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The combination of X-ray `propagation-based' and `analyzer-based' phase-

contrast imaging with a perfect crystal-analyzer is investigated. The image

pattern produced using this `hybrid' imaging technique presents peculiar

features that can be interpreted as a mixture of the two independent phase-

contrast signals. A quantitative analysis has been performed in terms of signal-

to-noise ratio for the three techniques considered in this paper. Results show

that in the `hybrid imaging' technique this parameter has a weaker dependence

on the angular alignment of the crystal analyser with respect to the `analyser-

based' imaging. This pioneering experiment indicates that this hybrid imaging

technique might permit simultaneous advantage of the speci®c features of the

two imaging methods to be taken.
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1. Introduction

Radiography based on absorption is a standard tool for

imaging objects with hard X-rays. For studies on weakly

absorbing materials the attenuation in the sample often

becomes too small to give detectable contrast. An alternative

approach is offered by the phase-contrast imaging techniques,

which can provide improved image contrast (Fitzgerald, 2000).

These techniques are sensitive to phase shifts of an elec-

tromagnetic wave passing through an object; such shifts

originate by variations of the optical path whose values are

determined by d, the decrement with respect to unity of the

refraction coef®cient, which is related to the real part of the

susceptibility of the scattering material � = ÿ�0r=2. Despite

their common origin, phase-contrast imaging techniques have

been theoretically and experimentally treated separately in

the literature.

In this work we show that, by using a coherent X-ray beam

and choosing an appropriate set-up that combines propaga-

tion as well as diffraction by a crystal analyzer, the resulting

images will show original features. This technique is intro-

duced in this paper as `hybrid phase-contrast imaging' (HI).

2. Phase-sensitive techniques

In order to exploit the phase effects for imaging, different

techniques have been developed. They include propagation-

based imaging (PB) (Snigirev et al., 1995; Cloetens et al., 1996;

Nugent et al., 1996), analyzer-based imaging (AB) (FoÈ rster et

al., 1980; Somenkov et al., 1991; Davis et al., 1995; Chapman et

al., 1997; Bravin, 2003) and interferometric techniques

(Momose et al., 1996; David et al., 2002). Coherent imaging

modalities have signi®cant application in various ®elds such as

material science (Tsai et al., 2002; Cloetens et al., 2002),

submicrometer imaging (Lagomarsino et al., 1997; Hignette et

al., 2003) and biomedical imaging (Arfelli et al., 2000).

The PB technique does not require any supplementary

optics and consists in recording the interference pattern

produced by choosing one or several sample-to-detector

distances. The framework for the theoretical description of the

technique is Fresnel diffraction (Born & Wolf, 1999).

The AB technique consists in placing a perfect crystal in

Bragg or Laue (Ingal & Beliaevskaya, 1995) geometry

between the sample and the detector. The crystal acts as a

®lter for the radiation refracted and scattered inside the

object, since it only accepts a narrow range of angles of the

incident beam centered at the Bragg angle for the speci®c

energy. Before being detected, the beam is modulated by the

re¯ectivity curve of the crystal.

To be able to perform phase-contrast imaging, the X-ray

beam has to ful®l conditions concerning the temporal (long-

itudinal) and spatial (transverse) coherence properties of the

radiation that are respectively linked to the X-ray mono-

chromaticity and to the angular source size.

The temporal coherence condition (��=�� 1) is usually a

strong requirement in the case of the analyzer-based imaging

technique, but it is easily satis®ed in synchrotron radiation

facilities using perfect crystal monochromators (��=� '



10ÿ4). In the case of propagation, even a polychromatic

spectrum generated by a conventional microfocus X-ray tube

can be used (Wilkins et al., 1996; Pogany et al., 1997).

On the contrary, the need of spatial coherence is more

stringent for propagation-based phase-contrast imaging. The

degree of coherence that indicates the correlation of the

amplitudes of waves between different points transverse to the

direction of propagation is usually expressed in terms of

lateral (or transverse) coherence length lc = �=2�, where � =

S=L; L and S are the source±object distance and the dimen-

sion of the source, respectively.

If the detail set on the object plane has dimensions smaller

(or of the same order) than lc, it will see the X-ray beam as

coherent and it could produce observable phase effects by an

appropriate choice of the sample-to-detector distance (z) and

of the spatial resolution of the detector. In fact, in the case of

small angular source sizes, z can be varied at will in the meter

range without appreciable blurring of the image (z � �).

