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Abstract

A two-crystal diffractometer in the non-dispersive configuration is used for measurement of the effects of refraction
in weakly absorbing test objects. Characteristic Ka; radiation from a fine-focus X-ray tube with Mo anode is used.
The probing beam is about 70 um wide and 3mm high. The sample is placed between the monochromator and
analyzer, and it is scanned through the beam. The analyzer is tuned to reflect at the low-angle slope, at the top, or at
the high-angle slope of the rocking curve, when the sample is not in the beam. Refraction changes the angle of incidence
on the analyzer causing changes in intensity. The observed intensity distributions are exactly reproduced by a
calculation, where only the effects of refraction are included. The effects of in-beam interference are negligible or very
small, which is also verified by changing the distance between the object and the detector. © 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

New medical imaging techniques have been
introduced in the last few decades, and the
methods are continuously improved. The relative
merits of the techniques depend on the response of
the target or its function, which gives rise to the
contrast, and on the spatial and temporal resolu-
tion. Another important aspect is the radiation
dose, which is the limiting factor in those
techniques where ionizing radiation is used.
X-rays were the first probe of the inner body,
and still the most widely used modality of medical
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imaging is based on the use of X-rays. Their
advantages are the availability and good spatial
resolution. On the other hand, clinical X-ray
imaging is based on differences in absorption,
and the contrast is modest when soft tissues are
imaged. One of the most important recent applica-
tions of X-ray imaging is mammography. Exten-
sive screening programs have been introduced in
many countries, and millions of mammograms are
taken each year. However, the results are often
inconclusive, and false-positive and even false-
negative findings are common. The main reason is
that the absorption contrast is low, because the
variations of elemental composition and density
are small, except in micro-calcifications.

It is well known that the density variations of
the object cause changes in the phase of the X-ray
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wave, and when the object is composed of light
elements the relative changes in the phase are
orders of magnitude larger than the changes in the
amplitude of the wave. However, the effects of the
phase change become visible only by interference
with a reference wave, and this requires develop-
ment of new imaging methods. The phase change
is described by the change in the real part of the
refractive index of X-rays. When there is a local
gradient of the refractive index in the direction
perpendicular to the incident wave vector, there is
a change in the wave front. The change, both in
the phase and the propagation direction, can be
observed using the reflection of a perfect crystal, or
directly in the transmitted intensity, if the incident
beam is sufficiently coherent. The experimental
methods include X-ray interferometry, in-beam
holography, and analysis of the refraction angle
[1-5].

It is evident that the contrast observed by using
a perfect crystal analyzer includes contributions
from the interference of the forward-scattered
wave with the unscattered wave, change in the
propagation direction, and phase changes of the
analyzer itself. Different interpretations have been
given, and the contrast arising from changes in the
wave front has been demonstrated in several
experiments [6-8]. When synchrotron radiation
reflected from a narrow-band monochromator is
used, the degree of coherence is high both long-
itudinally and transversely, and phase contrast is
observed even without a crystal analyzer [9]. When
an extended X-ray beam and an area detector are
used with an analyzer, the effects of the in-beam
interference and changes in the propagation
direction are not separated. For this reason, it
was decided to make systematic studies of the
contrast formation in objects with well-defined
density gradients using a narrow, monochromatic
X-ray beam from a conventional source.

2. Refractive index and contrast

The spatial contrast arises from variations in the
charge density of the object, p(r). The effects on
the propagation of the X-ray wave can be
conveniently described by the refractive index n,

which is a complex quantity [10]:
n=1-90-—if. H

The real part ¢ corresponds to the phase shift due
to scattering, and the imaginary part f to
absorption of the wave. It is important that at
short wavelengths n<1, which gives rise to the
total reflection of X-rays at a grazing incidence on
a denser medium. The real and imaginary parts
can be written in terms of the atomic scattering

factor, f = fo(0) + f +if":
8 =[red?/2m) > Ne(Zk +£7)
k

= [rehe/2nE? Z Ni(Zi + 1) (2a)
k

B = [rei?/2n] Z Nify! = [he/AnE] w(E). (2b)
k

Here 20 is the scattering angle, r. = e;/mc* =
2.818 x 1013 m, the electron classical radius, A the
X-ray wavelength, N; the number of atoms per
unit volume, Z; = fy,(0) the atomic number, / the
Planck constant, ¢ the velocity of light, and u(FE)
the linear absorption coefficient at photon energy
E. 1t is seen that the real and imaginary parts have
very different dependencies on the photon energy;
in the regime where the photoelectric effect
dominates foc E~4, while doc E~2 except in the
vicinities of absorption edges. Over a distance z,
the intensity of the X-ray beam is attenuated by a
factor exp (—{u)z), where

oz =tn/a) [ ez (3a)
and the phase of the wave changes by
¢ =02n/L) / 0dz = redp(x,y) (3b)

where p(x,y) is the projected electron density on
the plane perpendicular to the beam.

