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For weakly absorbing materials, image contrast can be enhanced by phase contrast in formation. The effectiveness

of the in-line phase contrast technique relies on its ability to record intensity data which contain information on the x-

ray’s phase shift. Four kinds of approaches to the relationship between intensity distribution and phase shift are reviewed

and discussed. A micro-focal x-ray source with high geometrical magnification is used to acquire phase contrast images.

A great improvement on image quality is shown and geometrical parameters are modified for comparison between

different imaging positions.
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1. Introduction

X-ray beams, as a kind of electromagnetic wave,
have both intensity and phase variations when pass-
ing through objects. Since x-rays were discovered
in 1895 by Roentgen, their property of attenuation
has been used, especially as a major means of clin-
ical nondestructive diagnosis, as well as in industry
and material science research. Meanwhile, applica-
tions of the phase effects of x-rays developed much
slowly. Since phase contrast microscopy was invented
by Zernike in 1935!") and holography was suggested by
Gabor in 1948,12 no specific use of x-ray phase effects
had occurred until after the Gottingen group’s con-
tributions to transmission x-ray microscopy (TXM)[!
for detecting the phase ¢ by Zernike phase contrast,
and Morrison’s research on scanning transmission x-

4,5]

ray microscopy (STXM) for detecting the local

phase gradient V,. However, these techniques are
applicable only in the soft x-ray region. For imag-
ing with hard x-rays, only in recent years have sev-
eral new techniques been developed, such as interfer-
ometric methods by Momose, ! diffraction enhanced
imaging (DEI) by Wilkins["®! and Chapman,®% and
the in-line method by Wilkins,''] Snigirev!'? and
Cloetens, 3] which are used to measure ¢, V, and
v2

QP7
on absorption that serves as the contrast mechanism,

respectively. Since these techniques do not rely

they are applicable to weakly absorbing objects, in

which the conventional x-ray imaging method cannot
work well. For the imaging of biological soft tissue,
such as tumours, blood vessels, and low absorption
materials, phase contrast imaging is a powerful means
of improving image quality. In 1996 a significant ad-
vance was made in the field of in-line phase contrast
imaging by Gureyev and Wilkins, who proved mathe-
matically that a source generating spherical wave in-
cidence could also be used, as long as its spatial co-
herence is high. Moreover, the possibility of using a
polychromatic x-ray source was suggested.[!1:18] Based
on these developments, microfocus x-rays would be a
useful source for in-line phase contrast imaging. In
the past, the incoherence of time resolution and spa-
tial resolution were discussed and a mechanism for
imaging under parallel beams was analysed in Fourier

[14.19] Tp this paper, several ways of establish-

form.
ing the effectiveness of in-line phase contrast are dis-
cussed, the Fourier method using spherical waves in a
microfocus x-ray source is suggested, and some exper-

imental results are also presented and analysed.

2. Basic principle of phase con-

trast

The refractive index of a sample can be written
as follows:

n=1-4§—ip. (1)
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The transmission function of a sample is

¢ = exp / k(i6 + f)dz’

exp fik/édz’fk/ﬁdz’

z

— explip + ). (2)

Here k = 27/ A; A is the wavelength of the x-ray; ¢ is
the phase shift mentioned above, and p is the attenu-
ation coefficient.

From what has been discussed above, clearly o
and [ are the phase-shifting and absorption compo-
nents, respectively.

A diagrammatic sketch of the imaging system is
shown in Fig.1. The object is illuminated by a plane
wave, and its wavefront shape varies with thickness
and refractive index of the object. Both the object
plane and image plan are perpendicular to the direc-
tion of propagation of the x-ray beam.

AX image plane
object plane /

s

Fig.1. Diagrammatic sketch of in-line phase contrast
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imaging.

The most crucial factor that establishes the in-line
phase contrast method as an effective imaging tech-
nique is the relationship between the intensity I in
the image plane and the Laplacian of phase shift .
In fact there are several ways, commonly based on the
Fresnel integral, to establish this relationship. Four
different ways will be discussed in the following.

