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AssTRACT: The advantage of X-ray imaging by the use of synchrotron radiation and a wedge-shaped crystal
analyzer is shown. The experiments have been carried out using synchrotron radiation from a 5T
superconducting wiggler in a 2.5 GeV storage ring. Striped image patterns characteristic of a wedge-shaped
crystal analyzer are clearly observed. Results on breast cancer phantoms and an ant show images with good
contrasts revealing the interiors of the samples in case of dark field images, which are not seen in bright field
images. The physical process of the generation of a dark field image is simply explained. The obtained results
present the experimental evidence for the basic assumption made in the explanation of the dark field
imaging.
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INTRODUCTION

X-rays have a strong power to penetrate materials
and this propertyis used to see the interior of a material.
X-rays are scattered by atoms and this causes the
diffraction of X-rays by a crystal. This nature of the
interaction of x-rays with a crystal is utilized very
usefully to identify the atomic arrangement of a crystal.

Simplest and most useful applications of X-raysare
found in medical diagnoses. In medical diagnoses, X-
rays that have passed through a body make a visual
image of its interior structure when they strike a
photographic film or a fluorescent screen. The darkness
of shadows produced on the film or the fluorescent
screen depends on the relative opacity of different
parts of the body. The images obtained in this way tell
us what are inside our bodies.

Inrecent years, synchrotron radiation in the X-ray
region is used for scientific researches. The X-ray
imaging application to coronary angiography'? is a
representative example. Another expected example,
which hasbeen investigated up to the present, is X-ray
dark field imaging. The dark field image (DFI) is formed
by weak X-rays and hasa good contrast of an image by
removing the bright X-ray background.

The direction of the propagation of an X-ray in a
material is slightly changed by scattering. This makes
the penetrating X-ray beam more divergent than the X-

ray beam incident onasample. This propertyis used to
produce two kinds of X-ray beams with a crystal analyzer.
Two kinds of absorptionimages of a sample can be made
using two different x-ray beams. The phase of the X-ray
waveis not considered here. The progress of the
research can be found in refs. 3 — 10.

If the X-ray beam penetrating a sample straight falls
on a crystal analyzer at a specific glancing angle, it is
reflected by the Bragg reflection. This beam is referred
to as the reflected beam. The intensity of the reflected
beam is high. The beam consisting of X-rays in the
slightly divergent portion does not satisfy the Bragg
condition and proceedsstraightin the crystal analyzer.
This beam is referred to as the direct beam. X-rays
penetrating out of a sample have the information of the
two dimensional spatial distribution of the absorption
coefficient. This beam makes the absorption image.
The absorption image formed by the reflected beam is
referred to as the bright field image (BFI). It is shown that
the direct X-ray beam penetrating a crystal analyzer
straight has a weak intensity and forms DFI.

If a wedge-shaped crystal blade is used for an
analyzer, both DFI and BFI can be recorded on the
same detector film. This facilitates the comparison of
DFI and BFI and the efficiency of an experiment is
increased considerably. At the same time, the basic
assumptions made in the explanation of the formation
of DFl are experimentally proved, since the conditions
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for recording DFI and BFI are the same.

Thisreport aims at presenting the physical aspects
of the DFI generation using a simple model. In order to
show the validity of the model, measurements of
absorptionimages of an antand breast cancer phantoms
were carried out using a parallel plate crystal analyzer
and a wedge-shaped crystal analyzer, respectively.
Synchrotron radiation is used in both cases. The results
of the measurements and discussion about the results
are presented.