For the present experiments, it is essential that
the real part of the refractive index dominates
contrast formation. MoKa; radiation (A=
0.07093 nm, E = 17.48keV) is used, and the test
objects are made of acrylic, (CsHgO,),, nylon
(C1,H»,03N,),,, or glass (borosilicate). The density
of acrylic is p=120gem >3, and the linear
absorption coefficient for MoKa,; radiation is
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Table 1

Dimensions of the samples and parameters used for calculation of the refraction angles

Sample Diameter (mm) p (gem™3) Z/A S x 100 w/p (em?g™)
Air 129 x 1072 0.4992 0.001 1.20

Acrylic (PMMA) 10.00 1.20 0.5394 0.879 0.73*

Nylon (PA6) 0.31 1.13 0.5448 0.836 0.736

Glass (borosilicate) 1.76 (o) 2.23 0.4971 1.506 5.00%

1.28 (i)

#The absorption coefficient is calculated from the measured attenuation at the center of the object.
(o) indicates the outer diameter of the capillary, and (i) indicates the inner diameter.

0.88cm ™ '. Other values are given in Table 1. For a
numerical calculation of the phase change, it is
useful to introduce an approximation of the real
part:

d =270 x 10" (Z/4)p[g cm™3] 12[em?]
~1.35 x 109922 4

In the case of acrylic, the absorption thickness is
ta, = 1/u = 11.4mm, whereas the phase thickness
with #, = /0 = 86 pm is more than two orders of
magnitude smaller.

The observed interference pattern depends on
the degree of coherence of the incident X-ray
beam. For each individual wavelet, there is
interference between the scattered spherical wave
and the wunscattered plane wave, but for a
visible effect, a coherent superposition within
a sufficiently large volume is needed. The
longitudinal or temporal coherence is proportional
to the monochromaticity of the beam, and the
coherence length is defined as /. = A(4/A7). The
transverse or spatial coherence is determined
by the emittance of the source, and the opening
angle ¢’ of the cone of the coherent wave front is
defined by g¢’ = 1/4n, where ¢ is the diameter of
the source. The contrast or variation of intensity
on the image plane is proportional to the second
derivative of the projected electron density, i.e.
contrast at edges is enhanced [3]. It is not necessary
for the whole object or field of view to be
coherently illuminated, but it is sufficient that
transverse coherence prevails over an area where
appreciable changes in p(x,y) take place. On the
other hand, the geometrical features of the
contrast are independent of the wavelength, i.e.

longitudinal coherence of the incident beam is not
essential.

A new dimension is added to the contrast
formation when the transmitted beam is analyzed
by a perfect crystal. The crystal acts as a very
narrow angular slit, the width being typically a few
prad only. The experimental arrangements are
based on the so-called non-dispersive setting,
where the angular broadening due to the finite
wavelength band and beam divergence is elimi-
nated. When the object is placed in the beam
between the monochromator and the analyzer, the
propagation direction changes due to refraction,
and the working point on the analyzer rocking
curve changes accordingly. The distribution of
phases within the reflected beam is changed as
well, because there is a phase shift of 180° across
the reflectivity curve of the analyzer. The observed
contrast depends on the transverse coherence of
the beam and on the resolution of the detector, i.e.
on the relevant length scales of the experiment. It
has been suggested that refraction effects and
interference effects at edges can be distinguished,
the former giving rise to ‘area contrast’ and the
latter to ‘boundary contrast’ [6]. It is true that no
transverse coherence of the incident beam is
needed for the refraction effects, whereas a
minimum degree of transverse coherence is re-
quired for interference. However, it turns out that
appreciable refraction contrast is seen only when
p(x,y) changes strongly, so that the effects of
refraction and interference are superimposed.

