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Differential-Phase and Dark-Field Imaging Techniques

Adam Doherty®*, Lorenzo Massimi?, Alessandro Olivo?®, Marco Endrizzi*

“Department of Medical Physics and Biomedical Engineering, University College London, London, WCIE 6BT, UK

Abstract

Edge illumination X-ray phase-contrast imaging makes use of two absorbing masks for precise beam shaping and
analysis. As the system is being translated to clinical and industrial environments, a robust quantitative algorithm is
required to keep the masks precisely aligned without the need of an expert operator. We present a model for how
the illumination on the detector varies as one mask is moved relative to the rest of the system. This model is based
on a superposition of known illumination patterns associated with misalignment in each degree of freedom. Through
inversion of this model, quantitative estimates of the degree of misalignment can be obtained, and hence can show the
position of optimal alignment. The precision of alignment achievable through model inversion was tested, showing
at least an order of magnitude improvement when compared to the established mask alignment procedure. Precision
of the alignment along the optical axis, and around the three rotational degrees of freedom were found to be [+0.78
um, £0.17 mdeg, +5.08 mdeg, +2.39 mdeg] respectively, whereas the established procedure would be limited to
[+42.5 um, +6.69 mdeg, +348 mdeg, +195 mdeg]. Furthermore, the model allows the decomposition of residuals into
random and systematic components, the latter enabling accurate evaluation of imperfections in the masks’ structure
which have now become the main limiting factor in the final degree of alignment.

Keywords:
X-ray Dark-Field Imaging, X-ray Phase-Contrast Imaging

1. Background 17 hence specialised setups are required for such sensitiv-
1 ity. We focus here on the edge illumination (EI) system
19 due to its compact setup and compatibility with conven-

Since the introduction of third-generation syn-
2 tional X-ray sources [6] [7].

chrotrons in the 1990s, there has been growing re-
search into phase-contrast and dark-field X-ray imag-
ing. Whereas conventional X-ray imaging achieves
contrast based on X-ray absorption, phase-contrast and
dark-field imaging detect angular deflections of the X-
ray paths when traversing the sample. Dark-field imag-
ing, or ultra-small angle X-ray scattering, is linked to
density fluctuations on length scales below the spatial
resolution of the imaging system [1] [2]. Dark-field
imaging has potential applications including imaging
micro-bubbles [3], defects in composite materials [4] or
microfibers in ordered systems [5].

Measuring the dark-field signal requires the detection
of angular deflections in the order of microradians and

21 EI employs two masks on either side of the sample for
22 modulating and analysing the radiation field (See Figure
2s  1b for mask shape). The presence of a sample in the X-
2« ray beam will change the intensity field at the detector
s through three effects: absorption, refraction and scat-
25 tering. Separating these signals in an EI system requires
27 investigating the intensity variations in each pixel as one
2s mask is moved relative to the rest of the system. Mov-
2o ing one mask along the axis perpendicular to both the
s apertures and X-ray propagation, set as the x-axis, mod-
a1 ulates the intensity according to what is usually called
22 the Illumination Curve (IC). The IC is modelled as the
s convolution of two square apertures with an extended
s source and can be approximated by a Gaussian func-
EI - edge illumination, IC - Illumination Curve s tion. The §amp1§ will reduce the area under the IC Que
*Corresponding Author s to absorption, shift the centre of the IC due to refraction
Email address: zcemado@Qucl.ac.uk (Adam Doherty) s7  and broaden the IC due to scattering. Quantifying these

Preprint submitted to Nuclear Instruments and Methods in Physics Research Section A August 12, 2020



38

39

40

4

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

effects on a pixel-by-pixel basis results in separate im-
ages for absorption, refraction and scattering within the
sample.

The approach to quantify the changes in the IC is re-
ferred to as phase retrieval and is a topic of ongoing
investigation. In an ideal case, measuring the intensity
at three points on the IC is sufficient [8]. In general, per-
forming small mask movements to finely sample the IC
and using an analytical fit is the most accurate approach
[9], with this relative improvement in accuracy becom-
ing increasingly more important as the dark-field signal
gets weaker [10].