2.1. Fourier form

According to Fresnel diffraction theory, when a
plane wave reaches the sample equably, the wavefunc-
tion is

flz,y) = ix//q(X,Y) PO vy (3)

r

where r = \/(z — X)2+ (y — Y)2 + 22, z is the dis-
tance from the sample plane to the image plane. In

the small angle approximation, after Taylor expan-

sion, the one-dimensional form of Eq.(3) becomes!'®!

fla) = <i)1/2 exp(ikz)
x/q(X)~exp{M}dX. (4)

2z

Considering the definitions of convolution and Fourier

transform, we can obtain

flz) = eXp(ikz)/Q(u) exp{—2miux}
x exp{irzAu®}du, (5)

where Q(u) is the Fourier form of ¢(z), and
[ Q(u) exp{—2miux} exp{irzAu?}du is exactly the in-
verse Fourier transform (IFT) of Q(u) exp{irzAu?}. If
x = mz u? is small enough, we have siny ~ y. Then
Eq.(5) becomes

f(x) = exp(ikz)(q(z) + imzA
x/uQQ(u)exp(fQWiux)du) (6)

for a pure phase object: q(z) = exp{ip(z)}. Using the
property of the Fourier Transform yields

f(z) = exp(ikz) exp(ip(z))
A, izA ,
< (L4526 @)+ o @?).
To the first order in z\,[*®! we have

I=|f()
The phase shift ¢ reflects the phase variation of

2 ZA
~ 1+ =—¢"(z).
| ~1+ ¢ @) ®)

an x-ray passing through an object. Based on its re-
lationship with ¢, the intensity distribution I in the
image plane can deduce the inner structure of the ob-
ject.

2.2. New Fourier method
A new Fourier method was developed in 1997.[14]

After IFT of Eq. (5), it becomes

F(u) = exp{ikz}Q(u) exp{ix}. (9)
Then the image intensity becomes in Fourier space
(2-Dimensional)
I(u,v) = d(u,v) — 2m(u,v)cosy
—2P(u, v)siny. (10)
where m and @ are Fourier forms of 1 and ¢, respec-

tively. For a weakly absorbing object, and in the same
approximation as the above, Eq.(10) becomes

I(u,v) = 6(u,v) — 2nrz(u® 4 y2) B(u, y). (11)
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After IFT, in normal space, the intensity is!*

I(z,y)=1- ;—;V%(:ﬂ,y)- (12)

For a two—dimensional object, we can clearly see the
relationship between intensity I in the image plane
and the Laplacian of the phase shift ¢.

2.3. Mutual intensity method

With the help of mutual intensity theory, an-
other new model was established in 1999, with a par-

tially coherent source taken into consideration.' As-
sume that the mutual intensity in the object plane is
Ji2(x1,y1, x2,y2), the transmission function of the ob-
ject is ¢(X,Y), and the illuminated area is D. Let us
define

1, outside object,

e = q(X,Y)

inside object.

According to the mutual intensity propagation theory,
the intensity in the image plane is given by:

1 . *
I(z,y) = //dfﬂld% // J12(931,y1,22,y2)m explik(dy — d2}T (21, y1)T™ (22, y2)dz2dys, (13)
D D

where dq and dg are the distances from (x1,y1) and
(2,y2) to (z,y), respectively. In the paraxial approx-
imation the above equation is analogous to the inten-
sity distribution of a coherent in-line Gabor hologram
with three terms.

If the source has a uniform circular shape with
a radius of p, the mutual intensity Ji2(x1,y1, Z2,y2)
could be obtained from the Van Cittert—Zernike the-

orem. The approximation of the integral in Eq.(13)
then becomes

I(z,y) = 2Re[/dz//(T(:c1,y1,z) -1)
D

xh(x,y, 1, Y1, 2)dr1dy]. (14)

For weakly absorbing objects, the above equation

becomes17]

Hw) = 1-2 [ [ eosl T llw = o1 + (v = PPy~ 2 [ [ (oloran)

xsin{ =[x — 1) + (y — 1)) dandy. (15)

which is exactly the spatial form of Eq.(10). Thus,
all conclusions drawn from New Fourier method could
be confirmed here, including the relationship between
distribution of I in the image plane and the Laplacian
of phase shift ¢.