FormaTioN oF DARK FIELD IMAGES

The DFI formation is described on the basis of a
simple experimental arrangement as follows (Fig. 3). In
this system, parallel monochromatic X-rays fall on a
sample. X-rays having penetrated the sample are then
incident on a crystal analyzer. The crystal analyzer
separates the X-ray beam into the reflected and direct
beams. Even ifa perfectly parallel beam is incident on
asample, the beam coming out of the sample is slightly
divergent owing to atomic scattering. Later, it will be
shown that the use of a slightly divergent X-ray beam
isimportant in the generation of separate DFl and BFI.
The Bragg condition is written as

A=2dsiné, (D

Here, d is the distance between atomic net planes,
A is the wavelength and 6, is the glancing angle of
incidence. Only the condition of the first order
reflection is given in (1). It is assumed that the center
of the slightly divergent X-ray beam penetrating through
a sample is incident on the crystal analyzer with an
incident glancing angle of 6,.

In the present study, the (440) plane of Siis used as
thenet plane of X-ray reflection by the crystal analyzer.
The distance between the net planesis 5.43 A If this
value isinserted into (1), the Bragg angle for X-rays of
35 keV (0.354A ) used in the experiments is

6, =1.87° ®)

In the same way, the Bragg angle for X-rays of
1. 54 A appearing in a reference is

6, =8.15° 3

The X-ray beam propagating toward the direction
that deviates from 6, by an angle more than a critical
value does not make the Bragg reflection.

The divergent part of the X-ray beam outside the
critical reflection angle propagates straight in the crystal
analyzer and forms the direct beam. The beam
divergence of X-rays of 35 keV coming out ofa 5 T
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wigglerin a 2.5 GeV storage ring is about 61 prrad 2.
Although this value is quite small, it is an order of
magnitude larger than the width of the rocking curve
of an almost perfect Si crystal for high index Bragg
reflection. Itis 0.5 arc.sec'?, whichis 2.4 urad. The half
widthis 1.2 grad. Inthe optical system used, X-rays are
monochromatized with three crystals before the beam
falls on a sample. This beam is very parallel. The
divergence isalmost equal to that of the rocking curve.
As mentioned before, this parallel beam is made
divergent slightly by the sample. The crystal analyzer
takes the central part of this divergent beam out and
reflects it by the Bragg reflection. The width of the
reflected beam is the same as that of the rocking curve
of the crystal analyzer.

We consider an ideal case in which the crystal
analyzer does not absorb x-rays. The crystal analyzer
isinstalled in the way that the Laue geometry holds for
the incident beam. Transmittance of the crystal analyzer
isreferred toas T (o) and the reflectance as R(o), where
oisthe renormalized angle of deviation from the Bragg
angle.

The renormalized angle of deviation, ¢, is defined
as

a=a(@-0,)sin20+b (€]

Here, @1s the glancing angle of incidence of the X-
ray beam. Parametersaand b are complicated quantities
derived through the dynamical theory of X-ray
diffractioninacrystal. They include several complicated
factors and terms. In this sense, « is a renormalized
quantity. These renormalized quantities appear in the
formalism describing the electromagnetic field in the
crystal. It is not necessary to describe them explicitly
here.

Inarigorous calculation, the transmittance and the
reflectance are given as'*

T =sin*(zrl+y’ /A)/(L+y?) (5)
R=[y’ +cos’(mr1+w* / M/ +y?)

(6)
T+R=1 (7
A=2cos6,/|Py,| (8)

where 7is the thickness of the crystal analyzer and
Y is a relative quantity defined as

v=ala, ©

Here, o is the value of & corresponding to that of
the edge of the rocking curve. In (5) and (6), variable
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yis used instead of o. The Bragg reflection occurs for
ocsatistying

