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Dual phase grating interferometer may simultaneously achieve large field of view and high x-ray dose efficiency. Here,
we develop a simple theoretical method to better understand the imaging process of the dual phase grating interferometer.
The derivation process of fringe period and the optimal visibility conditions of the dual phase grating interferometer are
given in detail. Then, we theoretically prove that the fringe period and optimal visibility conditions of the dual phase
grating interferometer include that of the Talbot interferometer. By comparing our experimental results with those of other
researchers, we find that when the positions of phase gratings are far away from the positions where the fringe visibility is
optimal, the fringe period of the dual 7-phase grating interferometer is twice the theoretical results under the illumination
of polychromatic x-ray. This conclusion may explain the contradictory research results of dual phase grating interferometer

among different researchers.

Keywords: phase contrast, grating interferometer, fringe period, fringe visibility

PACS: 87.59.—e, 87.64.mh, 07.60.Ly, 87.57.C-

1. Introduction

X-ray phase-contrast images and dark-field images ob-
tained by a Talbot-Lau interferometer have potential applica-
tions in diagnosis of rheumatoid arthritis, microcalcifications

[-141 However, the Talbot—Lau in-

in breast and lung diseases.
terferometer is restricted by the small field of view in clinic
applications. It is a great challenge to fabricate the analyzer
grating over a large area and high aspect ratio. The inverse
geometry Talbot-Lau interferometer,!'>! which interchanges
the position of the x-ray source and the detector, does not
need any analyzer grating. However, its high system mag-
nification will also reduce the field of view. Miao et al.!'%!
used a dual phase grating interferometer to produce fringes
with large periods. The dual phase grating interferometer does
not use the analyzer grating, and it may provide a larger field
of view and higher x-ray dose efficiency. Kagias et al.!'’]
connected dual Talbot interferometers together for dark-field
imaging. The idea of virtual structure source proposed in their
paper is very instructive for understanding the imaging pro-
cess. Lei et al.!'® realized a dual Talbot-Lau interferometer in
which the addition of source grating overcame the limitation of
flux of micro-focal spot source. Ge et al.l’! proposed that un-
der the optical reversibility principle, the phase gratings in the
dual phase grating interferometer could be treated as thin lens.
However, the aforementioned theoretical calculations were too
complicated.”-1%1%1 What’s more, the theoretical and experi-
mental results given by different researchers were inconsistent.
For example, the fringe period given by Miao et al.!'®! was
twice as long as the fringe period given by Ge et al.l’! In this
paper, we will work to simplify the theoretical analysis and

fCorresponding author. E-mail: jcguo@szu.edu.cn
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explain these different theoretical and experimental results.

2. Theoretical analysis
2.1. Dual phase grating interferometer

Considering Fig. 1, let us assume that a point source with
a wavelength A is in the plane xpoyo, the first phase grating G1
with period p; is in the plane xjo0y, the second phase grating
G2 with period pj is in the plane x>0y, and the detector is
in the plane x30y3. The distance from the source to the first
phase grating, the first phase grating to the second phase grat-
ing, and the second phase grating to the detector are z;, z» and
z3, respectively.

22 Z3

Fig. 1. Setup of the dual phase grating interferometer.

According to the Fourier series theory, the complex am-
plitude distributions of the first phase grating G1 and the sec-
ond phase grating G2 may be expressed as

Ty (x1) = i @ €Xp (ﬂﬂ;xl), )]
1

n=—oo

T(x) = i b €xp <j27r;nxz), 2)
2

n=—oco

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

058701-1


http://dx.doi.org/10.1088/1674-1056/ac3a60
jcguo@szu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 058701 (2022)

where a,, and b,, are Fourier coefficients, and their expressions
are as follows:

%(14—6”’), n=0,
a, = . (NT 3
sin [ —
(ejq’—l)SEZ), n#0,
%(l—i—ejq’), m=0,
by = . @ “4)
i _ M
(e 1) e m#0,

where ¢ is the phase shift of the phase grating, and the duty
cycle of the two phase gratings is 50%. The wave field on the
front surface of the plane xjo0y; is given by