The aim of the present experiment is to study
contrast formation in length scales that are
relevant in mammography. The resolution of
X-ray films is in the um range, but changes in
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p(r) are seen with sufficient contrast only in the
10-100 pm range. Diffraction-enhanced imaging
(DEI) is a new method, which is based on the
refraction contrast, and the typical resolution is
about 100pum [5]. The experiments have been
carried out at synchrotron sources using narrow-
band monochromators, so that the X-ray beam
has a high degree of coherence in the relevant
object volumes, and the effects of refraction and
interference co-exist. For a better understanding of
the relative importance of these effects, an experi-
mental setup with essentially incoherent radiation
is used, so that only the effects of refraction should
be seen. These have been demonstrated by a
synchrotron radiation experiment using wedges, so
that the interference effects at edges were not
recorded [8]. In the present experiment, different
cylindrical objects are used, so that pronounced
edge contrast is expected. The experimental results
are compared with the calculated intensity of the
transmitted beam.

3. Experimental setup

The experiment was designed for quantitative
studies of the refraction contrast in well-character-
ized test objects. A narrow X-ray beam is reflected
from a perfect Si crystal monochromator, the
sample is scanned through the beam, the trans-
mitted beam is reflected by the analyzer, and the
intensity is recorded by a low-noise detector.
The layout of the experiment is shown in Fig. 1.

A fine-focus sealed X-ray tube with Mo anode was
used. The take-off angle was 1.32°, so that the
apparent width of the 0.4 mm wide line focus was
9.2um. The height of the source was limited to
3mm by a slit at the tube window. Another slit
was placed at the end of a beam pipe, 1588 mm
from the source. The height of the slit was usually
3mm, and the width could be adjusted between
20pum and 1mm. The beam was reflected by
Si(hhh) crystals, which were strain-free mounted
on goniometer heads. The 111 reflection was used
for alignment, and great care was exercised to
ensure that the tube focus and the collimating
slit were vertical, and that the beam path was in
the horizontal plane. The 333 reflection from the
monochromator and analyzer was used in the
measurements. The two-crystal rocking curve R(e)
in the non-dispersive setting is shown in Fig. 2
together with the calculated curve; here ¢ is the
rocking angle relative to the nominal Bragg angle
0g. The width of the rocking curve is very sensitive
to the tilt angle of the second crystal. The width
was minimized by manual adjustment of the
goniometer head, but still the experimental curve
is slightly wider due to the vertical divergences of
the beam and residual deviations of the scattering
vectors from the horizontal plane [11]. Further-
more, the effects of high-frequency vibrations
may not be excluded. The fine rotation of the an-
alyzer crystal was effected by special attachments
of the goniometer [12]. The resolution and
read-out precision of this torsion/bending device
is about Inrad. A Nal(Tl) scintillation detector

1% i 1513 mm 55 mm
Si(333) Crystal
Monochromator
— e EeT :
Source o ar

Si(333) Crystal
Analyzer

1065 mm

glit  Nal(TD)
Detector

¥

Fig. 1. Experimental setup for refraction contrast studies. The source is a sealed-off X-ray tube with Mo anode. The optical width of
the tube focus is 9.2 um, and the width of the collimating slit is 50 pm. The sample is scanned across the beam in steps of 1 pum.
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R(e)

Rocking angle (prad)

Fig. 2. Experimental (solid line) and calculated (broken line)
double-crystal rocking curves of the Si(333) reflection with
MoKa, radiation. Background has not been subtracted from
the experimental curve. The low-angle, top, and high-angle
positions on the rocking curve are indicated by L, T, and H,
respectively.

with pulse height discrimination was used for
photon counting.

The test objects were acrylic rods, nylon wires
and glass capillaries. They were mounted vertically
on a high-resolution translation table and scanned
through the beam. The horizontal intensity profile
of the beam was determined by scanning a vertical
knife-edge across the beam. The intensity profile is
nearly Gaussian with a FWHM of 70 or 80 pum,
depending on the distance from the source, and
these values agree closely with the values calcu-
lated from the width of the tube focus and that of
the collimating slit. The diameter and density of
the acrylic rods were measured, and those for the
nylon wire and glass capillaries were estimated
from tabulated values and from X-ray radio-
graphs. The numerical values are collected in
Table 1.