la|<e, (10)
This is equivalent to the condition
lw|<1 (1D

A s the extinction distance defined by (8). Ais the
X-ray wavelength, P the polarization factor and y,_the
susceptibility. P is either 1 or cos2 6, for each state of
polarization. The susceptibility for X-rays with energies
above 10 keVis very small. Since the value of y_of Siis
not known for X-rays of 35 keV at present, we assume
the magnitude to be 2x10° so that the good agreement
of the calculated results with the observed results is
obtained. The relation (7) holds for any values of .
Equations (5) through (8) are derived by solving the
Maxwell equationsina crystal along with the diffraction
conditions. Here itis emphasized that Tand R given by
(5)and (6), respectively, depend not only on ybut also
on 7. This givesrise to the X-ray penetration properties
ofawedge-shaped crystal analyzer as will be mentioned
later. With the postulated value of ¥ mentioned above
and for a summit angle of (.3°of the wedge, the
thickness change of only 9 um in the crystal analyzer
changes the reflectance from the maximum to the
minimum. This means that the crystal analyzer must be
fabricated with an accuracy of 0.5 um. The thickness
should not fluctuate much more than this value. It is
somewhat difficult to fabricate a crystal blade to a
given thickness with this accuracy. In this respect, it is
more convenient to adjust A instead of 7 so that the
Bragg condition is satisfied. The use of synchrotron
radiationis essential in thisrespect, since we can select
and adjust any required wavelength A easily. One of
characteristic properties of synchrotron radiation is
used: Ithasa continuous spectrum with strong intensity.

Figure 1 shows the deviation angle dependence of
the transmittance and the reflectance calculated with
(5) and (6), respectively, for a small deviation angle
region. The full line in the upper panel indicates the
reflectance and that in the lower panel indicates the
transmittance. The deviation angle, d, is defined as the
angle of difference between the direction of the incident
beam and that of the center of the incident beam for
which the highest Bragg reflection takes place. The
deviation angle is equal to

0=0-0, (12)

0 appears already in (4). The reflectance curve
represents the rate of reflection by crystal net planes
(440). In the figure, the deviation angle given in the
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abscissaisnot ydefined in (9) but the real one as given
by (12). The magnitude of the abscissa is scaled by a
factor of 2. This scaling leads to a better agreement of
the width of the central band of the reflectance curve
in Fig. 1 with the width of the rocking curve calculated
in a different way®. This scaling does not affect the
result on the separation of DFI from BFI presented in
the present study.

The width of the rocking curve for the Bragg
reflection of X-rays with a wavelength of 1.54 A from
Si (440) planes is calculated to be 2.78 arc.sec. This
valueisequivalentto 13.0 urad. The width of the rocking
curve, @, is written as

@, =CA* /sin26, (13)

where Cis a constant. Using (13), we can evaluate

the width of the rocking curve of the Si (440) reflection
for X-rays with a wavelength of 0.354 A as

@, =13.0x(0.354/1.54)" x(sin16.3°/sin 3.74°)

=2.96 (urad) (14)

The width of the central band of the reflectance
curve in Fig 1 is estimated at 3.2 g rad.

Therefore, a fair agreement is obtained.

As seen in (5) and (6), the arguments of the
trigonometric functions include the X-ray wavelength,
A, whichis0.354A inthe present case. With the value
of x_being 2x10-°, argument A of the trigonometric
functions in (5) and (6) takes the value of

Ap)=62.270 +y?)

for the thickness of the analyzer crystal, 7, of 1.1
mm used in the present study. This point will be treated
later again. Since A(y) is large, T and R oscillate with
small intervals of the deviation angle.

Two monochromators are installed in the beam
line. Then, the X-ray beam incident on the sample is
monochromatic and almost parallel. The angular
divergence of this beam is almost that of the rocking
curve with a divergence of 3.0 ¢t rad. The divergence
angle of the X-ray beam coming out of the sample is
characteristic of the sample and very small. We assume
that the beam profile of X-rays incident on the crystal
analyzer is as shown by the broken curve in Fig. 1.

Figure 1 also shows the angular divergence profile
of the X-ray beam reflected by the net planes of the
crystal analyzer satisfying the Bragg condition (reflected
beam) and that of the X-ray beam penetrating the crystal
analyzer without satisfying the Bragg condition (direct
beam). The divergence of the reflected beam is shown
in the upper panel and that of the direct beam in the

(15)
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lower panel. The beam profile spectra are shown by
dotted curves with hatches under them.