Al ik
U (xl) = Jeszl exp (é]QX%) , 5)

<1

where k =2 /A, A, is the amplitude of wave fields at unit
distance from the source, and the disturbance of wave fields
on the back surface of the plane x;0y; may be expressed as

Us (x1) = Uy (x1) Ty (x1). (6)

After Fresnel diffraction, the distribution of wave fields on the
front surface of the plane xp0y; is as follows:

1

Jit

X|=—00

< jkr
Us(x) = / Us (x1) © 21 dxi, @)

Z

where ry is the distance from the point on the plane xj0y; to
the point on the plane x,0y,. Substituting Egs. (1), (5), (6) in

Eq. (7) yields
AL ikt exp (ka%) e
71 2z 22

Us (xp) = ﬁ 7

X]=—0
ik
X exp [2JZ2 (x2 —xl)z}

x Y anexp (j27rnx1> dx;. (8)

n=—o0 P1

Equation (8) may be simplified to

Us (x2) = A3 Z anexp(—jnpnz) exp (j27m )jz

9
2o

where A3 is a constant coefficient, p is the Talbot order, and

n=-—oo

M is the magnification of the first grating, namely,

A ik 2

Az = 1exp ik (21 +22)] ex [ ] }, (10)

2122 (21 +22) 2(z1+22)

Az

P= 2 (11)
M p?

My — 21 +12. 1)

21

The wave field on the back surface of the plane x,0y, may
be written as

Uy (xz) =U; (xz) T (xz) . (13)

After Fresnel diffraction, the wave field over the plane
x30y3 is described as

Us (x3) = exp (jkzs) /Xiim exp [Jk (x3 xz)z} Uy (x2) dxp.

- Vil 223
(14)
Substituting Egs. (2), (9) and (13) into Eq. (14), we arrive
at the following simplified expression:

Us(xs) = As Y. Y anbumexp(—jmpn®)

N—=—00 p=—00

2
X exp —jn@ " -i-ﬁ
My \M\p1  p2

. X3 n m
X exp |j2n— +—11, (15)
P {J M <M1p1 pzﬂ

z1+22+23
21+22

_ Avexplik(z1 +22+23)] { ko
V(@ +2+23) 2(z1tz2+23)

Equation (15) is the general expression of wave fields

where M, = , As is a constant coefficient given by

As ] (16)

of dual phase grating interferometer under a point source
illumination. 7]

2.2. Relationship between the dual phase grating interfer-
ometer and the Talbot interferometer

Since detectors only receive the intensity signals, the
phase factor in Eq. (16) may be ignored and we obtain

Us (x3) = Z Z anbm €XP (—jn’pnz)

N=—00 =—00

2 2
X exp —jnﬁ " —i—ﬁ
My \M\p1  p2

X3 n m
X exp |j2m— + ﬂ . 17
P {J M, <M1P1 D2

Case 1 Set the phase shift of the first phase grating to

zero. This turns it into a phase plate, which is equivalent to the
absence of the first phase grating. Then,

_J 1L, n=0,
=30, n#0.

At this point, Eq. (17) transforms to

(18)

oo 2
Us (x3) = m;_wbmexp [—jn/}‘;j ’Z%} exp [j27r;132 ;’j . (19)

Since Eqgs. (19) and (9) are identical except for the phase
factor, Eq. (19) may be regarded as the imaging formula of the
Talbot interferometer.

Case 2 Set the phase shift of the second phase grating
to zero. This makes the second phase grating a phase plate,
which is equivalent to the absence of the second phase grat-
ing. Then,

n=0

170 @
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Us (x3)

I
—

= i a,exp [—jn’( A + M) nz] exp (j27tx3n)
" Mip;  MoMip? M M;p,
IS 2 2
p <122 37] n . x3n
= apexp | —jTA + ) ] ex (27t>
n;m P [ ! (Zl +22 (+n+s)(a+z22)/ p? Py MM, p,