Concerning the AB technique, the requirement is that �, as

seen by the sample, is smaller than the Darwin width of the

crystal analyzer. If the initial beam already satis®es this

condition, there is no loss of intensity by the mono-

chromatization/collimation process upstream of the sample.

For long synchrotron radiation beamlines such as ID19 at

the ESRF (�145 m), the transverse coherence length can be

as high as 140 mm at 25 keV in the vertical direction; in the

case of a microfocus tube with a typical source size of 20 mm,

lc = 0.6 mm for z = 0.5 m.

3. Materials and methods

The experiment was performed at the ID19 beamline of the

European Synchrotron Radiation Facility (ESRF, Grenoble,

France). The X-ray source used was an 11-pole variable-®eld

wiggler (Bmax = 1.4 T), which delivers a spectrally and spatially

homogeneous X-ray beam with tunable photon energy

between 6 and 100 keV. The long source-to-sample distance

(�145 m), in combination with the very small dimensions of

the source [25 mm (V) � 125 mm (H), expressed as full width

at half-maximum (FWHM)], leads to a highly coherent X-ray

beam. A ®xed-exit double-crystal silicon (111) mono-

chromator operating in re¯ection geometry in the vertical

plane provides an X-ray beam of up to 14 mm (V) � 40 mm

(H) at the sample position. Images have been recorded with a

FRELON CCD-based X-ray detector system with an effective

pixel size of 7.5 mm � 7.5 mm, producing images with a spatial

resolution of about 16 mm (Cloetens, 1999).

Fig. 1 shows schematically the different experimental

con®gurations used in this paper: (a) set-up used for PB

images, the sample-to-detector distance varying from 0 to 7 m,

(b) set-up for AB, where the X-ray beam analyzer is a Si(111)

crystal operating in Bragg geometry with a vertical diffraction

plane, (c) set-up for the HI technique in which the wave

transmitted by the sample is analyzed by the Si(111) crystal

after propagation in the air. The experimental data have been

acquired using 25 keV X-rays; the measured analyzer rocking-

curve width (FWHM) is 14.5 mrad.

The AB and HI images have been recorded at different

angular positions (intervals of 2.8 mrad) along the rocking

curve that is centered at the Bragg angle for the Si (111)

re¯ection at 25 keV (�� = 0). Every image has been

normalized by acquiring a supplementary image after having

removed the sample from the X-ray beam.

In order to visualize only the phase effects, thin cylindrical

polymer ®bers have been chosen as the sample because they

can be considered as pure phase objects, showing almost

negligible absorption contrast at this photon energy. The

sample characteristics are summarized in Table 1.

4. Data analysis and discussion

Fig. 2 shows the images and the extracted intensity pro®les

acquired using the PB, AB and HI techniques. In the case of

the AB technique, each edge of the object gives rise to a peak

that can be either positive or negative. The signal is evaluated

by calculating the difference between the recorded peak and
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Figure 1
Schematic representation of the set-ups used for the image acquisition in
the PB (a), AB (b) and HI (c) con®gurations.

Table 1
Some physical parameters of the two samples used for this study.

In the last column, the calculated maximum absorption contrast is reported.

Sample
Diameter
(mm) Material

Density
(g cmÿ3) � Contrast

Wire 1 350 Nylon 0.93 3.52 � 10ÿ7 1%
Wire 2 100 Kevlar 1.44 5.45 � 10ÿ7 0.5%



the background. Both edges of the wire in the PB images show

symmetrical contrast, with contiguous positive and negative

peaks. This occurs also in the HI images, owing to the

combination of the propagation and analyzer effects. In these

cases, the signal is calculated as the difference between each

maximum and minimum signal.

The quantitative analysis has been carried out by evaluating

the signal-to-noise ratio (SNR). The SNR has been calculated

using the relation SNR = A1=2�Imax ÿ Imin�=I0�0, where A is the

area (in pixels) over which the signal has been evaluated as the

mean of the pixel counts (Evans, 1981); I0 is the average of

several values of the background intensity, each one being the

mean of the pixel counts over a different area A on the

background, and �0 is the related standard deviation; Imax and

Imin represent the maximum and the minimum of the diffrac-

tion pattern produced by an edge with respect to the back-

ground. In particular, in the case of a single positive or

negative peak, Imin and Imax correspond to the background

values, respectively. The shown SNR values (Fig. 5) have been

obtained by averaging repeated evaluations of this parameter

on the recorded images and the reported error bars are the

calculated standard deviations.