The X-ray beams are split by the Bragg reflection.
In Fig. 1, the deviation angle dependence of the split
beamsisillustrated as curves RI_(upper panel) and TI_
(lower panel), where I represents the intensity of the
incident beams. In the figure, the I curvesare depicted
with broken lines. Magnitudes given in the ordinate are
shown in the relative scale. The data of the profiles of
the split beams shown in Fig. 1 issomewhat qualitative
since the spectrum of the incident beam is qualitative.
However, the results shown in Fig. 1 well indicate the
separation of the direct and reflected beams.

The intensity of the direct beam, Tl ,is weak. It is
17% as intense as the reflected beam. The absorption
image of the sample formed by the RI beam is BFI and

Relative Intensity (arb. Unit)

6 4 2 0 2 4 b
Deviation Angle ( pu rad)

Fig 1. Profiles of the deviation angle dependence of reflected
X-rays (upper panel) and that of penetrating X-rays (lower
panel) for X-ray energy of 35 keV. The crystal is 1.1 mm
thick. Broken lines: Profiles of X-rays, I , incident on the
crystal analyzer. Full lines: Reflectance R (upper panel)
and transmittance T (lower panel). Dotted lines with
hatched areas: Profiles of reflected X-rays, RI , (upper
panel) and penetrating X-rays, TI , (lower panel). The
net reflection planes of analyzer crystal are Si (440). For
the deviation angle, see text.
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that formed by the TI beam is DFI. In case of BFI, the
strong beam intensity causes the unnecessary
background and the image contrastis reduced. On the
otherhand, the weak intensity of the TI beam doesnot
cause the appreciable background and the good image
contrast is obtained.

The propagation direction of the central portion of
the beam is deflected from that of the incident beam by
the crystal analyzer through the Bragg reflection. The
deflected beam forms the reflected beam defined here.
The Si (440) planes used in the present experiments
deflect the beam by an amount of

26, =3.74°

If a detector film is placed at the point 50 cm apart
from the crystal analyzer, the image by the reflected
beam is obtained at the location 33 mm away from that
by the direct beam. Since the width of the beam incident
on the crystal analyzer and thus on the detector film is
16 mm in the present experiments, the reflected and
direct beams are completely separated at the recorder
position. Thus either BFT or DFI can be obtained on the
detector film. If a 40 mm wide film was placed at the
location 30 cm away from the crystal analyzer, both BFI
and DFI on the same film would be recorded.

If the crystal analyzeris wedge-shaped, the situation
isdifferent. The analytical treatment of the X-ray beam
in the wedge-shaped crystal analyzer based on the
kinematical and dynamical theory is quite complicated
and it is not practical to summarize the theoretical
treatment here. In case of a wedge-shaped crystal
analyzer blade, however, the image formation can be
explained using (5) and (6). Equations (5) and (6) show
that the transmittance and reflectance are dependent
on the thickness, 7, of the crystal analyzer. Because of
the large factor,1/A, a continuous, small change in 7
gives rise to a fast, oscillatory variation in T and R. As
will be explained in Fig. 2, the oscillatory intensity
variation of the transmittance and the reflectance as a
function of the blade thickness is transferred to the
intensities to be recorded by a detector film. Thus, a
wedge-shaped crystal analyzer is used, both BFI and
DFI are formed on the same detector film alternately
along a direction parallel to the wedge.

The observed results show that the image of the
beam recorded on photographic film forms a white
and dark stripe band pattern. From (5), (6) and (8),
argumentA of the trigonometric functions representing
transmittance T and reflectance R of the crystal analyzer
is written as

Ay, 1) =7 7|Pye|JA+y?)/ Acosb,

Since the Bragg angle is 1.87°, cos@, is very near to

(16)
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unity. The polarization factor, P, can be taken to be 1.
The susceptibility is assumed to be . = 2x10°. Thus,
for X-rays withan energy of 35 keV whichisequivalent
to a wavelength of 0.354 A , we have

Ay, 0) =t (1l +w?’)x5.65x10"

Here, Tis given in nanometer units.
The discussion given below is not affected even if
we put ¥ = 0. Then we have

(17

AD) = 77%x5.65%107 (18)

Suppose A changes by 71/2 when A changes by AT.
Then (18) becomes

A7 =8.85 (um) (19)

If the thickness of the crystal analyzer changes by
this amount, the magnitudes of both transmittance T
and reflectance R change their values from the maxima
to the minima.

