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Dual phase grating x-ray interferometry is compatible with common imaging detectors, and abandons the use of an
absorption analyzer grating to reduce the radiation dose. When using x-ray tubes, an absorbing source grating must be
introduced into the dual phase grating interferometer. In order to attain a high fringe visibility, in this work we conduct a
quantitative coherence analysis of dual phase grating interferometry to find how the source grating affects the fringe visi-
bility. Theoretical analysis shows that with the generalized Lau condition satisfied, the fringe visibility is influenced by the
duty cycle of the source grating and the transmission through the grating bar. And the influence of the source grating profile
on the fringe visibility is independent of the phase grating type. Numerical results illustrate that the maximum achievable
fringe visibility decreases significantly with increasing transmission in the grating bar. Under a given transmission, one
can always find an optimal duty cycle to maximize the fringe visibility. These results can be used as general guidelines for
designing and optimizing dual phase grating x-ray interferometers for potential applications.

Keywords: x-ray imaging, phase contrast, grating interferometer, fringe visibility

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

1. Introduction

Over the last two decades, x-ray grating interferom-
etry has attracted increasing attention from the scientific
community.!'=1315-181 A5 a multi-modal imaging technique,
x-ray grating interferometry provides simultaneously three
complementary signals, i.e., attenuation, refraction, and dark-
field, from the same set of experimental data. H-4.1L18] particu-
larly, standard x-ray tubes are fully compatible with x-ray grat-
ing interferometers in the so-called Talbot—Lau geometry. >4l
Consequently, x-ray grating interferometry has shown signifi-
cant potential applications in diverse fields including, but not

19201 materials science, 2122 non-

limited to, mammography, !
destructive testing,?*! and early detection of lung injury. 4
In x-ray grating interferometry, a phase grating is always
employed to generate an interference pattern at the so-called
fractional Talbot distances downstream.!!**! With a sample
placed close to the phase grating, the interference pattern is
locally distorted. Analyzing the local distortion of the in-
terference pattern allows one to retrieve the x-ray attenua-
tion, refraction, and dark-field signals on a pixel-by-pixel
basis.['=!117] In order to achieve a high sensitivity, the phase
grating typically has a period of a few micrometers. The re-
sulting interference fringes, with a pitch of several microme-
ters, cannot be directly resolved by common imaging detectors
with a typical pixel size of several tens of micrometers. To uti-
lize these detectors, one needs to use an absorbing grating,
with its pitch matching that of the interference fringe, placed

DOI: 10.1088/1674-1056/abb7fd

before the detector to convert the fringe distortion into inten-
sity variations in a Moiré approach.!'=* However, the attenuat-
ing analyzer grating blocks more than half x-rays transmitting
through the sample, which will significantly increase the dose
deposition to the imaged sample.

In recent years, dual phase grating x-ray interferometry
has demonstrated its attractive advantages.[>>=° Two phase
gratings are employed as beam splitters in a dual phase grating
interferometer. The split beams transmitting through the phase
gratings interfere with each other, creating distinct diffraction

n.[>28] The imaging de-

orders in the intensity fringe patter
tector just resolves the beat pattern of large periodicities, and
makes other fine patterns a constant background. Compared
to x-ray Talbot-Lau interferometers, the dual phase grating
interferometers directly resolve intensity fringes without the
need of an absorbing analyzer grating. This advantage will
lead the radiation dose to substantially decrease in x-ray imag-
ing exams. Moreover, unlike the case of the inverse geometry
of Talbot—Lau interferometers, ! the limitation to the field-of-
view can be avoided in dual phase grating interferometers with
the total system length kept compact. [23-2]

In dual phase grating x-ray interferometers, spatially co-
herent illumination of the phase gratings is always necessary
to attain a high fringe visibility.[>>] However, it is challeng-
ing for standard x-ray tubes to provide sufficient spatial co-
herence and adequate flux simultaneously. Alternatively, in-
spired by the solution in Talbot-Lau interferometry, one may
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employ the combination of a large-focus x-ray source with an
absorbing source grating.[*”! The source grating creates an ar-
ray of line sources, each of which illuminates the phase grat-

34.10.291 1y Talbot-Lau interferometry, with the

ing coherently.!
period of the source grating satisfying the Lau condition, the
fringes generated by all the line sources in the source grat-
ing are superimposed constructively to achieve a good fringe
visibility.[3+19-31] Similarly, a new generalized Lau condition
was derived for dual phase grating interferometer equipped
with a source grating.?®! The theoretical results have been val-

291 However,

idated by simulations and experimental results.
experimentally measured fringe visibility was no greater than
6.5%, which was too low for potential practical applications.
Therefore, it is of great importance to find how the spatial co-
herence of the x-ray beam affects the fringe visibility in dual
phase grating x-ray interferometry. And that is the purpose of
this work.

