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Abstract

A theoretical analysis of the in-line X-ray phase-contrast imaging with partially

coherent source is presented in detail by using ambiguity function (AF). Experimental results in

different conditions are presented. By comparing with absorption image, the phase contrast show

high contrast and visibility of the inner structure of biological sample.
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0 Introduction

X-ray phase contrast imaging gets its rapid
development in 1990s with the increasing use of
synchrotron sources, which is completely different

0~ Presently,

form other X-ray imaging method
various methods for X-ray phase-contrast imaging

have been proposed and demonstrated. They

involved either monolithic X-ray
interferometerst**®,  double-crystal  diffraction
arrangements'®” or Fresnel diffraction from a
monochromatict®~1°} which are, respectively, based

on the measurement of ¢, V¢ and V?¢,where ¢ is
the phase shift introduced by the object. Fresnel
diffraction method proposed by Wilkins and co-

workers'''"'?) and Snigirev and co-workerst™®! is
popular in many researches because of the
simplicity in geometry and relatively lower
technical demand in operation, The usually
discussed sources include plane wave ™%, point
sourcel’. Partially coherent source!*~?7 is also

discussed by using of Van Cittert-Zernik Theorem.,
In this paper, partially coherent illumination
is discussed more thoroughly by using ambiguity

function ( AF).
theory of in line phase contrast imaging is

The partial coherent imaging

developed by using AF, and a uniform formula for
in line phase imaging is obtained and discussed.
Some experimental results are agreed with the
theoretical results.
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1 Theory of partial coherent X ray
phase contrast imaging

By using essentially spatially partially
coherent illumination, the mutual intensity is
sufficient to describe the optical system. The
mutual intensity is defined as J (xy y 31 522 » v2 ) =
&y )& (xzy y2)) where ¢ is the analytic
signal associated with a transverse component of
the electric-field vector. In terms of the center and
difference coordinates, the mutual intensity is
expressed by

J(x, Axsy,Ay)=J(z+Ax/2,2— Ax/2;
y+A/2,y—Ay/2) @D
The ambiguity function is expressed in Fourier-
transform form by the following notation
ACusAz;vsAy) =[] (x,0z5y,Ay) »

exp [—2ni(uz+wvy)ldzdy (2

where Au,Av is the difference spatial frequency.
Suppose that the incoherent source has a
distribution of I, (z,y) and its mutual intensity is

given by
J(x, Az y,Ay) =1, (x,y)8(Ax,Ay) (3)
Using Eq. (2) leads to the AF
A, (uy Azsv, Ay=T,(u,v)8(Az, Ap) 4

Within the paraxial approximation, the AF of the
illumination on the first grating is given by
A7 (uy Axs0,Ay) = A (uys Ax— Az us 0y Ay —

1 5 .Ax Ay _Ax
(/\zl)ZIS(/\Zl’Am)a(u /\zl’v Az, 5

where the superscripts on A indicate the function

Azlu): X _M

before (—) and after (++) transmission.

To examine the coherence of illumination, the
corresponding mutual intensity can be determined
from A, as a reverse Fourier transform:

The AF behind the object is expressed in
terms of the convolution integral as

AT (uy Ax30, Ay) = AT (u—u' y Axso—7,
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AP A, Az ;30 Ay)du’dv (6)
Subsituting Eq. (5) into Eq. (6), then Eq. (6)
reduces to

1 Az Ay,

(A 5ol G,

+ . =
A7 (u, Az s0,Ay) Az1 Az

A, (u— ,Ax v— ,Ay) D)

Az,
where A, (Au, Az; Av, Ay) represents the AF of
the object.

Suppose the object is thin one, in the same
way, the transport of the AF from the object plane
to the image screen is determined by the product of
the transport matrices for the propagation of z,.
Thus the AF on the image screen is given by

ACuyAzs;v, Ay) =AP (uy Az —Azzus v, Ay —

1 Ax zz Ax 2
zz A, _
(/121)2 s Az Azl 21 Rl Cu

Ax—Azu AT Az, v— Ay—/\zz'v

Az, Az,
Specify the object by an appropriate transmission

A2y 'U) =

yAy—2Az,v) (8)

function ¢(x, y) and obviously, t(x,y) =0 when
(x,y) € Q.

For a weak phase object t(x,y) =14j¢(x,y)
and the AF of the object A, (u, Ax;v,Ay) can be
expressed by

Ao(u,Ax;v,Ay)ZF{t(x‘l—% »y+%) °

* Ax
t (1_7
sin [w(uAz+vAy)] €))
where F represents the Fourier Transform (FT),
@ is the FT of 4.
Substituting (9) into (8), the FT of the
intensity on the image plane then can be given by

,y—ézl)} =06(u,v) +2®0(u,v) *

1 ~ =2, =z
Ge? G
{6 (Mu, Mv) + 2® (Mu, Mv) sin {mdf[(Mu)? +
(Mv)*]}} (10)
Where M= (2, +2;) /2, is the coefficient of image
magnification and f satisfying 1/f=1/2z+1/z2, is
the “focal distance”

T(ziyy:) =A(u,0;0,0)=

. This result is consistent with
that given by Jing cheng™® and Hong Yu''* et al.

