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Background correction methods in X-ray phase-contrast imaging with Talbot-Lau interferometer:
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Abstract: In X-ray phase-contrast imaging with Talbot-Lau interferometer, a background correction process has to be performed

to obtain the pure signal of the sample. In this study, we tested the performances of different background correction strategies

and proposed a novel background correction method, [arg(S)-arg(B) ] cyclic shift, in which the initial phase of each pixel is

changed by a cyclic shift operation on the raw image data from phase step-scan. Both experimental results and numerical analysis

showed that the improved method could successfully realize background correction without error. In addition, the effective phase

measuring range of this method allowed flexible tuning within (-m+3, n+3 ], as compared with the fixed effective measuring range

of (-m, 7] in the conventional methods.
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Introduction

X-ray phase-contrast imaging, which uses phase shift
as the imaging signal, can provide remarkably improved
contrast over conventional absorption-based imaging for
weakly absorbing samples, such as biological soft tissues
composed of low-atomic-number elements (C, H, N, O,
et al) and fibre composites ' In the past 50 years, several
X-ray phase-contrast imaging methods have been
proposed “ "', but none of them has so far found wide
applications in medical or industrial areas, where a
laboratory X-ray source and a large field of view are
highly required. The application of a Talbot-Lau
interferometer in the hard X-ray region with a
conventional low-brilliance X-ray source can be
considered as a great breakthrough in X-ray phase-

1416 because it allows the use of a low-

contrast imaging
brilliance X-ray tube to remove the constraints of

radiation source and micro-focus source that hinders the
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wide use of phase-contrast X-ray radiography and
tomography. Many potential applications of X-ray phase-
contrast imaging with Talbot- Lau interferometer in
biomedical imaging have been studied "',

In X-ray phase-contrast imaging with an X-ray
Talbot- Lau interferometer, a background correction
process is essential to obtain the pure phase signals of the

2! In a typical scenario, two phase step-scan is

sample'
carried out either with or without sample in the beam path,
and in subsequent data post-processing, two conventional
background correction methods, listed below as formula
(1) and (2), were usually used to retrieve the refraction

angle from the two sets of raw data.
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where z, is the distance between gratings G1 and G2
(when the sample is placed between gratings GO and G1);
d stands for the period of the grating G2; I;,,(m,n) and
1;.,(m,n) are the gray values of the pixel (m,n) at the (k+
1)" step of the phase step-scan with and without sample,
respectively; M is the number of steps during the phase

step-scan in one period of grating G2, and 1<sk+1<M.
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In the following text, we refer to formula (1) as arg
(S/B) method and formula (2) as arg(S)-arg(B) method.
These two methods, though appearing equivalent in
mathematics, produce differences in X-ray phase contrast
imaging with a Talbot-Lau interferometer. The arg(S)-arg
(B) method has an effective phase measuring range of
(-2m, 2m ], but phase wrapping often occurs even for a very
small phase shift caused by the sample; for this reason, arg
(S/B) method is more widely used than arg(S)- arg(B)
method in data post-processing. In contrast, the arg(S/B)
method has a fixed effective phase measuring range of
(-m, m], and when the expected phase exceeds this range,
phase wrapping would occur and a complex phase
unwrapping algorithm has to be used”?”. The combination
of these two methods that exploits their advantages and
meanwhile avoids their limitations is thus interesting and
meaningful.

In this study, we displayed the layout of an X-ray
Talbot-Lau interferometer, and compared the performance
of arg(S)- arg(B) method and arg(S/B) method in the
processing of a phase step-scan dataset. We analyzed the
source of errors in arg(S)-arg(B) method and proposed a
new background correction method based on the theory
of circle shift operation. The performance of this new
method was evaluated in comparison with arg(S)-arg(B)
method and arg(S/B) method to demonstrate the

advantages of this new background correction method.