The rest of this paper is organized as follows. In Sec-
tion 2, we apply the partial coherence theory to dual phase
grating interferometry equipped with a source grating. With
the generalized Lau condition satisfied, we show that the
spatial coherence effect is approximately determined by the
source grating profile. In Section 3, we investigate the influ-
ence of the source grating profile, including its duty cycle and
finite bar height, on the fringe visibility quantitatively. Finally,
we conclude this work in Section 4. We hope that those results
can be used as guidelines for designing and optimizing dual
phase grating interferometers equipped with a source grating.

2. Quantitative coherence analysis of dual phase
grating interferometry

Consider a dual phase grating x-ray interferometer as
shown in Fig. 1, where an absorbing source grating GO and
two phase gratings G1 and G2 are employed. Assuming a
quasi-monochromatic illumination and following a quantita-
tive theory of dual phase grating interferometry,”’! we find
that the resolvable intensity fringes by the detector can be ex-
pressed as follows:

Iy = 4 ¥ ARy IAR,
e M3 l,n,seZ'um Mpg  Mip;

. l
X sinc ( pD) “apinayb_ji by
Pfr

[ l(l+2n)lR2}
Xexp | —12m————5—
L 21‘/11171
[(I+2n)AR
><eXp 127[(—"_,1)4]
2M\p1pte
[ —I(=1+25)AR
X exp i27t(+s)4]
i 2papir
l
X exp <—i27rx) : (1)
Pfr

where [y is the incident x-ray intensity at G1 plane; u;, de-
notes the spatial coherence degree of the x-rays of wave-
length A incident on G1;1%?! sinc(Ipp/ps) represents the
pixel-averaging effect, with pp being the detector pixel size,
and pg = Mspa/[My — (p2/p1)] the period of resolvable in-
tensity fringes; a, and b denote the Fourier coefficients of the
grating G1 and G2, respectively; aj, is the complex conjugate
of a,; R; is the source-to-G1 distance; R, is the distance be-
tween G1 and G2; Ry is the G2-to-detector distance; p; is the
period of G1, and p» is the period of G2. Note that the relative
transverse shift of the gratings G1 and G2 is set to be zero in

Eqg. (1). The magnification factors used in Eq. (1) are defined

as follows:
Ri+Ry+Ry Ri+R
Ms=——7F— M = )
Ry Ry
Ri+Ry+Ry
D=—fF 5 - (2)
Ri+R;
Gl G2
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@ - — -
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Fig. 1. The schematic diagram of dual phase grating x-ray interferometer
equipped with source grating.

In order to employ x-ray sources of large focal spots, an
absorbing source grating GO is introduced into dual phase grat-
ing interferometers.[”®>°! The source grating divides the tube’s
focal spot into an array of virtual line sources. Each of the
mutually incoherent line sources can provide spatially coher-
ent illumination of the phase gratings. Since x-ray tubes al-
ways have a focal spot much larger than the size of virtual
line sources, the effective source intensity distribution can be

well approximated by the transmittance function of the source
131

grating, 3!l which can be expanded as a Fourier series
To(x) = Y cm-exp (—i27rmx> 7 3)
m pO

where pg is the source grating period, and the Fourier coeffi-

cient ¢, is given by
em="m-(1=T)-sinc(my)+ T -sinc (m), (€))

with 7y being the duty cycle of the source grating, and T the
non-zero transmission through the grating bar. The transmis-
sion T is related to the finite bar height 2 by T = exp (—put),
with 1 being the energy-dependent linear attenuation coef-

ficient of the grating material. Under the approximation of

028702-2



Chin. Phys. B Vol. 30, No. 2 (2021) 028702

Eq. (3), according to the Van Cittert—Zernike theorem,3?! we
find that the spatial coherence degree in Eq. (1) is given by

" (ZAR4 - lle)
"\ Mipx Mip

IRy IRy m
Zcma - -
_m MiRip1  MRipz po

cm0 (m/pO) ’

where & (-) denotes the Dirac delta function. As shown in

®)