When we use awedge-shaped analyzer, the striped
bands occur on the film along the direction parallel to
the wedge axis of the crystal analyzer. If the summit
angle of the wedge is 0.34°, bands of dark and white
stripes appear at every 3 mm position on the detector
film. The generation of the two beams proceeding
toward different directions in a wedge-shaped crystal
is also explained by Batterman'®.

Equation (7) indicates that the sum of the intensities
ofthe reflected and direct beams equals to the intensity
of the incident beam in the case where absorption by
the crystal analyzer is neglected. If the intensity of the
reflected beam islow owing to the effect of the thickness
of the crystal analyzer, the intensity of the direct beam
ishigh. Therefore, the dark and white stripe pattern is
observed both in the reflected and direct beams.

Weak X-rays reach at the portion of the dark bands
on the detector film. This is caused by the finite
resolution and the situation that both wand tdetermine
the intensity variation. In this way, both BFland DFl are
recorded on the same film if a wedg-shaped crystal
analyzer is used. The separation of the white and dark
stripes was experimentally found to be 1.5 mm. The
stripe pattern is practically enlarged in photographic
printing and then inspected. The situation described
above is shown in Fig. 2.

Figure 2, middle panel, shows how a crystal
analyzer blade splits the incident X-ray beam into the
reflected and direct X-ray beams. In the top panel of the
figure shows the variation of the intensities of X-rays
as thickness t of the crystal analyzer changes. The full
line indicates the intensity of the reflected beam. The
broken line exhibits the intensity of the direct beam. In

107

the bottom panel, the intensity variation on the detector
film is depicted for either the reflected or direct beam.
The coordinate in the direction parallel to the crystal
analyzer is designated as x. The areas where DFI and
BFI are expected to occur are designated as D and B,
respectively.

The consideration made above appears to indicate
that X-ray beams whose intensities vary in a sinusoidal
manner fall on the detector film. In practice, the
sensitivity of the film is saturated for a high intensity
beam. Therefore the absorbance of the developed
negative filmis not proportional to the intensity of the
X-ray beam in the high intensity region. Accordingly, it
is assumed that the dark image area occurs for the
intensity lower than 20 % of the maximum intensity.
Apparently, the boarder between the BFI and the DFI
regions can be defined clearly because of the sinusoidal
variation of the intensity.

So far, the effect of the resolving power of the
crystal analyzer have been ignored. In the case where
the crystal net planes are parallel to the surface, the
resolving power isindependent of wavelength. For the

— Reflected Bearr
--- Direct Beam

> T

Incident Beam

Wedge-shaped
Crystal Analyzer
Blade

Split Beam

T

7 ) 5 /Y

DB DB DOUB® D B DB DB D
Direct Beam Reflected Beam

> X

Fig 2. Variation of the X-ray intensity after the X-ray beam
passes through a wedge-shaped crystal analyzer. Top
panel: Intensity variation as the thickness of the crystal
analyzer, 7, changes. The Bragg reflection occurs around
particular values of 7. Full line indicates the intensity of
the reflected beam. Broken line exhibits the intensity
versus the thickness for the direct beam. Middle panel:
Beam directions through a wedge-shaped crystal
analyzer blade. Bottom panel: Intensity variation along
the film. The site on the film is indicated as x. Areas
where DFI and BFI are formed are indicated as D and B,
respectively.
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Si(440) plane, the resolving power is estimated to be'”

AA/A=0.96x10" (20)

Accordingto (1), the obscurity, A8, of the reflection
angle caused by Al is given as

A =(AL/A)tan 6, QD

Ifweinsert (20), the values of the Braggangle, 1.87°,
and wavelength, 0.354 A into (21), we obtain

A0 =0.313 (urad.)