1 Materials and methods

1.1 Experimental setup

The X-ray phase-contrast imaging with a Talbot-Lau
interferometer was carried out at the Institute of
Multidisciplinary Research for Advanced Materials,
Tohoku University, Japan. Fig.1 is the schematic
illustration of this X-ray interferometer, which consists
mainly of an X-ray tube, an X-ray detector and 3 micro-
structured gratings, all assembled on multi-dimensional
motorized optical displacement tables. The X-ray is
generated from a tungsten rotating anode X-ray source.
The source grating GO with a period of 22.7 um and a gold
height of 70 pm is positioned at a distance of 50 mm from
the emission point inside the X-ray source, and the beam
splitter grating G1 with a period of 4.36 pm and a Si
height of 2.43 pum, which can induce a phase shift of
/2 at approximately 27 keV, is placed at a distance of

106.9 mm from GO behind the gantry axis; the sample is
mounted closely before G1. The analyzing grating G2
with a period of 5.4 um and a gold height of 65 pm is
positioned in contact with the detector, and the distance
between G1 and G2 is 25.6 mm, corresponding to the first
order integer Talbot distance of grating G1. The X-ray
images are captured using a charge coupled device with
an effective receiving area of (68.4x68.4) mm’ and a pixel
size of (18x18) pm’.

As illustrated in Fig.1, the differential phase-contrast
image information processing essentially relies on the fact
that the beam will appear slightly refracted when passing
through the sample placed in the X-ray beam path, and the
fundamental rationale of differential phase- contrast
imaging depends on local detection of the angular
deviation « . Determination of the refraction angle can be
achieved by combining the Moire fringe and phase-
stepping technique ***". Further details of the theoretical

basis of X-ray phase- contrast imaging using grating

interferometer are referred to previous
documentations'*'**"",
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1: X-ray source; 2: Source grating (G0); 3: Sample; 4: Beam splitter grating
(G1); 5: Analyzing grating (G2); 6: X-ray detector

Fig.1 Schematic illustration of an X—ray Talbot-Lau interferometer

1.2 Image acquisition

The sample we used is a POM cylinder (10 mm in
diameter and about 90 mm in length), a PMMA cylinder
(5 mm in diameter and about 100 mm in length) and a
POM cylinder (5 mm in diameter and about 80 mm in
length). During the experiment, the X-ray generator was
operated at a tube current of 45 mA and a tube voltage of
40 kV. After the fine alignment of the 3 gratings and the
sample, 5 steps in one period of grating G2 were adopted
for phase step-scan; and for each step, 20 seconds was

allowed for capturing a raw image, and the same phase
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step-scan was performed after removing the sample. The
5 positions of grating maintained the same in the scans
either with or without a sample in the beam path using a

high-precision optical displacement table.

2 Background correction using conventional
methods

2.1 Background correction using arg(S/B) method and
arg(S)-arg(B) method

Fig.2 shows the raw images from two phase step-

scan. SM),S@,S®,S@ and S @ are the 5 raw
images with sample in the beam path, while B, B @),
B®,B®@ and B are the images without sample in
the beam path. In the 5 background images without
sample, the light intensity does not appear uniform with
large Moire fringes. Obtaining a flat background using an
X-ray Talbot- Lau interferometer is almost impossible

because of the poor conditions of the X-ray gratings and

their alignment.

SM,S@,S®,S@ ,S® are the raw images with sample in the beam path, and B(D,B @ ,B @ ,B @, B (5 are the raw images without
sample in the beam path. In each image with sample, the POM cylinder ( ® =10 mm), PMMA cylinder ( ® =5 mm) and POM cylinder ( ® =5

mm) are presented from the top to bottom. The analyzing grating were positioned successively at positions (D2@@®) , which were equally

spaced by d/5 (d is the period of the analyzing grating ). All the images were windowed for the optimized appearance with a linear gray scale.

Fig.2 Raw images of the phase step—scan

Two conventional methods, namely arg(S/B) method
and arg(S)- arg(B) method, were used separately to
compute the refraction image of the sample. Fig.3a is the
refraction image computed with arg(S)-arg(B) method,
and Fig.3b is that processed with arg(S/B) method. Fig.3c
and Fig.3d present the enlarged view of the boxed area
chosen from the same position in Fig.3a and Fig.3b,
respectively. The images show obvious differences in the
refraction images computed with the two methods, for
instance, the gray values of the pixels P1 and S1 in Fig.3c
are obviously different from those of the corresponding
pixels (P2 and S2) in Fig.3d. According to the known
information of the sample, we conclude that a correct
result can be obtained with arg(S/B) method, and the
refraction signals in many areas of the image obtained

with arg(S)-arg(B) method are incorrect.