Reducing the number of sampling points is equivalent
to fewer exposures taken during the image acquisition,
and hence is key in reducing scan times. In addition, a
simplified data collection requiring fewer mask move-
ments will lead to fewer sources of error from position-
ing inaccuracies. It has been shown that when the masks
are misaligned, only fine IC sampling can recover quan-
titative images [11].

If two periodic patterns are slightly mismatched,
whether through translation, rotation or a change in pe-
riodicity of one pattern with respect to the other, then
Moiré fringes will appear when the patterns are over-
laid. The period of the fringes will increase as the pat-
terns become more alike, and will disappear when a
perfect match is found. As such, Moiré fringes are a
good indicator of mask misalignment, with their shape
and pitch dependent on which degrees of freedom the
masks are misaligned along. However, the fringes be-
come faint well before the masks reach the desired de-
gree of alignment, hence visual analysis of faint fringes
becomes an imprecise alignment approach. An estab-
lished mask alignment procedure has been developed
with an algorithm that analyses the intensity as one
mask is translated to detect faint fringes, and hence is
a more precise alignment approach [12].

We propose here a complete procedure, entailing data
acquisition, analysis and modelling. Building upon this
established alignment algorithm, we introduce a multi-
Gaussian IC representation and a model of how the IC
centres drift across the field of view as a function of mis-
alignment. Through inversion of this model, we are able
to calculate the physical position where the mask should
be placed for optimal alignment, leading to an order
of magnitude improvement in alignment precision, and
hence an overall quicker alignment procedure. More-
over, the model can separate the random and systematic
sources of errors, enabling a precise evaluation of the
quality of the optical elements.
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1.1. Edge-Illumination System

A typical EI setup is shown in Figure 1a. The system
differs from the conventional X-ray setup consisting of
an X-ray source, sample and detector by the introduc-
tion of two absorbing masks. The first mask is referred
to as the sample mask and is placed just upstream of
the sample. This mask has apertures aligned with the
system y-axis and splits the beam into many beamlets,
with the period between apertures denoted p;. The sec-
ond mask placed just before the detector, is aligned to
cover and sharpen the pixel boundaries. When perfect
alignment is reached, the period of this detector mask,
P2, is matched to that of the sample mask projected onto
the plane of the detector mask. This takes into account
the geometrical magnification that exists between these
components, with this magnification depending on their
relative positions (z; and z; in Figure 1a). Similarly, the
pixel dimensions, ps, are larger than the detector mask
period in order to establish a 1-to-1 correspondence be-
tween the apertures of both masks and an individual
pixel column.

Alignment of the system can be divided into the sepa-
rate alignment of each of the two mask projections with
a fixed detector structure. Six degrees of freedom are
identified, three translation along x, y, and z, and three
rotation angles around these axes, denoted 6, R and ¢
respectively. Aligning each mask is possible through
coarse initial positioning by hand followed by a visual
assessment of the Moiré fringes. This can achieve align-
ment such that all ICs peak within roughly half the mask
period, but further improvement requires a more accu-
rate analysis of the ICs in the system.

An IC scan is carried out by taking multiple expo-
sures with no sample in place and moving one mask
along the system x-axis between exposures. The IC for
each pixel can be found through fitting or interpolation
of the intensity measured by the pixel through the mea-
sured series of exposures.

The algorithm aims to align a mask with respect to
the other elements in the system. The standard proce-
dure entails the alignment of each mask with the detec-
tor separately, followed by refinement by keeping both
masks in place.