This changes the width of the rocking curve,®,, in
(14) to

®, =0.298 (urad.)

Thus, the width of the rocking curve isnot affected
by the intrinsic obscurity in wavelength due to the
resolving power.

The pioneering system of Ingal and Beliaevskaya’,
Chapman et al.’ and Thomlinson et al.'"have shown
that, in principle, near-dark-field imaging can be
achieved by adjusting the reflection angle of the crystal
analyzer. Therefore, one may need more than one
exposure for collecting all dark field images in their
methods.

ExPeRIMENTAL METHODS

Experiments were carried out at the beam line,
BL14B, of the Photon Factory of the High Energy
Accelerator Research Organization (KEK). The
conceptual illustration of the experimental
arrangement is shownin Fig. 3. In the top panel, (a), the
X-ray source and other optical elements are illustrated
schematically. The X-ray source is a vertical wiggler.
The wiggler works as a wavelength shifter. White
synchrotron radiation X-rays from the wiggler is
monochromatized with a double crystal
monochromator. Then the narrow monochromatic X-
rays are reflected with a collimator crystal. The
collimator crystal further monochromatizes the X-rays
from the monochromator. At the same time, the width
of the beam is expanded. The crystal net planes are so
aligned astoreflect the beam in this manner. The X-ray
beamisalso more collimated. Thus, nearly plane wave
X-rays are sent to a sample and then to the crystal
analyzer. Finally, the beam reaches a detector film to
obtain the images of the sample.

In the middle panel, (b), the layout of two crystals
for monochromatization is shown. By the Bragg
reflection on the first mirror, monochromatic X-rays
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are taken out. By the Bragg reflection by the second
crystal, the monochromatized beam is reflected parallel
to the incident white X-ray beam.

In the bottom panel, (¢), the relation of the X-ray
beams with asample, a wedge-shaped crystal analyzer
and a detector (X-ray film) are illustrated. The crystal
deflecting X-rays from the monochromator and sending
them to the sample was aligned for using asymmetric
reflection to expand the beam size and to narrow the
beam divergence at the experimental station. The
wedged crystal analyzer manufactured on site was
installed. Experiments were carried out under the
following conditions: The average crystal thickness
was 1.08 mm, the X-ray photon energy 35 keV, and the
asymmetric parameteris 0.05. The currentin the storage
ring was approximately 400 mA.

In order to demonstrate the occurrence of striped
imaging of BFI and DFI, we used mammographic
phantom specimens were used. The spatial resolution
of the observation system is determined by the beam
width at the exit of the Bormann fan which is formed

Detector

Monochromator
P
 — |_|
Vertical Wiggler
[e——16 m—>»

‘Analyze
crystal Sample

(collimator)

24 m

SR
(white)

crystal 2 x-rays

(b)

direct and
reflected

W2

wedged crystal
analyzer

sample

collimator

(©
Fig 3. The conceptual illustration of the X-ray beam line (top
panel), the principle of a double crystal analyzer (middle
panel) and the layout of optical elements for the absorp-
tion image measurement (bottom panel).
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bothin the incident and diffracted beam directions out
of the analyzer of a finite thickness. The exposure time
for obtaining each picture was 1 to 2 min. Original
synchrotron radiation was from a superconducting
magnet wiggler with a magnetic field of 5 Teslainstalled
in the PF storage ring with an electron beam energy of
2.5 GeV. The beam duct of BL14 extracting synchrotron
radiation from the wiggleris 2050 mm long. Itsaperture
at the synchrotron radiation outlet of the storage ring
is 53 mm. The monochromator was slightly inclined
upward. Under this condition, the dose rate on the
sample is estimated at 0.0114 mSv/sec.

The specimen was the accreditation phantom RMI
156 comprising sixteen types of cancerous fibers,
specks and discs which are embedded in wax. The
phantoms were collected and fixed on an acrylic plate.
When the image of each phantom was observed, each
phantom was taken off from the acrylic plate and fixed
on the sample holder. Thus, phantom x-ray pictures
were taken without acrylic plate.