2.4. Analytical method

In fact, the Fresnel integral could be directly anal-
ysed without the assistance of Fourier Transform and
Mutual Intensity Theory. The integral is oscillatory in
value. If there is any stationary phase point, it would
be the main contributor to the integral. Equation (4)

could also be expressed as

i\ 2 ik(z — X)?
r@) = (55) [ exotivte+ HEZE0)
x exp{—ku1 + ikpq }dX. (16)

where 1y = [Bdz',o1 = — [ddz’. The integral

z
in Eq.(16) can be evaluated approximately using the
method of stationary phase.l'® The stationary phase
point (zs, ys) is obtained by solving the following equa-
tion:

Ts — o + 29 (zs) = 0. (17)
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The wave function in the image plane is obtained as

follows:
1 .
flz) = —m exp{ik(z
(:E B xS)2 ﬁ
+E (@) — k() - S

(18)
Then the intensity distribution in the image plane is

P Lol -Bhn(e))

= 19
1 1) 19)

I=|f()

Equation (19) accounts for the effects of both refrac-
tion and absorption in object. When the absorption
in object can be neglected, the above equation is sim-
plified into

I= il sl =g [1- 2] @)

which also shows the relation between I and ¢.

3. Microfocus phase contrast

So far we have assumed plane-wave incident radi-
ation, which could be obtained by the use of a high-
energy synchrotron source or sophisticated x-ray op-
tics. In this case the mechanism of imaging is shown
by Eq.(9) in the Fourier form.

In a microfocus-based in-line phase contrast imag-
ing system, which is easier to design and execute in
laboratories, plane wave x-rays are replaced by a point
source with a finite size (shown in Fig.2). For con-
venience the source is assumed to be an ideal point
source. In practical circumstances an analogous pro-
cess could be achieved by integrating the point source

image plane

/
L —"]
|
>

field over the source region.

object plane

source

\

Fig.2. Diagrammatic sketch map of microfocus in-line
phase contrast imaging.

According to the theory of Fourier optics,2 the
propagation of a wave in space acts as a kind of linear

space filter. The Fresnel integral could be expressed

as the convolution of the wavefunction in the starting
plane of propagation f(zo,¥o), which is the same as
fo(z,y), with the space transmission function:

f(zay):fO(zay)*h’(xay)a (21)

where

h(z,y) = )\L exp{ikz} x exp { 2k (2 +y )} . (22)

Combining Eq.(21) with Eq.(22), we can obtain the
wavefunction after propagation as follows:

fz,y) = eXIﬁilsz} //f 0, Yo) eXp{;
x [(& = 20) + (y — y0)°] }dxodyg.(23)

This is exactly the same as Eq.(4) in 2-dimensional
situation.

In Fourier space, Eq. (21) becomes

F(u,v) = Fy(u,v)H (u,v), (24)

where
H(u,v) = exp{ikz} exp{—irAz(u® +v?)}.  (25)

Let us consider a point source. The wavefunction
could be expressed as

Jolw.y) = Fzo,yo) = %q(my@)

U o { ot )}
xq(0, o). (26)
Here the coordinate is chosen so that the point source
is located at the origin. R; is the distance from the
point source to the object plane. Using Eq.(22), the
Fourier form of Eq.(26) can be expressed as

Fo(u,v) = ixexp{ikR:1}
x exp{—iTAR; (u® + v?)} * Q(u,v).
(27)

Equation (24) then becomes

F(u,v) = iXexp{ikR} exp{—im ARy (u® + v*)}
*Q(u,v) - exp{—imAz(u® +v*)}, (28)

where R is the distance form the source to the image,
R = Ry + z. The validity of this expression could be
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evaluated when the convolution is expanded into full
Fresnel integral, which is the same as the standard
result for a spherical-wave source.

Different from Wilkins’ argument, in the case of
spherical wave incidence the image wavefunction is not
a simple replacement of z by zef = R1z/(R1+2) in the
plane wave condition, and is a much more complicated

expression.

4. Experiment

Experiments are carried out using in-line phase
contrast method. A Feinfocus FXS 160 whose max-
imum voltage is 160kV is used as the x-ray source.
Its focal size is 5 um. The sample is suspended by a
thread tied to foam, which is laid on a tripod. The
centre part of the foam is removed to leave a space for
the sample so that x-rays could pass through it with-
out interaction with the foam. Kodak AA400 film
is exposed in a precise computer controlled position-
ing system, then scanned and digitized by an IMA-
CONR®848 scanner. In the whole experimental process
the tube voltage is set at 30 kV and the current at 200
#A. The experimental system is shown in Fig.3.

