dependent on
the moiré phase that determines the basic shape of the moiré
artifact. However, the amplitudes of weighting factors are sig-
nificantly different for distinct retrieved images.

Furthermore, moiré artifacts can also be influenced by
features that are not displayed in the particular contrast. As
shown by Eq. (10), the moiré artifact of the mean intensity im-
age is influenced by the visibility signal. For the amplitude
image, Eq. (13) reveals that the moiré artifact induced by flux
fluctuations is affected by the mean intensity and the amplitude
signals simultaneously. By contrast, the moiré artifact induced
by phase-stepping errors scales with the amplitude signal, and
is independent of the mean intensity. In addition, as revealed
by Eq. (16), the moiré artifact of the retrieved dark-field image
is affected by object’s refractive features as an argument of co-
sine functions. For the retrieved transmission image, Eq. (19)
shows that the moiré artifact is affected by the object’s refrac-
tive and scattering features simultaneously. Therefore, the vi-
sual appearance of moiré artifacts can be independent of the
expected morphology. Those results emphasize the signifi-
cance of the present investigations to facilitate a correct image
interpretation.

Moreover, it demonstrates that the spatial frequency of
the moiré artifacts differs for each retrieved image. The moiré
artifacts of the amplitude, visibility and dark-field images con-
tain a term with a spatial frequency twice that of the moiré
phase. In particular, the moiré artifact of the amplitude image
implies a term with its spatial frequency equal to that of the
moiré phase. By contrast, this spatial frequency is absent in
the spectrum of the moiré artifact induced by phase-stepping
errors. Consequently, together with the increased strength, this
knowledge can be used to identify the source of moiré arti-
facts.

Finally, since the flux fluctuation factors can not be often
measured, future work will dedicate to the development of al-

gorithms for the detection and removal of moiré artifacts. In
combination with previous results,**! the derived dependency
of moiré artifacts on flux fluctuation factors can be used as
guidelines for an accurate and efficient approximations of the
moiré artifacts.
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