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Experimental data with unprecedented submicrometre resolution

obtained in a phase-contrast radiography experiment in a

magnifying con®guration are presented. The term `phase

contrast' here indicates that the phase retardation of coherent

light in matter was utilized as the contrast mechanism. The

coherent and divergent beam exiting an X-ray waveguide was

used in a lensless con®guration to magnify spatial variations in

optical path length up to several hundred times. The defocused

image of a nylon ®bre was measured with a resolution of 0.14 mm

at the object. Suf®cient contrast was found for exposure times of

0.1 s, i.e. in the regime for real-time studies.

Keywords: X-ray phase contrast; X-ray waveguides; projection
microscopy; high-resolution imaging; resonant beam couplers.

1. Introduction

Traditional X-ray imaging techniques such as radiography and

tomography rely on the variation of the absorption coef®cient for

X-rays in different materials as the origin of the contrast detected

in the images. With increasing photon energy and especially in

low-density materials, such as carbon-based or biological samples,

the attenuation in the sample often becomes so small that no

reasonable contrast can be obtained. Instead, phase-contrast

radiography, which makes use of the phase modulation induced

by an object in a coherent beam as the contrast mechanism, will

still allow one to investigate the sample structure (see e.g. Davis

et al., 1995; Snigirev et al., 1995; Cloetens et al., 1996, 1997).

Recently the propagation of highly collimated coherent radiation

was used in a lensless transmission geometry to convert phase

modulations in intensity modulations. The absence of magni®-

cation limits the resolution to the detector resolution, i.e. �1 mm

in the best case. Here we are describing another lensless set-up

which uses the coherent and divergent beam exiting an X-ray

waveguide in a projection-imaging con®guration. Indeed, the

con®guration very much resembles that of an in-line holography

experiment (Gabor, 1948). The submicrometre source size and

the magni®cation in the scheme allow us to achieve submicro-

metre resolution without any severe demand on the detector

resolution.

2. Experiment

The `condenser' system in the presented projection microscope is

formed by an X-ray waveguide (Feng et al., 1995; Lagomarsino et

al., 1996; Jark et al., 1996), as presented in Fig. 1. The object is a

thin-®lm resonator, which has a layer of a low-absorbing material

(C) enclosed between two metal layers (Cr) with smaller

refractive index. These layers were produced at the Sincrotrone

Trieste by low-pressure sputter coating onto ultrasmooth plane

zerodur mirrors. For particular angles of grazing incidence the

incident intensity can be coupled in a resonant manner to

standing waves in the resonator. In this set-up the beam is

compressed with the subsequent intensity enhancement,

however, only in one direction. Finally, the trapped wave emerges

from the end of the waveguide with higher intensity than a simple

slit with the same thickness as the resonator would provide.

While the coupling section has a semitransparent metal cover, a

guiding section to the waveguide terminal has an opaque cover,

so that no leakage intensity will interfere with the exiting

intensity. After leaving the waveguide in the plane of beam

compression, the wave has a divergence of about 0.7 mrad and it

is highly coherent (Jark et al., 1996). With the latter property the

resolution obtainable in an imaging experiment is no longer

limited to the beam size at the waveguide exit, as would be the

case for an incoherent source.

The experimental con®guration is shown in Fig. 2. Besides the

waveguide, only a sample and a two-dimensional detector are

needed. For the latter we used a low-noise fast-readout CCD

Figure 1
Cross section of the X-ray waveguide used for this investigation.

Figure 2
Schematic illustration of the hard X-ray magnifying set-up. A waveguide
delivers a coherent and divergent beam which is transmitted through the
sample (at the distance Z1 from the waveguide) and propagates from
there a distance Z2 towards the position-sensitive detector. While the
wavefronts are almost perfectly spherical at the position of the sample
(emitted by a point source coincident with the exit of the waveguide),
they are distorted behind the object.
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camera (Labiche et al., 1996) with an X-ray converter and light

optics adjusted such that a pixel corresponded to a square of side

6.5 mm.

The experiment was carried out at the microfocus beamline

(ID13) at the European Synchrotron Radiation Facility (ESRF),

with an unfocused 13 keV beam from an Si (111) channel-cut

monochromator and with the experimental set-up operated in air.

The waveguide±sample distance, Z1, could be as small as

�0.1 mm; here it was adjusted to 4.1 mm. A piezoelectric trans-

ducer with a resolution better than 0.1 mm was used to scan the

sample through the beam. The X-ray converter screen of the

CCD camera was positioned at a distance Z1 + Z2 = 0.99 m from

the end of the waveguide, resulting in a magni®cation factor of

241. Fig. 3 shows the intensity distribution measured for a nylon

®bre of diameter 12 mm. The vertical beam size of approximately

3 mm at the sample position was insuf®cient to illuminate the

whole ®bre. Fig. 3 is thus the combination of several images which

were obtained in a vertical sample scan and scaled to the incident

intensity. The latter procedure served to correct for the non-

uniform beam intensity. In Fig. 3 it is obvious that one edge of the

®bre is straight, as expected, while the other edge is deformed

due to damage in this region, as was found later by an inspection

in a scanning electron microscope. For this reason only the

perfect edge was analysed further. The intensity distribution at

this edge integrated over all pixels is presented in Figs. 4(a)±4(c)

as experimental points.