Then the image intensity distribution can be
expressed as

2 tz2) zit+z
Xy

Z2 b4

x *;lvw(x,y) an
¥1g

I(Mzx,My)oc1+1,( )

where x % the two dimensional

represents
convolution. From (11) it can be seen that for
spatially partial coherent in line imaging, the image
contrast is proportion to the laplacian of phase

shift introduced by the object. Thus the detected

image shows edge enhancement. This equation is
valid for arbitrary degree of spatial coherence of
the source. Equation (11) can be reduced to

V $(x,y) (12)

I(z,y)ocl— "zz

for plane wave case and
1Mz, My)o1+3L 74z, 5) (13)

for the point source case, which is consistent with
and 16

the results given by reference 11,

respectively.

2 Experimental results

The experimental setup is shown in Fig. 1.
The distance between the source and the double
crystal monochromator is 43 meters, thus the X-
ray beam incident on the sample can be taken as
light beam. The
synchrotron radiation becomes

parallel X-ray beam of
monochromatic
after the double crystal monochromator, the X-ray
is refracted by the sample and detected by an X-ray
CCD. Then, a phase contrast image is obtained in
a proper range of distances.

Double crystal
monochromator

D Sample

Xray CCD

Fig. 1

Experimental set up for in line phase contrast
imaging

Fig. 2 (a) ~(e) show the images of a fish for
different conditions shown in table. 1 using the
systemin Fig. 1. The wavelength is set to 0. 154 nm.
Fig. 2 (a) is the absorption image ( detecting
distance is zero) for quasichromatica X-ray
irradiation , with the beam current of about 67. 5 mA
and exposure time of 35seconds ,and (b)~ (e) are
the phase contrast images for different beam
currents, exposure time and detecting distances.
The image showed in Fig. 2(d) is detected in the
same condition parameters as in Fig. 2(c¢) but for
different side of view of the sample. To get a
sufficient light exposure, in different detecting
distances, the beam currency and the exposure
time is adjusted correspondingly. General the lager
the higher the beam

currencies and the longer the exposure time.

the detecting distances,

Evidently the phase contrast images show an edge
enhancement and show more detailed features of
the inner structure of the sample, which is just

coincidence with the analysis in section 2 and in
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other references'®?. The edge of the dark regions in
the middle of these phase contrast images exhibit
high brightness which indicate the edge of the fish
maw, and there is a vestige of a little exposure in
the region close to the edge of and no exposure in
the middle of these regions , which can be
interpreted that there is a large phase shift gradient
in the fish maw edge, a small phase shift gradient
near the fish maw edge, and no phase shift
gradient around the middle of the fish maw edge of
the image projection. It is because the fish is
starved for days before the pictures is taken the
fish maw become oblate, thus in the middle of the
fish maw, there is nearly no change of accumulated
refraction index, thus no exposure; while near the
edge of the fish maw, there is a slow change of
accumulated refractive index and according to
(12), there is also a little exposure. Close to the
fish bone, the images show high brightness, which
indicates that there is a high value for the laplacian
of the accumulated phase shift near these regions.

©

With the increase of the detecting distance, the
edge brightness is blurred which indicate that the
edge enhancement is related to the detecting
distance, but the influence is not obvious as

(161 * which is because for an

theoretical simulations
actual biological sample, the same region contains
many different feature details, which diffract the X
ray in different angles and form their only optimal
imagest®®. What is called the clearest image is
detected in the distance corresponding to spatial
frequencies characterizing the region most. It can
also be clearly seen that the phase contrast images
have much higher contrast than absorption images.
Several regions around the fish eyes and the gill in
the head show great brightness, which indicate
that the phase shifts changes are the most rapid for
the whole projection image and that there is a great
change in either the component elements or the
elements density in these regions. The broad-brush
in black showed by black arrows is the noise

introduced by the crystal used in experiments.

Fig. 2 In line phase contrast images using the set up shown in Fig. 1 for different conditions in shown in table. 1

Table. 1(1=0. 154 nm)
(> (b © W
Beam current/mA  65.7 62.7 55 55 86.5
Exposure time/s 35 5 10 10 8
Detecting distance/m 0 0.5 0.8 0.8 1.22

3 Conclusion

It has applied the ambiguity function to the
analysis of spatially partial coherent in line phase
contrast imaging. According to the theoretical
result, the contrast of an image of a pure phase
object illuminated by a spatially partial coherent
wave is proportional to the Laplacian of the phase
distribution on the object plane and also depends
object-to-image

on the source-to-object and

distances. In the situation of nonuniform

illumination, the influence of the intensity

variation in the object plane on the image contrast

is explicitly described by the derived formula.
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