3 2
= Y auexp (—jnAZ2+Z3”2) exp <j27t s > @1
P M3 py

i an €xXp fjn:pnz)exp (jﬂ:lZ3 " )exp (jZi‘rx3 " )
" My M?p? My My py

|
where M3 = MM, = % We find that formula (9) is
quite similar to formula (21), which also degenerates to the

X3 n m
X exp |j2n— +—11, (22)
P [J M, <M1P1 pz)]

case of the Talbot interferometer. Hence, it may be concluded then we have

that the Talbot interferometer is a special case of dual phase o
grating interferometer. Us (x3) = Z Z Coum- (23)

Nn=—ocom=—o0

2.3. Fringe periods of dual phase grating interferometer
gep P g g The intensity distribution may be expressed as

Next, we will derive the fringe periods of the dual phase

grating interferometer from Eq. (17). If we let I = vy C, . - ) c*
n:Z—oo)n:Z—oo w s:z—oof:Z—oo S’t
Az3 n m 2 o0 oo o oo
Com = aub —impn® —iT— — = *
m = anbyexp (—jmpn )eXp[ ) M, <M1P1 JrPz) n;wm;m;mt;’oocn’mcs’“ @9
|
. . lm( s t>2 [ X3 ( s t
C* = a*bexp (jmps®) exp |jm—2 + — exp | —j2m— +—1, (25)
v = a;biexp (jmps’) p[] AT P27\ st T
Azz (s2—n?  2—m?  2st—2mn x3 [(n—s m—t
ComC:, = anbualb’exp [jap (s* —n?)] ex {n( + + exp |j2m— + .(26)
e sbi exp limp ( Jlexp ] My \ Mip? 3 Mipipa PP \vipr ™ s

The conjugate term of Eq. (26) is

) DAz ($2=n? 2—m? 2st—2mn
C,,C. = asba’bt exp [—inp (s> —n?)] ex {— 7[‘( + +
st&nm 01,0 p[ ] p( )] p|—] M, Mlzp% p% Mipipa
. x3 (n—s m—t
X exp | —j2m— + . 27)
p[ ! M; (MIPI D2 )}

Adding Egs. (26) and (27) yields

ComCiy+CyiCh = 2|anbabf | cos [27:’“3 <

n—s m-—t Azz [(s2—n® 2—m? 2st—2mn
nm + + +

= +
Mipi  p» M?p? p3 Mipip>

M,
+7rp (s2 - nz) + (P} ) (28)
where ¢ is the argument of a,b,,a;b;. We have

anbpaib; = [exp (i9) = L];[set);a(_m) bl sin (%) sin (mTE) sin (%) sin (%r) . (29)

Next, we will consider the cases when two gratings are 7 and 7 /2 phase gratings.
Case 1 Both phase gratings are m-phase gratings.
In this case, Eq. (29) may be expressed as

wpx 16 nmN . /mMAN . (ST . (I
anbpab; = prm—— sin (7> sin <7> sin (7) sin (7) . (30)
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Next, we consider the maximum amplitude terms in
Eq. (28) except for the constant terms. Since we use phase
gratings with a duty cycle of 50%, the sum coefficients n, m, s,
t cannot be even. Therefore, there are six non-constant terms

with the largest amplitude in Eq. (28),

Co11CLy +C1Cy

32 -2 A —4

= 4cos(27rx3+7r “ >7 (31)
T M p> My Mipips
C11Cf 1 +C11Cy
32 -2 A —4

= —;cos (275)63 s ) , (32
T My M p, My Mipip>
C71‘71CT_’1 JrC],]Ci]’,l
32 -2 -2

4005[2ﬂ)8< 4)], 33)
T My, \Mip1 p2
CaCi 1 +CriCly
32 -2 2

= —;cos [27:)63 < —I—)} ) (34)
b4 M, \Mip1 p>
C11Cy +C1iCry
32 -2 A 4

:4um@n” + 125 ), (35)
T M, M\ p, M, Mipip>
C1-1C1 1 +C1Cy
34 -2 zA 4

_ 4cos(2n“34— “ >. (36)
T M; py My Mipips

From Egs. (31)-(36), we may see that there are four
fringe frequencies, i.e., the fringe frequencies of the first phase

grating in the imaging plane: M A2/12P1; the fringe frequen-
cies of the second phase grating in the imaging plane: ﬁ;

the sum frequencies of two phase grating imaging fringes:
2 2 . : :
wiinpr T iy and the difference frequencies of two phase