3. Discussion

The recorded image is not a simple magni®ed image of the object,

but a hologram created by a superposition of the undisturbed

beam and the waves diffracted by the object. This is very similar

to in-line holography in classical optics and to a defocused image

in high-resolution electron microscopy. The ®eld at the level of

the detector can be expressed in the Fresnel approximation as the

convolution of an object transmission function, taking into

account the internal sample structure, and the free-space

propagation function (Cloetens et al., 1996; Wilkins et al., 1996),

which depends on the defocusing distance D = Z1Z2/(Z1 + Z2).

Here Z1 and Z2 indicate, as shown in Fig. 2, the source±object and

object±detector distances, respectively. Described in other words,

the measured hologram is a magni®cation of the corresponding

Fresnel diffraction pattern obtained at a propagation distance D

with plane-wave illumination. The magni®cation is simply given

by M = (Z1 + Z2)/Z1.

The focused image (at D = 0) is only sensitive to the absorption

in the sample and thus corresponds to a conventional (absorption

contrast) radiograph. Effects in the defocused image due to the

®nite ®eld of illumination of the sample can be taken into account

by an appropriate window function superimposed onto the

sample transmission function. A ®nite resolution function of

Gaussian shape will account for experimental limitations like

vibrations, detector resolution or a limited source size. The latter

is not very important here because of the use of a highly coherent

source.

The modulation depth of the simulated intensity distribution at

a ®bre edge depends very strongly on the resolution functions as

is evident in the simulations in Figs. 4(a)±4(c). These simulations

of the experimental data followed the above-described scheme

with the nylon ®bre parameters and resolution functions of

Gaussian shape with full width at half-maximum (FWHM) of 0,

0.15 and 0.3 mm. The comparison of the measured data with the

simulations indicates that the measurement was made with a

resolution of between 0.1 and 0.2 mm. This result is con®rmed

with a more reliable value of 0.14 mm by measurements under the

Figure 3
Phase-contrast image of a 12 mm-thick nylon ®bre for Z1 = 4.1 mm and
Z2 = 986 mm (M = 241) at an X-ray energy of 13 keV (®bre axis is
vertically oriented). The ®gure is the superposition of different images
recorded in a scan across the ®bre (here the horizontal direction). Fresnel
diffraction fringes are visible only close to the edges of the ®bre.

Figure 4
Comparison of the experimental horizontal intensity distribution (starting
at the ®bre centre) across the perfect edge of Fig. 3 integrated in the
vertical direction over all pixels with simulations. They are made using the
procedure discussed in the text for the structural parameters of the ®bre
as obtained from scanning electron microscopy (SEM) images and for
three different values for the spatial resolution: (a) 0 mm, (b) 0.15 mm,
(c) 0.3 mm.
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same experimental conditions of a periodic bar pattern consisting

of ®ve submicrometre-sized gold bars (Lagomarsino et al., 1997).

The experiment was affected by a signi®cant noise and vibration

level close to the sample. A reduction of the disturbances

improved the resolution from 0.2 mm to the reported 0.14 mm

obtained with still recognizable vibrations. With the latter

observation we attribute the limited resolution mainly to the

residual vibrations in our set-up, even though its agreement with

the resonator thickness would favour an explanation as a source

size limit.

The good quality of the data will allow reconstruction of the

transmission function based on an adapted numerical algorithm

(Coene et al., 1992) with the above-indicated spatial resolution.

This investigation is presently underway.

4. Conclusions

We have shown that in magnifying phase-contrast radiography

experiments, by use of the divergent and coherent beam exiting

an X-ray waveguide, submicrometre resolution can be obtained

with a detector of moderate resolution. The observed contrast

originates from variations in the optical path length (i.e. a

variation of the phase retardation) which is strongest in the

vicinity of abrupt changes in sample density (e.g. edges). This

allows one to study the internal structure of weakly absorbing

and biological material in a non-destructive experiment in air. As

exposure times of fractions of a second gave suf®cient contrast,

even dynamical processes are candidates to be studied at high-

brightness third-generation synchrotron radiation sources. A

spatial resolution of 0.14 mm was achieved in the defocused

images; however, with better vibration isolation a smaller value

should be obtainable. The reported resolution was achieved in

only one direction; however, work on focusing in the other

direction is underway.
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