2. Methods

The established approach to mask alignment uses a
2D plot to visualise misalignment across the field of
view, which an operator can then use to judge how the
mask should be adjusted to reach alignment. This 2D
plot, denoted G, has entries calculated from the mask
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Figure 1: (a) Laboratory edge illumination setup, consisting of an X-ray source, sample mask, sample, detector mask and detector. The lengths of
interest when aligning the system are indicated - showing the source to masks and source to detector distances, as well as the period of both masks
and the detector pixel size. (b) The 6 degrees of freedom available for mask movement, with arrows indicating movement in the positive direction.

position along the x-axis corresponding to the peak of
each IC. If [ is used in the following equation to denote
the mask position along the x-axis during an IC scan,
the entry of G for a pixel on the detector at [X, Y] can be
calculated as follows.

G(X,Y) = arg mlax[IC(X, Y, D] (D

After acquiring an IC scan, the plot G is calculated by
pixel-by-pixel analysis of which point on the IC resulted
in the maximum intensity. There are two approaches
for this, depending on how [ is defined. The established
method defines [ which can only take discrete values
based on where the IC was sampled in the IC scan. This
results in a discretised stepped plot for G, which will be
denoted G p, with an example shown in Figure 2b.

We introduce an alternative method which is more
suited to computational analysis. A Gaussian fit is used
to more accurately calculate the central position of each
IC, which corresponds to defining a continuous /. This
results in a smooth surface, which will be denoted G,
seen in Figure 2c. This is not only a more accurate rep-
resentation of the true central points on the ICs, but can
also be calculated accurately with a low number of sam-
pling points in the IC scan. From this point, G will be
used to signify G, unless explicitly stated.

As the mask becomes misaligned, the ICs shift rel-
ative to one another and the range of values in G in-
creases. How the ICs shift, and hence the shape of G,
depends on which degree of freedom the mask is mis-
aligned along.

In practice, the detector mask is rarely moved, with
the sample mask moving regularly during scanning. In

addition, the sample mask is much more likely to be
disturbed through placing and removing samples. The
result is that, in general, it is usually the sample mask
which needs to be aligned. For this reason, the sam-
ple mask dimensions will be discussed from here in, but
these can be switched to detector mask dimensions as
necessary.

The masks are aligned when the projected period of
the masks match the period of the detector. In equa-
tion form, this can be written as Mp; = p3, where M is
the magnification between the mask and detector. If in-
stead, we start on the plane of the mask and hence start
by saying p; = £3. However, if there is a misalignment
along the z-axis, this equation will not hold and instead,
the following equation defines the projection mismatch.

P3
—_—— :(5
M’ P s

Where M’ symbolises the mismatched magnification,

@

> with z being the mask misalignment. The term
21 +2
ou is the shift in the centre of two neighbouring ICs

along the x-dimension of the mask. Inserting the ex-
plicit form of M’ and rearranging gives the following.

0,

z= Z1—/J A3)
P1

Z=2z14; (€]

The final step recognises that the fraction 5—‘1‘ is equal
to the gradient along the x-dimension of G, and has been
replaced by a coefficient showing that this is can be de-
fined as a feature of G related to misalignment along the
Z-axis.
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Figure 2: (a) The IC for a pixel with points showing the calculation
for the corresponding element of G. The raw data from 10 exposures
as the mask is moved by 40um is shown as crosses, with a Gaussian
fit passing through the points. (b) G is obtained when each entry is
set as the mask position along x which resulted in maximum exposure
in the pixel, shown as the yellow cross above. (c) G.,, when each
entry is calculated after fitting a function to the data, with an accurate
guess for the central point on the IC shown as the orange square.

The equivalent equation for the misalignment in ¢
benefits from having no reliance on the magnification,
and would apply for a parallel beam system. If the
equivalent gradient along the y-dimension of G is ex-
pressed as ag, then this gradient can be seen as the tan-
gent of the misalignment angle ¢.

&)

For 6 misalignment, the equation for misalignment in
z can show the relative shift along z between the top
and bottom of the mask. If we define a new parameter
ay equivalent to a constant second order gradient (%g—if,
then the following equation can calculate the misalign-
ment along 6.

tang = —ay

(6)

This same principle can be used to calculate misalign-
ment in R. A coefficient ag is defined as 2-¢, leading to

ox2

sinf = Z1dg
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the final equation from converting from model parame-
ters to misalignment in real space.