Fig.3a and Fig.3b are the results processed with arg(S)-arg(B) and arg(S/B)
methods, respectively; Fig.3¢c and Fig.3d are the enlarged view of the boxed
areas chosen from the same position in Fig.3a and Fig.3b, respectively. All the
images are windowed for the optimized appearance with a linear gray scale.

Fig.3 X-ray refraction image of the sample
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2.2 Error sources in images computed with arg(S)-arg(B)
method

To identify the sources of errors in the image
computed with arg(S)- arg(B) method, we traced the
computation processes of the refraction angle at pixel P1
in Fig.3c and at pixel P2 in Fig.3d (P1 and P2 were taken
from the same position in the images). The computation
processes for P1 and P2 are presented in the following
formula (3) and formula (4), respectively.

4
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Similarly, the computation processes for the

refraction information of pixels S1 in Fig.3c and S2 in
Fig.3d (S1 and S2 were taken from the same position in
images) are shown in formula (5) and formula (6) as the
following, respectively.
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Comparisons between formula (3) and formula (4)
and between formula (5) and formula (6) confirmed the
differences between the images obtained by arg(S)-arg(B)
method and arg(S/B) method. The computed phase of
pixels P1 and S1 in Fig.3¢c were 6.108 67 and -6.123 55,
respectively. As mentioned earlier, the effective phase
measuring range of arg(S)-arg(B) method is (-2, 27 ],
which explains why the pixel P1 in gray value image Fig. 3¢
features ultra-white while pixel S1 displays ultra-black.

Fig.4 presents a clear explanation of the error
sources in arg(S)-arg(B) method. The blue sinusoid curve
in Fig. 4a illustrates the relationship between the intensity
of a given pixel in the detector and the position of the
analyzing grating (we term it shift curve) without sample
in the beam path, and the black one represents the shift
curve with sample. The lateral shift of the curve was
caused by the refraction of the beam when it passed
through the sample, which was the fundamental principle
of signal retrieval in X-ray phase-contrast imaging with
Talbot and Talbot- Lau interferometer. We ignored the
absorption and scattering effects of the sample when
generating the curve. The blue saw tooth curve in Fig.4b
presents the corresponding retrieved phase of the pixel
computed by formula (7).

M-1

ploy)=arg Y [l (65, ) X exp-2mi]  (7)

=0

A one-to-one relationship is highlighted between the
blue sinusoid curve in Fig.4a and the saw tooth curve in
Fig.4b. For example, the 1" step of the phase step-scan
was located at point A in the shift curve, and the 2, 3%, 4"
and 5" steps were successively and equally spaced by d/5
at the right of point A in the curve (d was the period of the
analyzing grating G2). The retrieved phase of this pixel
computed by formula (7) is the ordinate value of point B
in the saw tooth curve shown in Fig.4b. Here we assumed
that without sample in the beam path, the phase (arg(B))
of the pixel is n-0.17, and after moving the sample into the
beam path, we hypothesized that the shift curve of this
pixel is laterally shifted by less than a period (as shown by
the black sinusoid curve in Fig.4a). Because the positions
of the analyzing grating G2 remained the same in the
phase step-scan with sample as in scans without sample,
the 1" step of the pixel with sample was located at point
C in the black shift curve; obviously, the phase of point C
in the black curve was equal to that of point D in the blue
shift curve. Based on the aforementioned one- to- one

relationship, the phase of this pixel with sample is the
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ordinate value of point E as shown in Fig. 4(b), and
here the phase (arg(S)) is assumed to be -n+0.37. Using
arg(S)-arg(B) method, we found that the pure phase of the
sample at this pixel was -2n+0.4n, which was obviously
wrong because the actual phase introduced by the sample
was 0.47. The error was due to the discontinuous nature
of the saw tooth curve, and errors of this type was also
known as the phase wrapping effect because the observed

phase is ¢ modulo 2w (where ¢ is the real phase).