Eq. (1), the spatial coherence degree U, relating to the diffrac-
tion order /, represents the reduction of fringe modulation due
to partial spatial coherence of x-ray illumination. Therefore,
to achieve a high fringe visibility, the spatial coherence degree
needs to be maximized. Equation (5) reveals that the spatial
coherence degree achieves its maximum value if, and only if,
the following geometry condition is fulfilled:
lR2 lR4 m

- - (6)
MRipiy MiRips po

Substituting Eq. (2) and pi = Mspa/[M; — (p2/p1)] into
Eq. (6), we obtain the condition of the source grating period
below:

m

PO="IRy /1 1 IR,
RiM, <M5p1 - MDP2> - R\M, p;
B m(Ry+ Ry +Ry)
~ 1[Ra/pr+Ra(1/p1—1/p2)]

Meanwhile, we note that polychromatic x-ray sources such

)

as x-ray tubes prevail in medical imaging applications. With
polychromatic x-rays, the phase grating’s phase shift varies
linearly with the x-ray wavelength. Therefore, the fundamen-
tal mode (I = 1) contributes to the intensity fringe formation
for both z-shifting and 7/2-shifting phase gratings. With
these considerations, we obtain the following unique solution
valid for all diffraction order m:
B Ri+Ry+Ry
P Ra/pi +Ra(1/p1—1/p2)’

which reproduces the generalized Lau condition for dual phase
28]

®)

grating interferometers equipped with a source grating.!
Note that if the mode is [ = —1, the pg given by Eq. (8) just
changes its sign, and the source grating configuration remains
the same.

With the generalized Lau condition in Eq. (8) satisfied,
the spatial coherence degree L, can be further simplified into

the following expression:

" (l?LR4
"\ Mipx  Mip

= =2

cm0 (m) co

) _EO

which shows that given that the generalized Lau condition is

satisfied, the spatial coherence degree is solely determined by

the Fourier coefficient of the source grating, i.e. the source
grating profile. As shown in Eq. (4), the Fourier coefficient
decreases with increasing diffraction order /, reflecting that the
fringe modulation decreases with increasing diffraction orders.
The higher the diffraction order, the larger the loss in fringe
modulation. Substituting Eq. (9) into Eq. (1), we obtain the
following expression for the resolvable intensity fringes:

I > l
I(x,y)=%~ Cl-sinc(pD)
M5 J=— €O Ptr
R R R
XCI (2+ . - 4p17l7p177r)
My MsM; Msp
MR R
XC[( T~ - 4p17 aP2>75)
Ms  Msp;
l
X exp (—i27rx> , (10)
Pfr
where
R R R
Cl (2+ 4 - 4p17)‘,plan>
M,  MsM; Msp
> [(l+2
= Z al+,,af,exp[—iﬂl(+2n)
Ne—oo P
R R R
X<2+ . 4,71”7
My MsM; Msp
MRy  Rupi
Cl( _7717 2777’-)
Ms  Msp; P
> . —1(—=142s) (MiRy R4p
= b_jiblex {—ml ( - .
,,;m FaDs P P} Ms  Msps

3. Fringe visibility

In x-ray grating-based interferometry, fringe visibility
has been a common figure of merit to quantify its imaging
performance.!'* It is defined as

V= (Imax - Imin)/(lmax +Imin)a

with Inax and I, being the maximum and minimum inten-
sity values, respectively. A high fringe visibility is always re-
quired to achieve a high signal-to-noise ratio (SNR) in x-ray
grating-based interferometry.!17:18:33:341 A5 shown in Eq. (10),
the visibility of those resolvable intensity fringes is dependent
on the x-ray spectrum, the setup geometry, the Fourier coef-
ficients of the source grating and dual phase gratings, and the
ratio p;/pa. Since this work aims to investigate the effect of
spatial coherence on the fringe visibility, a monochromatic il-
lumination is assumed for further analysis. And the obtained
results can be considered to be the upper limit of the achiev-
able fringe visibility for dual phase grating interferometers us-
ing polychromatic x-ray sources.