)

In the established mask alignment procedure, each
degree of freedom would be aligned one-by-one by re-
moving their known features that appear with misalign-
ment. Aligning each degree of freedom takes multiple
iterations of IC scans and mask adjustments, with each
mask movement up to the judgement of the operator.
This becomes more difficult if misalignment is strong in
all degrees of freedom, which will in general mean that
after the first attempt at aligning all degrees of freedom
individually, this procedure would be repeated at least
once to reach optimal alignment.

This procedure comes with two major issues. The
first is the lack of knowledge on quantitative mask ad-
justments means that multiple iterations are required
to align a single degree of freedom. After proceeding
through all degrees of freedom, and then repeating this
process, it would be common that tens of IC scan plus
mask adjustment iterations have been carried out, with
this number dependent on the skill of the operator.

The second major fault is the lack of precision in the
final alignment. The plot G, will appear flat if all ICs
peak within the sampling period of an IC scan, which is
generally on a scale of a few microns. Considering the
shifts in IC positions due to sample refraction in phase-
contrast imaging are on a similar scale, this precision in
alignment is very large. The mask can be more accu-
rately aligned through plotting G, either side of per-
fect alignment and extracting an optimal position, how-
ever, this further increases the number of iterations to
reach alignment, and again is operator dependent.

SinR = zjag

2.1. Model

The known features that appear in G when the mask
is misaligned can indicate the degree of misalignment.
Modelling these features as the basis shown in Figure
3 allows representing G as a superposition of surfaces,
each associated with misalignment in one specific de-
gree of freedom. These surfaces can be defined as the
following:

S.=X S,=Y Sg=XY Sg=XX (8)

Where X is an array containing the x-coordinate of each
entry associated with each pixel, with Y a similar array
for the y-coordinates. These arrays can be calculated
from the mask period and number of apertures, with the
central element defined with coordinates (0,0). The plot
G is defined on the plane of the mask being aligned, so



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

Y

X

Figure 3: Using the model equation for G (Equation 9), any plot can be decomposed into a series of surfaces. The surfaces with shapes S, S 4,
S, Sg contribute more strongly as the mask becomes more misaligned along each corresponding degree of freedom, with the final two terms

corresponding to random and systematic noise respectively.

the range in values in X and Y are the spatial dimensions
of the mask within the field of view.

In addition to the four surfaces described above, three
terms are introduced to represent a baseline as well as
the random and the systematic noise (represented as
ap, 7 and € respectively). The baseline corresponds to
the mask alignment along the x-axis, which can be ne-
glected in this alignment algorithm. The contribution of
each misalignment surface is determined by four scalar
coefficients seen earlier in Equations 4-7. Using this
model, a least-squares solver can extract the four coeffi-
cients of interest, quantifying misalignment along each
degree of freedom. The model for G can be expressed
as the following equation:

G=ap+aS,+aeSy+agSe+arSg+n+e (9)

The final step is using Equations 4-7 to find the mask
position in real space, and hence move the mask to a
predicted position of optimal alignment.

Phase wrapping can occur when the mask is mis-
aligned and is unavoidable when the degree of misalign-
ment is relatively large. This is when there is not a 1-to-
1 correspondence between apertures and pixels, or the
IC scan is initiated towards the peaks of most ICs rather
than their minima. When phase wrapping occurs, the
surfaces are incorrectly fit, and the mask position is in-
correctly estimated (Figure 4a). In general, unwrapping
can correct the plot (Figure 4b), by finding large discon-
tinuities and correcting by the addition or subtraction of
the mask period. If phase wrapping is corrected for then
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the algorithm can work after only coarse initial position-
ing by hand, relaxing the need to remove Moir¢ fringes.

Max IC (pim)
Max IC (um)

(a) (b)

Figure 4: (a) Resulting plot for G when strong misalignment in ¢
leads to phase wrapping. (b) Corrected surface after adjusting for
large discontinuities.