Data acquisition and the motions of the motors
driving the analyzer rotation and the sample stage
were controlled by a software called SPEC [13]. In
the beginning of each measurement, the analyzer
was tuned without the sample to reflect at the top
(T) of the rocking curve or at the middle of the
slope on the low (L) or high (H) angle side of
the rocking curve. When the sample is inserted in

Fig. 3. Refraction of a narrow ray at a capillary. The intensity
distribution of the incident beam is indicated by /(x), and the
incident angles at the outer and inner surfaces by o, and o;,
respectively. P indicates the port side and S the starboard side
of the sample, and i and o the inner and outer surfaces,
respectively.

the beam, the propagation direction changes, and
the angle of incidence on the analyzer changes.
The working point moves along the rocking curve
translating the refraction angle to a change in
intensity. Refraction in a cylindrical object is
illustrated in Fig. 3. The refraction angle y can be
calculated from Snell’s law:

7 = (02 — 1) tana, (5)

where o is the angle of incidence. When the normal
of the surface is perpendicular to the direction of
the incident beam, this expression diverges, so that
care must be exercised in numerical calculations.
The lateral shift of the beam due to refraction is
very small, so that the deflection angle is 2y. In the
case of a capillary, the refraction angles at the
inner surface (i) are opposite to the refraction
angles at the outer surface (o), and the total
refraction angle is 2y = 2(y, — 7;). It is evident that
for a solid rod the angle of incidence at the
analyzer decreases (y <0) at the port (P) side of the
object and increases (y > 0) at the starboard (S)
side, moving the operation point to lower or
higher angles, respectively. At the T-position of
the analyzer, the intensity decreases on both sides,
whereas an increase is seen in the (P, H) and (S, L)
situations, and a decrease in the (P,L) and (S, H)
situations, if |y| is sufficiently small. The directions
are reversed at the inner edges of a capillary, and
the net effects are not evident without a detailed
calculation.
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The interference contrast at the edges, where
62,0(x)/6x2 is large, increases with the distance
between the object and the detector [3]. The
transverse coherence length is only of the order
of 1um in the present arrangement where the
beam is not magnified by an asymmetric reflection,
and therefore the interference contrast is expected
to be small. Nevertheless, two distances (about 50
and 80 cm) were used between the sample and the
detector.

4. Results and discussion

Some of the experimental intensity curves are
shown in Figs. 4-6. The importance of the effects

1000+ g
900}

800 |

Intensity (cts/s)

7001

0 01 02 03 04
Scanning length (mm)

800
7001
600 B
500 B

Intensity (cty/s)

400t

3001

0 0.1 0.2 0.3 04
Scanning length (mm)
Fig. 4. Nylon wire of 0.31 mm diameter: experimental (points)
and calculated (solid line) intensities as reflected by the analyzer
crystal at the top (T) position (top) and low-angle (L) position

(bottom). The effect of absorption is indicated by the broken
line. The scan direction is from P to S.

1000 3
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Fig. 5. Acrylic rod of 10 mm diameter: intensities at T position
(top) and L position (bottom); cf. Fig. 4.

of refraction in comparison with those of absorp-
tion is most obvious in the case of the thin nylon
wire (Fig. 4). The maximum effect of absorption at
the center of the wire is 3%, whereas refraction at
the edges of the wire changes the intensity reflected
by the analyzer by 30-50%. This is an impressive
demonstration of the potential of the DEI method
in imaging of weakly absorbing objects such as
soft tissues. When the analyzer is tuned to the T
position, refraction makes the working point to
slide down on either side of the rocking curve. The
distance between the minima is close to the
diameter of the wire. The edge effects are most
prominent in the case of the acrylic rod of 10 mm
diameter. At the T position, the intensity drops to
10% of the incident intensity when the edge
intercepts the beam, whereas the maximum ab-
sorption at the middle of the rod is about 60%.
The strange-looking behavior at the L and H
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Fig. 6. Glass capillary of 1.76 mm outer diameter and 1.28 mm

inner diameter: intensities at T position (top) and H position
(bottom); cf. Fig. 4.

positions is explained as follows. Starting at the
S edge, strong refraction drives the working point
over the T position to the other side of the rocking
curve, from L to the opposite tail beyond H (or at
the P edge from H beyond L). When the beam
moves further into the object, the refraction angle
|y] decreases, and the working point begins to
climb towards the top of the rocking curve. This
happens within a very small distance, and the top
is reached at about 0.5mm from the edge, where
absorption decreases the intensity by 30%. Then
the working point starts sliding down the slope to
L (or H), which is reached at the middle of the rod
(the refraction angle is zero). Absorption reduces
the intensity by 60% in the same way as at the
T position. On the other side of the rod, the
refraction angle changes sign, and the working
point slides further down along the rocking curve.
When the edge is reached, there is again a large

drop of intensity, because the working point
moves far to the tail of the rocking curve.