We start with considering an interferometer consisting
of two m-shifting phase gratings with a duty cycle of 0.5, to
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demonstrate how the source grating profile affects the fringe

visibility. By use of the closed form expression for the coe-
R R R
I ( o, R 4P1
FY N A’ yP2, 7[>
1
2
- p)] . (1)
Pi

fficients,*”! we find that C; = C_; = 0 for all odd diffraction
orders, and for even integer /,
) A’ ) pl b 7[:)
My MsMy  Msp;
MR R
y CZ( 14 Rqpy
Ms  Msp;
16 . lzﬂ)t Ry Ry R4p1
—575 SIn — + —
w212 p?} \Mi  MsMy; Msp;
. lzﬂil R4
X sin | —5——— M
P> Ms
Substituting Eq. (11) into Eq. (10), we find that the coeffi-
cients related to the even integer / decrease rapidly with in-
creasing diffraction orders. Thus, in the case of a 0.5 duty
cycle, the lowest order (I =2) contributes dominantly to the

intensity fringes. Then the expression for the intensity fringe
is further simplified into

I 8 ¢ 2
—02 w1+ L sine | 222
M5 e Co Ptr

. [47A [ Ry Ry R4py
X s | —— | — + —
My MsM; Msp;

P
P2 27x
o)) () oo

. [4717}, R4 <
xsin|—5— (M
which shows that the intensity fringe has a period of pg/2 un-

I(xvy) =

p3 Ms

der monochromatic illumination. From Eq. (12), we find that

0.8

Fringe visibility

0.2
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Duty cycle g

the fringe visibility is given by

8 ¢y . ( PD )
Vi = — —sinc
2 co Pfr/2

T

C[4mA [ Ry R4 R4py
Xsin | —— | —+ —
i \Mi  MsM, Msp

Sl o
2

which shows that the fringe visibility is influenced by the

source grating profile through ¢ /co, the pixel-averaging ef-

fect sinc (2pp/pr: ), and the setup geometry.

To provide a quantitative insight into the effect of the
source grating profile on the fringe visibility, we conduct the
following numerical calculations. The considered setup geom-
etry resembles that used for experimental measurements, [>°!
where A = 4.96 x 107" m, py = 24.00 um, p; = 4.364 um,
p2 =4.640 um, R} = 52.79 cm, R, = 10.89 cm, and R4 =
162.34 cm. It can be readily verified that the generalized Lau
condition is fulfilled, and that

sin [47:& <R2 Ry

R4pi )}
sl T - =5h
p; \Mi  MsM; Msp

47A R
sin [724 (Ml_pz)] =1,
p; Ms p1

which means that the fringe visibility is maximized in terms

of setup geometry.

0.8
(b) —-@-T7T=0

07 —m—T=0.05

—4—7=0.10

T=0.20

Fringe visibility
=)
o

e
'

0.3

0.2
0.1 0.2 03 04 05 0.6 0.7 0.8
Duty cycle g

Fig. 2. Variations of fringe visibility with duty cycle of source grating for dual 7-shifting phase gratings (a) (p/2)/pp = 10 and (b) (pg:/2)/pp = 4.

Figure 2 shows the curves of fringe visibility versus duty
cycle of the source grating for different values of transmission
T and different pixel-averaging effects. The following trends
in the fringe visibility can be observed. Firstly, in the ideal
case of zero transmission, the fringe visibility decreases mono-

tonically with increasing duty cycle. However, the behavior

becomes quite different in the case of a non-zero transmission.
As shown in Fig. 2, the fringe visibility achieves its maximum,
with a duty cycle being 0.25, in the case of 5% transmission.
When the transmission increases to 10%, the fringe visibility is
maximized, with a duty cycle being 0.3. With the transmission

further increasing to 20%, the optimal duty cycle increases to
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0.35 where the fringe visibility reaches its maximum. That
is, there exists an optimal duty cycle to maximize the fringe
visibility in the realistic case of a non-zero transmission.

Secondly, increase in the transmission results in a sig-
nificant decrease of the maximum achievable fringe visibil-
ity. With the transmission increasing from 5% to 10%, the
maximum achievable fringe visibility decreases from 0.5928
to 0.4993, i.e. reduces about 16%. In the case of a 20% trans-
mission, the fringe visibility further decreases to 0.3768, i.e.
reduces almost 36%. Therefore, the transmission of the source
grating bar should be minimized for a high fringe visibility.
Taking into account the available x-ray flux that increases with
increasing transmission and duty cycles, we can find an opti-
mal duty cycle to maximize the image quality. This subject is
left to be investigated in the future.