(a) Position of the analyzing grating / um
0 1 2 3 4 5 6 7 8 9 10

10000 1 1 1 1 1 1 1 1 1
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Fig.4a: Shift curve representing the relationship between the intensity of a

given pixel in the detector and the position of the analyzing grating; Fig.4b:

Corresponding retrieved phase of the pixel.

Fig.4 Explanation for the sources of error in the image computed with
arg(S)—arg(B) method

2.3 Phase unwrapping solution for arg(S)-arg(B) method
[ arg(S)-arg(B) ] modulo 27 is expressed as formula
(8).
[arg(S) - arg(B)]modulo2'rr = arg(S) — arg(B) + 2k (8)
Where ke Z , forcing —m < arg(S) — arg(B) + 2km < .
The correct refraction angle at pixel P1 and S1 were

calculated using the phase unwrapping solution:

s _  d
Pn= o Xz, X (6.137 27modulo2)
) ©)
= X (— =
T Xz, (=0.145915)=¢,,
. _ d ~
Pu= 5 <z, X (=6.202 77modulo2r)
y (10)
= amxa x0.0804153=¢,,

3 A new background correction method based on
arg(S)-arg(B) method

3.1 Strategy of cyclic shift operation on the raw images

The new background correction method we propose
herein is based on the cyclic shift operation on the raw
images. As shown in Fig.5, the blue sinusoid curve in
Fig.5a and the blue saw tooth curve in Fig.5b share the
same one-to-one relationship as that in Fig.4. Supposedly,
in phase step- scan without samples in the beam path,
analyzing grating was positioned successively at positions
D@B@E (which were equally spaced by d/5)in the
shift curve, inputting the images in order of O2QB@E
to formula (7) results in a retrieved phase of a given pixel
equivalent to the ordinate value of point T1 shown in
Fig.5b. Incyclic shift operation, changing the order of the
images from DB@DS to GDRB@ results in a
retrieved phase, as calculated using formula (7), identical
to that for the image order G'O2B3@D (shown in
Fig.5a), as the positions (®' and (3 share the same feature
in the sinusoid curve, and the retrieved phase of the image
order &'MRB@ is the ordinate value of point T2 in
Fig.5b. Similarly, the retrieved phases of image order
@DV, @DEDD), and @B@DED are equal
to those of @WHE'DR2B, B@@DE'DD and
@'@'@'®'@, respectively, and the corresponding phase
is the ordinate value of points T3, T4 and T5 in Fig.5d.
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Fig.5 Schematic demonstration of the theory of cyclic
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shift operation on the raw images
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For the case shown in Fig.5d, the retrieved phase of

the 5 image orders can be calculated using formula (11):

arg{background DQBDE)} = ¢, ;

arg{background DB} =
argfbackground®' DRB®} = ¢, - 27
arg{background®&D2B)} =
arg{background@®'®' OB} = ¢, - 4%; (11)
arg{background®@HDQ)} =
arg{background®'@'®)'DQ@)} = 4% 3
arg{background 2@ DD} =
arg{background@'®'@'G'D} = ¢, + 2%
When the sample is placed in the beam path,
2t

based on the assumption that 7z.,go(x, y), Wwhich

represents the phase shift introduced by the sample, is
very tiny (e.g.-0.001 radian), the phase of the pixel
with sample in 5 orders of the images can be obtained

using formula (12):

arg{sampleDQBDB)} = ¢, + %‘Tzrgo(x, ¥);
arg{sample QDB D)} =

arg{sample®' DB @D)} = d zpep(x, ) — 2§T
arg{sample@BDRB)} =

arg(sample@ &) DB = ¢, + 2z, ¢(x.y) = 4 (12)
arg{sample@@DEDQ)} =

argfsample®' @' D)} = d z (%, )+ %‘T;
arg{sample@B@DED)} =
arg|{ sample@ BIOIG) @ 7z,g0(x y)+ 2;T.