2 2
M\Mypy  Mypy|*

Now we consider the case in which two phase gratings

grating imaging fringes:

with very small period produce fringes with very large pe-
riod. Under this condition, the difference frequency of two
phase gratings imaging fringes will be much smaller than the
other three frequencies. When the fringes of various frequen-
cies are overlapped together, due to the focus size of the x-ray
source and the integration effect of detector pixels, a low-pass
filtering effect may be observed. When the system parame-
ters satisfy certain conditions (discussed later), the difference
frequency will be strengthened and other frequencies will be

further suppressed. Hence, the final fringe frequency will be

C_1.3CT11 +C1,1Ci173 =

3nt

—32 cos |21 3
3n4 M,

—-32
C1,-1Cf _3+C13CZ| _y = 1 cos [27‘5

the difference frequency of two phase gratings:

2 2
=
MiMypy  M;ps

‘ (37)

Equation (37) may be transformed into fringe period as fol-
lows:

1
P3:§

Lpip>
z1p2 — (21 +22) p1

; (38)

where L = 71 + 22 +23. When p; — o0 or pp — o0, Eq. (38) will
transform into the fringe period of the Talbot interferometer. If
the dual phase grating interferometer is symmetrical, we will

have
P1=p2, (39)
71 =23- (40)
Then Eq. (38) may be transformed into
1L
p3=5_—p1 (41
22

Note that Eq. (41) is the same as Aimin’s results.['] So
far, we have obtained fringe period (Eq. (38)) for the dual
phase grating interferometer.

Case 2 Both phase gratings are 7 /2-phase gratings.

The analysis method is similar to case 1 and the fringe
period is as follows:

Lpip2
apr—(zi+z2)p1|

(42)

p3

2.4. Optimal visibility conditions of the dual phase grating
interferometer

For the analysis of the optimal visibility conditions of
the dual phase grating interferometer, two cases of dual phase
grating of 7 and 7 /2 are discussed.

Case 1 Dual w-phase grating interferometer.

In order to maximize the fringes visibility in the dual 7-
phase grating interferometer, it is necessary to make the am-

plitudes different, but the phases of the fringes with the same

2 2
’M]MZPI T Mpy
ysis, we should focus on the relationship between the phases

frequency as ’ are the same. In practical anal-

of the first few fringes whose amplitude is large and whose

2 2
M\Mypy  Mapy |”

of‘ 2 2

frequency is ‘ The fringes with a frequency

Mihpr ~ Vhps with the second largest amplitude have the

following four items:

-2 2 A -8 8
P 2)+ 22 (S ). 43)
Mipy  p2 My \ p; Mipip2

-2 2 A 8 8
D))
Mip1  p2 M, \p5; Mpip>
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" " —-32 x -2 2 TAZ -8 8
C—3,1C_1 -1 +C—1,—1C_3 1= 74008 |:27'53 ( ) + 3 < ) ) - Spﬂ] ’ (45)
' ’ 3n M, \Mip1 p2 My \Mipy Mipip2
« « —32 X3 ( -2 2 ) TAZ3 ( 8 8 ) :|
Ci1C; _+C3_1C7{ = —cos |2n— — |+ — +8prm| . (46)
116G+ Gl =53 [ My \Mip1  p> My \Mip? Mipip> P

Comparing Eqs. (34) and (43)—(46), it may be found that
there is a negative sign before Eqs. (43)—(46), so it is necessary
to add a & phase or a —7 phase in Egs. (43)-(46). It may also
be observed that the initial phases of Eqs. (43) and (44) are op-
posite to each other, as is the case for Eqs. (45) and (46). The
initial phase of formula (34) is zero. Therefore, if the fringes
represented by Eqgs. (43)—(46) and (34) are mutually reinforc-
ing, they need to be in the same phase. Then, the following
relations must be satisfied:

A 8 8

dddad) (2— )+7r=2h17r,

M, \p5; Mpip2 @7
m3< 58 )—HH—STC — iy

My \Mip? Mipip: u 2

where h; and h, are integers. Equation (47) may be simplified

to
Az (1 1 ) C 2hy -1
My \p2 M -8
2 \p3 P12 48)
Azz [ 1 1 20y —1
e\ 22 TP= '
My, \M;py Mipip2 8

Here, Eqs. (48) are the optimal visibility conditions for
dual -phase grating interferometer. When p; — oo or py — oo,
Eqgs. (48) will transform into the optimal visibility condition of
the Talbot interferometer. Next, we ascertain whether the third
strongest fringe with the same frequency as Eq. (34) may sat-
isfy the condition represented by Eq. (48).

32 x3 [ =2 2 Az [ —8 -8 16
C33C% | +C_11C 33 =—cos {271: ( ) + — + —87p|, (49)
b R My \Mip1 p2 My \Mipi p3 Mipip> P
32 X3 -2 2 wAzz [ =8 8
C;3 1C| 43+C | 3CH5 | =— 2r— +— |+ ——+— | —8mp|, 50
P TS T o COS[ M, <M1p1 pz) My \Mipt  p3 g e
32 X3 -2 2 TAzZ3 8 8
Ci13C5 1 +C31Cl 3= — 2r— +— ]+ —— —— | +8@p|, 51
136G+ GG =57 COS[ M, <M1p1 p2> My, \M2p? P2 14 G
32 x3 [ =2 2 TAZ3 8 8 16
Cy_1C; _3+C3_3C] _| = —cos {2717 ( ) + —— t+— - +8zp| . (52)
SIS T g My \Mip1  p2 My \Mipi p3; Mipip
\
Adding the two parts of Eq. (47) yields phase grating interferometer may be expressed as
A 8 8 16
2n+”MZ3 (M2 o YT )+87rp:2(h1+h2)7t, M%( 1 >+ _ 241
N 2 iP1 P 1P1P2 M, pr% Mipip> 2 55)
8 8 16
M<22+2—)+87rp:2h37r, (53) Az (1 1\ _ 2+l
My \M?p?  p3 Mipip: My \p: Mpip 2

where £z is an integer. Since the initial phase of Egs. (49) and
is satisfied, the
is enhanced.

(52) is an integral multiple of 2z when Eq. (47)

2 2
MiMap; — Map;
To subtract the two parts of formula (47), there exist

fringe amplitude of frequency

TAZ3 8 8
S — 2 ) +8ap=2(ha— )T,
7 <M%p% p§)+ p=2(h2=h)
7I?7LZ3 8 8
— 2 ) +87p =2, 54
M, <M%p% p§)+ p=2hs od

where h4 is an integer. From Eq. (54) we may see that when
Eq. (47) is satisfied, the initial phase of Egs. (50) and (51) is
an integral multiple of 2z. Therefore, the fringe amplitude of
frequency ‘m — M22p2
Case 2 Dual /2-phase grating interferometer.

‘ is further strengthened.

Following an analysis process similar to the double 7-
phase grating, the optimal visibility conditions of dual 7/2-

3. Simulations and experiments

The simulations and experiments were performed with an
x-ray tube (L9421-02, Hamamatsu Photonics K. K., Japan)
with 5 pm focal spot (40 kVp, 200 pA). The pixel size of the
flat panel detector (Shadobox 6K HS, Teledyne Dalsa, USA)
was 50 pum with field of view of 14.7 x 11.52 cm?. The two
phase gratings with period of 3 um were 7z-shift phase grat-
ings at 28 keV, and they all had a duty cycle of 50%. The
setup was arranged as follows: z; = 1.2698 m, zp = 0.026 m
and zz = 1.2698 m. By the illumination of the polychromatic
x-ray, the simulation fringe with period of 300 pm is shown in
Fig. 2(a). Figure 2(c) presents the experimental result attained
by the abovementioned simulation parameters. The period of
the fringe perpendicular to the red line is 281.57 um, which is

058701-5
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95% of the fringe period in Fig. 2(a). The error mainly comes
from the measurement of the distance between different com-
ponents.

