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a  b  s  t  r  a  c  t

In addition  to  the  widely  used  monochromatic  X-ray  source,  the  polychromatic  X-ray  source  may  also  be
used in  many  cases  of propagation-based  phase-contrast  imaging  (PB-PCI).  It  is  not  sufficient  to investi-
gate  the optimization  procedure  only  for the  monochromatic  applications.  The  focus  of  this  paper  is  to
investigate  the  effects  of spectrum  and  imaging  geometry  on  the  image  quality  of PB-PCI,  for  applications
involving  propagation  in  vacuum  and  air. The  quality  of  phase  contrast  image  has  been  quantitatively
characterized  by  using  contrast  and  SNR  as  quality  metrics  in  this  paper.  The  optimal  geometry  has  been
investigated  in  three  situations,  where  four  cases  are considered.  Based  on  the  numerical  simulation,  it  is
observed  that  the  contrast  and  SNR  in  the case of  polychromatic  X-ray  are  lower  than  the  monochromatic
X-ray.  Therefore,  the influence  of  the  X-ray  spectrum  on the  contrast  and  SNR  must  not  be  neglected.  The
contrast  in  the  case  of  polychromatic  X-ray,  and  the SNR  in both  polychromatic  and  monochromatic  X-
ray,  is  lower  for  propagation  in  air compared  to the propagation  in vacuum.  Evidently,  the  air  absorption
is  an  important  factor in  the propagation-based  phase-contrast  imaging.  The  experimental  and  numerical
results  for  all  three  situations  are  presented  to  verify  the effect  of the  geometry  on  the image  quality  in
the  air  condition.  It is found  that the  experimental  results  confirm  the  validity  of  numerical  results  for
both  the  quality  metrics.  The  object  specification  and the  X-ray  scattering  have  obvious  influence  on  the
image  quality,  as  seen  in the  experimental  results.

© 2015  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

In recent years, the Propagation-Based X-ray Phase-Contrast
Imaging (PB-PCI) has become a common method for the charac-
terization of the internal structure of weakly absorbing objects
using synchrotron radiation [1–3], laboratory micro-focus sources
[4–7], and laser plasma X-ray sources [8–11]. The PB-PCI does not
require monochromatic radiation and additional optical compo-
nent except, an X-ray source, object stage, and X-ray detector.

The theoretical analysis of the problem of PB-PCI was performed
by Pogany et al. using the weak object approximation with Fourier
optic method [12]. One of the most important observation is the
role of wavelength �, that acts as a separable factor in the near-field
regime. Therefore, the broadband polychromatic X-ray source may
be used for the wavelength independence on the geometric spec-
ifications of the contrast. Afterwards, the problem of X-ray PB-PCI
geometry optimization in monochromatic case was  investigated by
Nesterets et al. for three practically feasible models of the object,
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including two- and one-dimensional Gaussian, and blurred edge
[13]. In order to quantitatively characterize the quality of a phase-
contrast image, three quality metrics were considered; including
contrast, Signal-to-Noise Ratio (SNR), and resolution. Additionally,
the optimization procedure involved in the phase contrast imaging
for all of the three models in monochromatic case were presented
in the study.

However, the polychromatic X-ray source may  also be used for
PB-PCI in many cases, such as in phase-contrast mammography
using micro-focus X-ray source [14,15]. Therefore it is not sufficient
to investigate the optimization procedure only for the monochro-
matic case. The focus of this paper is to investigate the effect of the
spectrum and the imaging geometry on the quality of PB-PCI, both
for propagation in vacuum and air. In order to simplify the analy-
sis, only the contrast and SNR have been used to evaluate the image
quality in this paper.

2. Theory

The geometry of the imaging system for PB-PCI analysis is shown
in Fig. 1. The object is placed between the X-ray source and the
detector.
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Fig. 1. Schematic diagram of the PB-PCI.