In the case of the glass capillary, the effects of
refraction are more complicated as four edges are
crossed. The outer diameter is 1.76 mm, and the
wall thickness about 0.24mm. The effects of
absorption are largest at the inner edges, and in
general, the effects of refraction and absorption
are combined, so that the intensity curves need a
detailed analysis. For instance, the maximum
effect of absorption is 70%, but the lowest
intensity values are < 10% of the incident intensity
near the edges.

The calculated curves are shown together with
the experimental results. For a numerical calcula-
tion, the intensity distribution 7(x) of the X-ray
beam was replaced by a histogram of 1 pm wide
elements, the refraction angle y was calculated for
each element, /(x) Ax was multiplied by the
transmission factor exp(—uz) and by the reflectiv-
ity R(e+ 2y), and the intensities of the reflected
elemental rays were added up. A smoothed
experimental reflectivity curve R(e) was used, and
the absorption coefficients are given in Table 1.
The differences between the experiment and
the calculation are mostly within the statistical
variations of the intensity measurement demon-
strating that the contrast is due to refraction at
least when the transverse coherence of the incident
beam is low. The absorption contrast is shown for
comparison, and it is evident that refraction
provides a large enhancement of contrast at the
edges of the object. The changes in the refraction
angle are larger than the FWHM of the rocking
curve width of the analyzer. The good agreement
between the experiment and calculation demon-
strates that the formation of refraction contrast is
understood quantitatively.

In the above examples, the change in density at
the edge of the object is very large in comparison
with density variations of soft tissues. In DEI
imaging of soft tissues, the refraction angles at the
edges are typically only fractions of urad, so that
the working point moves only slightly on the
rocking curve. Still the changes in intensity may be
several tens of per cent, when the working point is
on the slope of the rocking curve. Near the top of
the rocking curve, the intensity changes are small
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unless small-angle scattering (SAXS) from the
object is strong. In such a case, the analyzer rejects
a large fraction of the transmitted beam, and the
so-called extinction contrast is observed [8].

Most of the earlier demonstrations of enhanced
edge contrast have been qualitative, because
extended beams and high-resolution film as the
detector have been used. It is interesting to
compare the present results with those from an
experiment where the refraction angle and inten-
sity changes of a narrow beam were measured
with a position-sensitive detector [14]. No
analyzing crystal was used, and the observed
contrast at the edges of a glass capillary was
satisfactorily explained by re-distribution of
intensity due to refraction. No provision for
interference effects was made, although a partly
coherent monochromatic synchrotron beam was
used.

The effects of in-beam interference depend on
the distance D between the sample and the
detector. The optimum contrast due to Fresnel
diffraction is observed when the object size is
about (AD)"/?, and the distances in the present case
correspond to 6 and 8um [9]. The beam is
transversely coherent over about 1um only, so
that the interference effects are expected to be
negligible. Nevertheless, results at two distances
are compared in Fig. 7. The density gradient is
largest at the edges of the glass capillary.
The range where the largest effects of interference
contrast are expected are shown in an enlarged
scale. There is no discernible difference between
the curves, probably because the difference in
D is small, but in very narrow ranges near the
edges, the experimental curves have sharp
minima, which may arise from interference
contrast.

The present results give confidence in interpret-
ing the contrast in the DEI method in terms of
refraction at the density gradients of the object.
The effects of refraction are actually evident in
tissue samples when the images taken at the
opposite slopes of the rocking curve of the
analyzer are compared. The density gradients in
these samples are small, but the effects of
refraction can be emphasized by subtracting the
L-image from the H-image [5].

300
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100 |

15 16 1.7 18
Scanning length (mm)
Fig. 7. Enlargements of the regions of minima in Fig. 6. The
experimental results correspond to the sample—detector dis-

tances of 800 mm (circles) and 500 mm (crosses). The solid line
is the calculated curve for the 800 mm distance.
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