Using background correction method based on

arg(S)-arg(B) method, we have:
arg{sampleDBDB)} -
arg{background DRB@DB)} = 7Zr€0 X, ¥);
arg{sample ®DBD)} -
arg{background DB @)} = 7ZT¢ X, ¥);
arg{sample DBDRB)} -

arg{background DB} = 72190 X, ¥); (9
arg{sample@DEHDR)} -

arg{background @B D)} = 7ZT¢ X, ¥);
arg{sample@BDED)} -

arg{background 2@ DB D) = 7Z,€D %, 9)-

Formula (13) shows that upon our assumption, when

the order of the raw images with sample remains identical
to that of the images without sample, the retrieved phase
of the pure sample obtained with arg(S)-arg(B) method
would be equal.

Fig.6 shows the computing process and the results
using arg(S)- arg(B) method with different raw image
orders. Fig.6A1, B1 and C1 show the computed phase
with sample in the beam path, the phase without sample,
and the pure phase of the sample after arg(S)- arg(B)
operation with the image order of (DRBDB,
respectively. In Fig.6, A2/B2/C2, A3/B3/C3, A4/B4/C4,
and A5/B5/C5 show the computing process and results
when the image sequence was GDRRB®D,
@e02®, G@WODO ad QQBDGD,
respectively. Comparing the retrieved pure phase of the
sample with the 5 different image orders, we found that in
contrast with the theoretical analysis in formula (13), the
retrieved image of the 5 orders were different due to the
fact that in this experiment, the phase introduced by the
sample was not that small as we assumed in formula (12).

Based on the observation in Fig.6C1-5, which show
a constant variation of the areas where errors occur, we
found that for a given pixel, error occurred in some
sequences of the raw image but not in other sequences.
For instance, the error occurred only at the bottom right
in Fig.6C1 with the image order of @@@®&D . Further
observation showed that the area of errors was constantly
changing with the image sequence, suggesting that for a
given pixel, at least one image sequence ensures that error
does not occur.

Criteria can be established to identify the image
sequence that ensures the lowest risk of error. In Fig.5b,
the image order in which the initial phase without sample
was located in the furthest area from the jump edge has
the lowest risk of error, which means that the phase of the
image sequence without sample positioned at the area
closest to the red dash line possesses the lowest risk of
error. This criteria is valid because it would be the safest
condition to ensure that the subsequent phase with the
contribution of the sample would not cross the jump edge
even if can not predict the direction of the phase shift
introduced by the sample, remembering that the jump
edge is the ultimate source of error in arg(S)- arg(B)

operation.
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Fig.6 Al, Bland C1 show. the computing process and results of arg(S)-arg(B) method when the image sequence is (DQB@S) . Al is the

phase with sample; B1 shows the phase without sample in the beam path; C1 depicts the phase after arg(S)-arg(B) operation. A2/B2/C2, A3/
B3/C3, A4/B4/C4, and A5/B5/C5 show the computing process and outcomes for the image orders of D@, @EDRB), ADEHDR
and @B@BED) , respectively. All the images are windowed for optimized appearance with a linear gray scale.

Fig.6 Computing process and results using arg(S)—arg(B) method for the raw images with different orders

3.1 Novel algorithm for the method of [arg(S)-arg(B)]
cyclic shift

Step 1: For the 5 orders of the raw images,
calculating the phase images with and without sample,
respectively:

6! (x,y) = arg{background DB DB},

0,(x,y) = arg{sample DB DB)};
6)(x,y) = arg{background® DB @)},
0;(x,y) = arg{sample ®DRB@D)};
6'(x,y) = arg{background ®HD23)},
0;(x,y) = arg{sample @B DB)};
0',(x,y) = arg{background @DED(2)},
0, (x,y) = arg{sample @DEDR)};
0'(x,y) = arg{background 2@ @D},
03(x,y) = arg{sample QDB D).

Step 2: For pixel (1, 1), indexing the minimum

(14)

absolute value (k) in the 5 phase images without sample:
k=Minimum index
e vl ey o.a.p
Step 3: Computing the refraction angle of pixel (1,
1):
— d 5
¢l =5 x[6,0. )= 6. 1) (16)

XZT

04(1.1)

0,(1.1)

B B B

Step 4: For all the other pixels, repeating Step 2 and
Step 3, and finally, obtaining the refraction image ¢(x, y) .