In the case of monochromatic plane incident wave, the Fourier
transform of the intensity distribution in the image Ip(u ; z) acts as
a function of phase shift and attenuation induced by the object, and
it can be written as [13]

Ip(u; z) = I0
[
ı (u) − 2m (u) cos

(
��zu2

)
− 2˚ (u) sin

(
��zu2

)] (1)

where I0 is the intensity distribution of the incident wave in the
object plane, and m(u) is the Fourier transform of �(z), which is
given as:

�(z) =
∫

dz · 4�ˇ/� (2)

˚(u) is the Fourier transform of �(z), given as:

�(z) =
∫

dz · 2�ı/� (3)

Furthermore, in the case of monochromatic spherical inci-
dent wave, where the X-ray source is considered as a point-like
monochromatic source, and the detector is assumed to have a
delta-function-like spatial resolution, the Fourier transform of the
intensity distribution in the image Is(u ; R1, R2) can be expressed in
the form as [13]:

Is(u; R1, R2) = Ip(Mu; zeff) (4)

where M ≡ (R1 + R2) /R1 is the magnification, and zeff is the effec-
tive propagation distance.

zeff ≡ R1R2

R1 + R2
= R(M − 1)

M2
= R1(M − 1)

M
= R2

M
(5)

In the case of the X-ray source to have a finite size, and the
detector to have a finite spatial resolution, the Fourier transform of
the intensity distribution in the image I(u ; R1, R2) can be given as:

I(u; R1, R2) = P (u; M) Is(u; R1, R2) (6)

where P (u; M) is the modulation transfer function of the system
written as:

P (u; M) = S[−(M − 1)u]D(u) (7)

The term S[− (M − 1)u] acts as the Fourier transform of the
source intensity distribution, and D(u) is the Fourier transform
of the detector resolution function. To simplify the analy-
sis, it is assumed that both the source intensity distribution
and the detector resolution function are symmetrical Gauss-
ians and normalized to unity; therefore, these can be written
as:

S[−(M − 1)u] = exp[−�2(M − 1)2�2
s u2] (8)

D(u) = exp(−�2�2
d u2) (9)

where �s characterizes the source size and �d characterizes the
detector resolution.

Considering the spectrum effect, I(u ; R1, R2) can be expressed in
the form as:

I(u; R1, R2) = pst�2
d

D(u)S[−(M − 1)u]

×
∫

d�
[
ı (u) − 2m (Mu, �) cos

(
��zeffM

2u2
)

− 2˚ (Mu, �) sin
(

��zeffM
2u2

)]
wd(�)ws(�)

(10)

where t is the exposure time, and ps is the photon flux (i.e., the
number of photons passing through unit area per second) of the
incident wave in the object plane, propagating in air. The photon
flux ps is described as:

ps = p˙

˝R2
1 exp (−�air�airR1)

(11)

where p˙ act as the total photon flux of the X-ray source, i.e., the
number of photons emitted by the source per second into the solid
angle ˝.  �air is the X-ray mass attenuation coefficient of dry air.
�air is the density of dry air.

wd(�) is the spectrum response function of the detector, i.e. the
gray value response per X-ray photon.

wd(�) = �	wab(�) · 1.24/� (12)

where � is the energy transformation coefficient of attenuation
dose per unit mass of the detector. 	 is the gray value of the detector
response to unit attenuation dose. wab(�) is the X-ray absorption
of the detector.

ws(�) is the normalized spectral density of the source radiation,
where∫

ws(�)d� = 1 (13)

It is more convenient for further analysis to work with an image
projected back onto the object plane, as described in following.

IBP(u; R1, R2) = I
(

u

M;  R1, R2

)

= pst�2
d

exp

[
−�2

(
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M

)2
�2
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d
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]

×
∫

d�
[
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(
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2
)
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(

��zeffu
2
)]

· wd(�)ws(�)

(14)

Additionally, the image intensity distribution projected back
onto the object plane is given as:

IBP(�; R1, R2) = FT−1IBP (u; R1, R2) (15)

3. Materials and methods

3.1. Evaluation of a phase contrast image

In order to quantitatively characterize the quality of the phase
contrast image in numerical simulation and experiment, two qual-
ity parameters, the contrast and SNR [13] are used in this study. The
contrast is defined as the ratio of the signal to the intensity of the
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