Finally, a comparison between Fig. 2(a) and Fig. 2(b) re-
veals that the pixel-averaging effect has minor effect on the
achievable maximum fringe visibility, as long as one fringe
period is sampled at least by four detector pixels. This result
can be explained by the fact that the term sinc [pp/(pg/2)] is
always greater than 0.9 in real experiments. Meanwhile, we
note that the optimal duty cycle that maximizes the fringe vis-
ibility is independent of the pixel-averaging effect as revealed
by Eq. (13).

Furthermore, we consider an interferometer that consists
of two 7 /2-shifting phase gratings. Again, using the expres-
sion for the coefficient C;,[?”! we obtain the following expres-
sion for odd diffraction order /:

0.8

0.7}

0.6

0.5F

Fringe visibility

0.4

031

oob——
01 02 0.3 04 05 0.6 0.7 08

Duty cycle g

Ry Ry R4pi T
Cl — + — A, D1, 5
M,  MsM; Msp 2

“C MRy Ry4pi A, T

4 . [PPrA R> Ry Rup
—577 sin 3 + -
n2l p; \M1  MsMy Msp;

1

’mA R
xsin[ 7[2 4(M1—p2>},
p; Ms pi

which suggests that the dominant diffraction order is [ = 1.

(14)

Following a similar procedure to that of dual 7-shifting phase
gratings, we obtain the visibility of the resolvable fringes with

a period of py,

8¢, o . [7TA [(Ra R4 Rap1
Vijpp=—5—sinc|{ — |sin|— | —+ —
= ¢o Dir pi \Mi  MsM, Msp

A R
X sin [24 <M1 — pz)] .
P3 Ms P1

The analysis of Egs. (13) and (15) and the results displayed
in Fig. 3 reveals that the effect of the source grating profile

as)

on the fringe visibility is independent of phase grating type,
while the pixel-averaging effect shows some little differences
due to the different fringe periods. Besides, as a result of the
difference in fractional Talbot distances, the setup geometry

that maximizes the fringe visibility is changed accordingly.

0.8

Fringe visibility

0.21 : : : . . -
0.1 0.2 03 04 05 06 0.7 0.8
Duty cycle g

Fig. 3. Variations of fringe visibility with duty cycle of the source grating for dual 7 /2-shifting phase gratings (a) pg/pp = 20 and (b) pg/pp = 8.

4. Discussion and conclusions

The feasibility of dual phase grating interferometer
equipped with a source grating is demonstrated by latest ex-

[291 However, the measured fringe visibility

perimental results.
is quite low compared to typical values of Talbot—Lau inter-

ferometry. Therefore, it is important to know how the source

grating profile affects the fringe visibility. For this purpose,
we apply the partial coherence theory to dual phase grating in-
terferometry equipped with a source grating. The results show
that with the generalized Lau condition satisfied, the fringe
visibility is influenced by the duty cycle of the source grating

and the transmission through the grating bar simultaneously.
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In the case of a non-zero transmission, the achievable
maximum fringe visibility exhibits a significant decrease with
increasing transmission in the source grating. Thus, the bar
height of the source grating is required to be large in order to
attain a high fringe visibility. On the other hand, for a given
transmission, one can find an optimal duty cycle that maxi-
mizes the fringe visibility. A comparison between results from
dual 7-shifting phase gratings and dual 7/2-shifting phase
gratings shows that the optimal duty cycle is independent of
the phase grating used and the pixel-averaging effect. Besides,
since the transmission is dependent on the photon energy, spe-
cial attenuation is required when using a polychromatic x-ray
source. In the future work, the theoretical results for some
design criteria of dual phase grating interferometers will be
evaluated experimentally.

In this work, we present a quantitative coherence analy-
sis of dual phase grating x-ray interferometry equipped with
a source grating. In order to attain a good fringe visibility,
the geometry is required to satisfy the generalized Lau con-
dition. Furthermore, we derive the fringe visibility formulas
for both dual m-shifting phase gratings and dual 7/2-shifting
phase gratings. Especially, those general expressions given by
Egs. (13) and (15) are applicable to any setup geometry, not

e. [27

limited to the symmetrical one.!?’] These results can be used

as guidelines for designing the source grating and optimizing
dual phase grating x-ray interferometers. Finally, we mention
that the presented results can be generalized to the case of a
multiline x-ray source. ¢!
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