3.2 Performance of the 4 methods

The data of 3 cylinders was the first case we took for
evaluating the performance of the novel method, [ arg(S)-
arg(B) ] cyclic shift. Fig7 shows the simulation results of
the 3 cylinders by arg(S)-arg(B) method, arg(S/B) method,
[arg(S)-arg(B) ] modulo 2x and [arg(S)-arg(B)] cyclic
shift, respectively.

Fig.8 shows the performance of the 4 methods in
processing another more complex dataset. The sample was
a chicken bone, and the raw images were collected with
the same process as described previously. Fig.8 shows the
simulation results of the chicken bone by arg(S)-arg(B)
method, arg(S/B) method, [ arg(S)-arg(B) ] modulo 2r and
[arg(S)-arg(B) ] cyclic shift, respectively.

4 Discussion

Fig.7c and Fig.8¢c show that using the novel
background correction methods, namely [ arg(S)-arg(B) ]
modulo 27 and [arg(S)-arg(B)] cyclic shift, the phase
wrapping due to arg(S)-arg(B) operation (as shown in
Fig.7a and Fig.8a) was totally eliminated, and no visible
difference was found between the images obtained by the
new methods and arg(S/B) method. Numerical
comparison (the histograms in Fig.7d and Fig.8d; the

profiles in Fig.7e and Fig. 8e) also confirms that the novel
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Fig.7a-d showed the retrieved image of three cylinders after the background correction with arg(S)-arg(B), arg(S/B), [arg(S)-arg(B)] modulo 27,

and [arg(S)-arg(B)] cyclic shift, respectively; Fig.7e was the histogram of Fig.7a-d, with the displayed refraction angle ranging from -1.1E-8 to 1.4E-

8 radians, and the black curve, blue curve, green dotted curve and red dotted curve represented the histogram of the four different methods, respectively;

Fig.7f was the refraction angle of the cross section chosen as shown in Fig.7b-d, respectively, and the blue curve, green dotted curve and red dotted

curve stood for the data obtained with different methods. All the images were windowed for optimized appearance with a linear gray scale.

Fig.7 Refraction image of three cylinders after background correction

= arg(S)-arg(B)

——arg(S/B)

== = [arg(S)-arg(B)] modulo 21
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Refraction angle (1E-6 radians)

W

00 03 06 09 12 15
Pixel position (cm)
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Fig.8a-d showed the refraction image of the chicken bone after the background correction with arg(S)-arg(B) method, arg(S/B) method, [arg(S)-arg(B)]

modulo 2, and the novel method, [arg(S)-arg(B)] cyclic shift. Fig.8e was the histogram of Fig.8a-d, with the selected refraction angle ranging from -11.5E-

7 to -SE-7 radians, in which the black curve, blue curve, green dotted curve and the red dotted curve showed the histogram of the four methods respectively;

Fig.8 was the refraction angle of the cross section chosen as shown in Fig.8b-d, and the blue curve, green dotted curve and red dotted curve represented the data

obtained with different methods. All the images are windowed for optimized appearance with a linear gray scale.

Fig.8 Refraction image of the chicken bone after background correction

methods can successfully obtain exactly the same
refraction signal as arg(S/B) method (see the enlarged
view in Fig.7d, Fig.7e, Fig.8d and Fig.8e for details).

In our experiments, when using arg(S)- arg(B)
method, the phase wrapping effect for some pixels that
occurs only in some images results from the non-uniform
initial phase of the background image (Fig.2). Phase

wrapping occurs almost inevitably when the initial phase

is located near the jump edge of the saw tooth curve
(Fig.4b), indicating that the phase wrapping effect due to
arg(S)-arg(B) operation is liable to occur where the gray
value is located around the minimum in the first
background image of the phase step-scan. The source of
error in Fig.6C1 coincides with the darkest areas in Fig.2
(B ), and that in Fig. 6(C2), Fig. 6(C3), Fig. 6(C4),
Fig.6(C5) coincides with the darkest area in Fig.2(B ),
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Fig.2(B @), Fig.2(B ® ) and Fig. 2(B ), respectively.
During phase step-scan, when the analyzing grating
moves, the darkest area (Moire fringe) shifts accordingly,
and the area of error moves successively (Fig.6C1-5).