Fig. 3 shows the experimental pro®les for the nylon wire

using the three imaging techniques. The PB image has been

acquired at 5.5 m from the sample and the AB and HI pro®les

are shown at four different positions on the rocking curve. The

PB signal contrast, evaluated as �Isignal ÿ I0�=I0, is as high as

27%; the AB signal increases from a minimum of 3% at �� = 0

to a maximum of 55% at �� = 11.2 mrad, while at the same

angular positions the HI shows values of 26% and 46%,

respectively.

In the PB images the signal is determined in ®rst approx-

imation by the Laplacian of the phase introduced by the object

and by the sample±detector distance, while in the AB images

the wave passes through the crystal acting like a bandpass

®lter; thus only some frequencies can reach the detector. The

HI signal combines the propagation and

diffraction effects, and it has been

compared with the sum of the PB and

AB signals in Fig. 4. As expected, the

calculated pro®le ®ts only approxi-

mately with the experimental HI signal,

indicating that the latter is also an

interference phenomenon (Pavlov et al.,

2004).

Fig. 5 shows the graph of the SNR

versus the angular setting of the

analyzer, for the two edges of the wires

imaged with the AB and the HI tech-

niques. The SNR values for the left and

right edge in the PB con®guration are,

respectively, 178.5 � 29.8 and 164.5 �
12.3 for the nylon wire and 241.9 � 29.9

and 207.2 � 24.9 for the kevlar wire.

The visibility of the two edges,

expressed in terms of SNR, changes

substantially by varying the angle of the

crystal. The pro®les for the left and the
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Figure 2
Images and vertical pro®les of the nylon wire with the PB (a, d), the AB (b, e) and HI (c, f )
techniques.

Figure 3
Signal pro®les (evaluated by averaging the signal over 30 pixels) of the nylon wire at four different angular positions along one ¯ank of the rocking curve
of the analyzer: �� = 0 (a), �� = 5.6 mrad (b), �� = 11.2 mrad (c) and �� = 16.8 mrad (d). The PB pro®le, related to a sample-to-detector distance of 5.5 m,
appears in each plot for comparison with the signals obtained in the AB and HI con®gurations.



right edge are approximately mirrors of each other with

respect to the center of the curve (�� = 0). The slight differ-

ence in the absolute values can be explained by imperfections

in the sample shape.

In AB, this behaviour can be explained by considering the

different origin of the signal for the various angular positions.

In particular, while at �� = 0 the signal mainly derives from

refraction and the reduction of the scattering component on

the image (and, in thicker samples, from X-ray absorption),

for the other angular positions the signal is determined by the

alignment of the analyzer with respect to a given direction of

the refracted X-rays. Therefore, by rocking the crystal, it is

possible to optimize the visibility of the details that, in the case

of the studied wires, presents maximum values of the SNR for

positions on the shoulders of the rocking curve. In other

words, at around �� = 0 there is a minimum of the derivative

of the rocking curve, and then the crystal is less sensitive to

X-rays refracted inside the object, determining a low SNR. On

the tails of the rocking curve, the low re¯ectivity increases the

noise on images, also reducing the SNR.

In the case of the HI technique, the main difference with

respect to AB concerns the SNR values around the exact

Bragg angle. In fact, while the AB signal is maximum on the

shoulders of the rocking curve and it decreases towards �� =

0, in HI the SNR is high even at this position where it also

reaches its maximum values. Since the HI signal results from

the combination of the PB and AB techniques, even if the

contribution to the signal arising from AB decreases, the

contribution coming from the PB is still present, determining

high SNR values.

5. Conclusions

We have experimentally demonstrated that propagation-

based and analyzer-based phase-contrast imaging techniques

can be combined, producing original features.

Images of simple polymer ®bers obtained with this hybrid

method have been analyzed in terms of SNR and compared

with the patterns produced independently by the two distinct

techniques. Hybrid images present an almost constant value of

the SNR over an angular range of the order of the FWHM of

the rocking curve of the crystal analyzer.

This weak dependence on the angular positioning of the

analyzer reduces the constraints in terms of optical alignment

and stability of the crystal, which is one of the critical issues of

the AB imaging technique.

In order to fully understand the peculiar characteristics of

the HI signal, studied in a preliminary way in this paper,

further theoretical and experimental investigations are

required. This technique may ®nd application in several ®elds

already advanced by hard X-ray phase-contrast imaging,

producing as high SNR as PB, while bringing the advantages

of the higher refraction sensitivity of the AB technique.

This work was supported by the EU grant contract HPRI-

CT-1999-50008.
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