The sample used is a dead ant dried for 5 days so
that its water effect can be neglected in experiment.
In this case absorption is minor, which creates a better
environment for using phase contrast. The size of the
ant is 5 mm x 10mm, with a thickness of 4mm or so.
In order to examine the differences between various
imaging positions, the object film distance (OFD) is
changed with a constant magnification of 6. The x-ray
exposure time is selected such that all the images on

(a)

the film have the same optical density.

Fig.3. Experimental system.

5. Results and discussion

To investigate the effect of imaging position on
the phase-contrast image we perform the experiments
at source object distances (SODs) ranging from 4 cm
to 9 cm. When SOD is 4 c¢m, the corresponding OFD
is 20 cm, which could be considered as a short dis-
tance. The image taken here has more absorption in-
formation than that taken at a greater distance. Pure
absorption images are not taken for two reasons. One
is that it requires OFD to be zero, which corresponds
to zero magnification. Therefore, a comparison be-
tween it and a magnified image is meaningless. The
other is that in this case, part of the sample in the
image would be too small to extract valuable infor-
mation. Images taken separately at SODs of 4 cm
and 9 cm, which includes more phase contrast effects,

are compared in Fig.4.

(b)

Fig.4. Comparison between images at different positions. (a) SOD is 4 cm; OFD is 20 cm.
(b) SOD is 9 cm; OFD is 45cm.
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From these two images it is clear that the image
including more phase contrast effects is better in im-
age quality. First, the contrast is much better. The
forelimb of the ant can be clearly seen in Fig.4(b) while
it is not discernable in Fig.4(a) which does not contain
so many phase contrast effects. Second, the resolution
is improved. Three parts of the images are compared:
head, back and stomach. For the head, the detail of in-
tercrossing nerve fibres is shown in Fig.4(b) while they
are blurred in Fig.4(a). For the back, the interface be-
tween air and ant is much clearer in Fig.4(b), which
could be interpreted based on the theory presented
in Section 2. Those x-ray beams refract when there
exists any density variation in the material. Thus in
Fig.4.(b), where the phase effect is more prominent,
the x-ray beam shifts toward the direction of the ant’s
body and only a small amount of x-rays scattered on
the edges of its body arrives at the interface. There-
fore, the film is underexposed and a clear white in-
terface is generated. A comparison between stomach
images is based on the same explanation, from which
the Laplacian relationship mentioned above is demon-
strated. In order to investigate quantitatively the in-
fluence of imaging position on in-line phase contrast,
the edge contrasts of all 6 images are compared. Edge

ut
. . . .Iout . .
and [, refer to the image intensities outside and in-

. . o in
contrast is considered to be C' = , where It

side the interfaces, respectively. The area to be inves-
tigated is the stomach of the ant, where edge contrast
is most prominent. Figure 5 shows the difference in
edge contrast among various SOD.

The improvement on edge contrast is observed
with the increase of SOD. However, a very long SOD
is impractical as the corresponding OFD would cause
a too long exposure time due to the low current used
in the microfocus mode.

0.25

@
)
=)

Edge contrast

e
=
S

oo0L— ...
3 4 5 6 7 8 9 10

Fig.5. Edge contrast of images at different positions. The
projection magnification is kept constant at 6 and the ex-
posure time is controlled to remain at the same optical
density.

6. Conclusions

In this paper the basic principles of in-line phase
contrast are reviewed, especially the important rela-
tionship between the intensity distribution in the im-
age plane and the Laplacian of phase shift. In the sit-
uation of a microfocus x-ray source, the Fourier form
is suggested and demonstrated. The enhancement of
Phase contrast image is observed, and the edge con-
trasts of images at different imaging positions are com-
pared. The results show that the phase contrast tech-
nique has a potential of improving contrast and reso-
lution for weakly absorbing materials, including cor-
rosion, cracks, blebs and interfaces. The technique
could be applied in biomedical engineering, material
engineering and nuclear engineering.

Although various phase contrast techniques have
emerged in recent years, much work remains to be
done either on the improvement of phase contrast the-
ory or on its applications. Our future work will focus
on phase contrast tomography and its application to
larger samples.
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