A possible advantage of [ arg(S)-arg(B) ] cyclic shift
over arg(S/B) method is that the effective measuring
range of the phase can be changed in some degree. For
example, as shown in Fig.5b, when the initial phase of
every pixel is tuned to point T1, the effective measuring
range of [arg(S)-arg(B)] cyclic shift is (—goo -, —p, ],
and here we assume ¢, is a positive and small value, such

as % . If the initial phase of every pixel is tuned to point

T3, the phase in the range of (—900 - %, —@,t 9%} can be

measured by [ arg(S)-arg(B) ] cyclic shift without a phase
wrapping effect, considering the fixed phase measuring
range of (-m, ] in arg(S/B) method. If the desired phase
of the sample is m+3, the measured phase of arg(S/B)
method would be -7+3, and in this case, phase wrapping
occurs and complicated phase unwrapping algorithm has

227 Tn contrast, a correct phase can be obtained

to be used'
with [arg(S)-arg(B)] cyclic shift when the measuring

i 3w 17w
range is changed to ( 10° 10 ] .

For an easier implementation of the new background
correction algorithm with computer, the first step in
section 3.2 can be replaced by formula (17) without
shifting the sequence of the raw images, while the other
steps remain the same.

4
: ] ik

Ol(x.y) = arg Y [11,, X exp(-i2m )}

. S k
0i(x.y)=arg Y [}, X exp(-i2m L)]:
k=0

5
Oiy) =arg Y [1; X exp(-i2mE)}
k=1

5
0:xy) = arg Y X exp(-i2 E)l
k=1

6
Olfay)=arg Y l1L X expli2mg))
'6 . (17)
O:y)=arg Y [, X exp(-i2m L))
k=2

7
Olly)=arg LI X expli2mg)}
7 k
O v) =arg Y [1} X exp(-i2m Ol
k=3
8
S
k=4

8
0,(x.y)=arg Y (11, X exp(-i2m 5]
k=4

This step is identical to step 1 in section 3.1 because:

0.() = |arg Y [l X exp(-i2m )
k=0

sequence = HDRBD

5
= |arg Y [1, X exp(-i2m )] ;
k=1

4
0.60.)=| arg Y[, X exp(-i2m )]
k=0

sequence = DB

[
=|arg Y [1,., X exp(-i2mh)
k=2

(18)

sequence =D

4
0.(.y)=|arg Y [l X exp(-i2m )
k=0

sequence = DB

7
=|arg Yl X exp(-i2n )]
k=3

4
0,00.)=|arg Y [l X exp(-i2m L))
k=0

<equence = DBDED

8
= argZ[[k,3 Xexp(—iZﬂ%)] .
k=4

@

sequence = DQBDE

In order to reduce memory consumption of the
computer by the algorithm, another algorithm is available
and shown as the following:

Step 1: For pixel (1, 1), indexing the maximum value
of gray value in the 5 raw images without sample as this:

I,,l’l’lblalalhl;]
n=Maximum ind {‘( ). 15 (1,1), 11, 1)

ex| | , L1<n<5 (19)
10, 1,12, 1)

Step 2: Computing the refraction angle of pixel (1,
1) as:

arg i [1; X exp(—iZ’rr%)]—
d % F=l-n

2 Xz 5-n
R arg [I,fxexp(—i2w%)]

k=1-n

e, )=

(20

Step 3: For all the other pixels, repeating Step 1 and
Step 2, and finally obtaining the refraction image ¢(x, ) .
The rationale of this algorithm is identical to that of

the aforementioned algorithm. As shown in Fig.5a, when
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the gray value in the first step is the maximum, the initial
phase of the pixel without sample would occur in the
farthest area from the jumping edge. The advantage of this
algorithm is that phase is computed only once (which
lowers memory consumption of the computer), as
compared with 5 times with the aforementioned
algorithms.

This novel background correction method can also
be used in other techniques, such X-ray phase contrast
imaging with a crystal X-ray interferometer **', and phase
measurement technique with visible light >,
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