2.2. Validation

To validate the model, several IC scans were taken
with two different mask sets and varying the degrees of
misalignment. All scans were taken on the same sys-
tem, which consisted of a Rigaku MMOOQ7 rotating an-
ode tube (Rigaku Corporation, Japan) with a Molybde-
num anode and an effective focal spot size of approxi-
mately 70 um and a CMOS-based flat-panel C9732DK-
11 (Hamamatsu, Japan) with a pixel size of 50 x 50 um?.
A line-skipping setup was used [13], meaning every
other pixel column would be aligned to a mask aperture,
resulting in effective pixel sizes of 50 x 100 um?*. The
masks were manufactured to the Authors’ design by Mi-
croworks GmbH, Karlsruhe, Germany. For the sample
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mask motors, Newport linear stages were used for mask
translation, with models ILS150PP for translation along
the x-axis and MFA-CC for translation along z. Sample
mask rotation through R was using a Newport SR50CC.
Goniometer stages from Kohzu Precision were used for
the other rotation axis, with model SA070-RM-R used
for rotation through ¢ and 6.

An IDL script was used to control the system for data
acquisition and on-line analysis for calculating the po-
sition of optimum alignment. This analysis was carried
out by an algorithm based on the model defined in Sec-
tion 2.1.

The first dataset used for validation used masks con-
sisting of gold deposited on a graphite substrate. The
sample mask had a period of 79 um and was placed
roughly 65 cm from the source. The detector mask had
a larger period of 98 um and was placed just in front
of the detector roughly 85 cm from the source. This
dataset was used to validate the accuracy of the algo-
rithm, through observing the estimated mask position
as the mask was moved along all degrees of freedom
separately.

The second dataset used a different set of masks, with
gold deposited on a silicon substrate. The period of the
masks were 49 yum and 61 um for the sample mask and
detector mask respectively. Their distances from the
source were the same as before, however, the detector
would now be moved to 1.4 m from the source to match
every other pixel column to an aperture. This dataset
was primarily used as a statistical analysis of the noise
seen in repeated IC scans.

3. Results and Discussion

The validity of the algorithm was shown by com-
paring the estimated mask position to the true mask
position as the sample mask is moved to different po-
sitions in all degrees of freedom. A comparison be-
tween the algorithm estimates and the true mask move-
ments is presented in Figure 5. The algorithm follows
the mask movement well, with small deviations arising
from some coupling between different degrees of free-
dom. These plots show that the proposed algorithm is
accurate in identifying the correct mask position over a
wide range of misalignments.

The true mask position is defined relative to a previ-
ously aligned system, with this position set as zero, with
known displacements given using motors to translate or
rotate the mask. This means a small systematic error is
present due to the imperfect calibration to zero achieved
by using the established procedure, and further statisti-
cal errors arising from motor movement errors. How-
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ever, both of these errors can be ignored on the scale of
Figure 5, with no quantitative results deduced from this

Scan num.

Scan num.

Figure 5: The true mask position shown as a solid line compared to
the estimated mask position as a dotted line for 33 different IC scans.
The larger discrepancies are due to coupling of the degrees of freedom
which were are not perfectly captured by the model.

High precision in the estimated mask position will
mean fewer iterations are required to reach alignment.
This is quantified through repeating IC scans at the same
mask positions, with the standard deviation of the esti-
mated mask position in each degree of freedom used to
quantify precision. Two positions were chosen to take
repeated measurements. Position 1 is the mask at near
alignment, while position 2 is at a misalignment where
weak Moiré fringes are visible. The mean position of
mask at position 1 was [13.1 um, 0.97 mdeg, 25.6 mdeg,
-128 mdeg] along [z, ¢, 6, R] respectively, and at po-
sition 2 was [-133 um, -25.0 mdeg, -309 mdeg, -131
mdeg]. The standard deviations in the estimated mask
positions from 30 scans at each position are shown in
Table 1.

z (um) | ¢(mdeg) | B(mdeg) | R (mdeg)
Pos1 | £0.33 | +0.11 +1.31 +2.55
Pos2 | £0.78 | +0.17 +5.08 +2.39

Table 1: The precision in each degree of freedom from repeated scans
of the mask at two different positions. The precision of the new algo-
rithm was calculated using the standard deviation of the 30 estimates
of the mask position from 30 different IC scans.