In Figs. 2(a) and 2(c), the positions of the dual z-phase
gratings are not nearby the positions where the fringe visi-
bility is optimal. Therefore, the imaging period is twice as
long as the theoretical result, such as the results given by Miao
et al.'"% and Wang ez al.'"7! When the positions of the dual
m-phase gratings are nearby the positions where the fringe
visibility is optimal, e.g., z; = 2.5395 m, z» = 0.0513 m,
z3 = 2.5395 m, the fringe period in Fig. 2(b) is the same as
that under monochromatic x-ray illumination. The experimen-
tal results given by Lei et al.!'81 and Ge et al.l’! could well
prove the above theory. Note that only the effect of the spec-
trum could not double the fringe period, and the positions of
the phase gratings must also be considered. A similar situation
is whether monochromatic or polychromatic x-ray is used, the
period of self-imaging of a m-phase grating in the Talbot—Lau
interferometer at the fractional Talbot order is 0.5M p, not M p,

21 =1.2698 m, 2z =0.026 m, z3=1.2698 m
1.02 T T T T .
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where M is the system magnification and p is the period of the
m-phase grating.

Surprisingly, the fringe shown in Fig. 2(c) has a two-
dimensional structure, although the phase gratings used in the
experiment are one-dimensional. In Fig. 2(c), the period of
lattice structure perpendicular to the blue line is 722.34 um,
which is 2.57 times longer than the period of the fringe perpen-
dicular to the red line. The lattice structure along the blue line
is produced by the supporting structure of the phase gratings,
denoted by the arrow in Fig. 2(d), and its period is 7.6 pm.
The ratio of the period of the supporting structure to the pe-
riod of the grating bar is 2.53:1, which is very close to the
ratio of the fringe periods imaged by the two structures. Note
that the dark area of the fringe is wider than the bright area of
the fringe in Fig. 2(c). The reason is that the fringe visibility
in Fig. 2(c) is very low (about 4% on average). In this situ-
ation, the low-intensity peaks in the fringe appear in black in
the image, while the high-intensity peaks in the fringe appear
in white.

21 =2.5395 m, 20 =0.0513 m, z3=2.5395 m
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Fig. 2. (a) Simulation fringe obtained at z; = 1.2698 m, z; = 0.026 m and z3 = 1.2698 m. (b) Simulation fringe obtained at z; = 2.5395 m,
70 = 0.0513 m and z3 = 2.5395 m. (c) Experimental result. The numbers beside the lines denote the number of pixels contained in the lines.

(d) The SEM of the phase grating.

Fig. 3. (a) Differential phase image and (b) absorption image of the
duck claws.

Two duck claws are imaged in the dual-phase grating in-
terferometer. A phase-contrast image and an absorption image
are retrieved by Fourier transform, as shown in Fig. 3. The dis-
tance between the duck claws and the detector is 100 cm. Ten
images are acquired for noise reduction, and the acquisition
time of each image is 15 s. The cartilage in the joint of the

duck claws is clearly visible in the differential phase image,
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and the effective field of view is 4.8 x 7 cm?. By increasing
the area of the phase grating, the field of view is further im-
proved.

4. Conclusion

We have successfully obtained the fringe period and the
optimal visibility conditions of the dual phase grating interfer-
ometer. The dual m-phase grating interferometer and the dual
7 /2-phase grating interferometer have different fringe periods
and optimal visibility conditions. Under the illumination of
polychromatic x-ray, the fringe period is twice as long as the
theoretical result, when the positions of 7-phase gratings are
far away from the positions where the fringe visibility is opti-
mal. The phase gratings used in this study are the two halves
of a phase grating with a diameter of 5 inch.*°! If complete
8-inch phase gratings are used, the field of view can be further
expanded to meet imaging requirement of human fingers.
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