The precision using the established procedure is lim-
ited by the sampling rate in the IC scans. Equivalent es-
timates to those in Table 1 for the precision along each
degree of freedom can be calculated using equations
for the alignment tolerance [12]. Using the IC sam-
pling period of 3.27 um, the precision in using the es-
tablished procedure would be [+42.5 um, +6.69 mdeg,
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Figure 6: Systematic error visualised across the two different masks setups over a field of view of 1.5 x 2.5 cm on the sample masks. (a) Shows the
set of graphite substrate masks with 79 um sample mask period and (b) shows the Silicon substrate masks with 49 um sample mask period.

+348 mdeg, £195 mdeg]. The new approach presented
sees an improvement of at least one order of magnitude
in each degree of freedom.

This vast improvement in precision is due to both the
accurate fitting of the IC data, rather than calculating G
using the exposure resulting in maximum intensity, and
to the inversion of the model which provides directly
the position of optimum alignment. Whereas previously
the central position of the IC is only known with uncer-
tainty of the IC sampling period of 3.27 um, repeated IC
scans show that this central position is estimated using
the Gaussian fit approach with an uncertainty of a few
tens of nanometers.

The increased precision means that the final align-
ment is now limited by the systematic noise in G. Us-
ing the proposed model, one can remove all features
in G from misalignment and remove all random noise
through averaging, leaving a visualisation of the sys-
tematic noise, €. This systematic noise is believed to be
the result of the combination of the imperfections of the
sample and detector masks. Figure 6 show the system-
atic noise on central regions of the two different mask
setups. Roughly the same field of view of 1.5 x 2.5 cm
is shown in these plots. Both figures show the system-
atic error on the scale of +0.5 um, which is smaller than
the IC sampling period (£2.63 wm and +1.63 um for
graphite substrate and Silicon substrate masks respec-
tively), but larger than the random noise of a few tens of
nanometers.

These results were observed using an IC sampling
typically used for the established procedure. However,
we note that the Gaussian fitting process in calculating
G may allow fewer sampling points and hence faster
data acquisition. A further increase in speed is provided
by reducing the number of iterations to reach alignment,
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which will arguably be of greater importance. With the
proposed algorithm only a few (3 to 4) iterations are
needed to account for the practical problems of noise
and coupling between axes. The model assumes that the
axes of rotation all pass through the centre pixel of the
mask, as shown in Figure 1b. If the actual positioner ar-
rangements do not allow for the centre of the system of
reference to match the centre of the mask the result, in
practice, is that these degrees of freedom are coupled.
In summary, the quantitative nature of the new proce-
dure enables the system to be aligned much quicker,
with the precision in the final alignment much improved
than previously.

4. Conclusion

Strict mask alignment in an edge illumination X-ray
imaging setup allows for faster imaging. The estab-
lished mask alignment procedure requires a user to as-
sess the uniformity of a 2D surface plot and involves
iterating between scanning the masks and moving them
to a new estimate of a better alignment position. The ba-
sis for the new alignment algorithm presented is a model
that decomposes the surface plot into known shapes as-
sociated with misalignment along each degree of free-
dom, with derived equations enabling the inversion of
the model coefficients into an estimate of the mask posi-
tion in real space. This enables alignment to be reached
in fewer iterations and removes the need for an expe-
rienced user. The model also allows the combined im-
perfections in the two masks to be visualised across the
field of view, which can provide feedback on the fabri-
cation of the mask and mounting towards improvement
on both these fronts. Validation has shown that an im-
provement on alignment precision in excess of one order
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of magnitude, and that it is the mask imperfections that
are now limiting the uniformity of the illumination on
the detector.
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