Just for the comparison of images, a plane parallel
crystal analyzer was also used. In this case, the optical
system was the same as that used for the wedged crystal
analyzer. Only the crystal analyzer blade was replaced.
In the case where a plane parallel analyzer is used, BFI
and DFI are completely separated spatially and
recorded on two different films. Experiments were
carried out separately on BFl and DFI. Among various
specimens prepared for this purpose, an ant was
selected here to show a representative example.

ExPERIMENTAL RESULTS

The representative examples of DFI and BFI were
compared in Fig. 4. Panels (a) and (b) show DFland BFI
of an ant, respectively. They were observed separately
on different detector films using a plane parallel
analyzer. In BFI shown in Fig. 4(b), the fringe partand
the highly absorbingarea of the specimen are resolved
clearly. However, the interior of the body where the
absorbanceisnot high, the featuresare not well visible.

In DFI shown in Fig. 4(b), the background
disappears. This enhances the contrast and the
structure of the interior of the body is better resolved.
Since the data are taken on separate detector films by
separate observations, the experimental condition and
data processing are not the same in DFI and BFI
observations. Thus, the datashown in Fig. 4 (a) and (b)
cannot provide a complete evidence of the validity of
the assumption made on the angular profile of I in
depicting the angular profiles of BFl and DFI. The data
showninFig. 4 (a) and (b) cannot provide an evidence
of the superiority of DFI to BFI, although the data
appear to indicate the usefulness of DFI.

Fig. 4 (¢) shows an example illustrating a better
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contrast in DFI. The sample is a piece of the breast
cancer phantom specimens RMI 156 No.2. The
specimen contains a fiber simulating a cancer. The
striped image pattern is shown. In this case, because of
the short time for processing and printing of exposed
film, the contrast of BFlis too low toillustrate the edge
of the fiber in the specimen. Asaresult, the fiberimage
can be seen clearly only in DFL

Itisrecognized that the dark band is narrower than
the white band as expected from Fig. 2. If the important
features of the sample fall on this area, however, we
can see their better images can be seen in this region.
The band shape is distorted in the part on the left-hand
side of the figure. The width of the dark band is not
uniform. Such distortion is brought about by the
imperfect manufacturing of the crystal analyzer. The
average relative intensities of dark field X-ray beams

(c) (d)

Fig 4. Dark-field image (a) and bright-field image (b) of an
ant embedded in polymethylmethacrylate. A parallel
plate crystal analyzer was used. The cross section of the
X-ray beam incident on the sample is 5 mm x 5 mm.
Exposure time was approximately 60 s. The dark-field
image (a) has almost no background. Panels (¢) and (d)
show striped image patterns obtained by using a wedge-
shaped analyzer. These examples show better contrast
in dark field images. The cross section of the X-ray beam
incident on the recorder film is 10 mm x 15 mm.
Samples are the breast cancer phantom RMI 156; (c)
specimen No. 2 and (d) specimen No. 6 (the specks
simulate breast cancers.).
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are about 25% as strong as those the bright field X-ray
beams.

Fig. 4 (d) shows the recorded images of specks in
the breast cancer phantom specimen RMI 156 No.6.
Only the fringe parts of the specks are visible in BFI,
while the inner structure of aspeckisnoticeable in DFL.
The specks simulate cancers. Since DFI provides clear
images of the cancer phantoms, it is recognized that
DFI can be a useful means for the cancer diagnosis.

DiscussioN

The present practical test experiments revealed a
few problems to be solved in the future. They are
summarized as follows:

@  The alignment of the optical system must be
carried out very accurately.

(i) The crystal analyzer must be cut very
accurately.

(i) Strong synchrotron radiation degrades the
crystal analyzer.

(iv) Chemical processing of exposed films
(developing) and the printing of the image on a
photographic paper affect the image contrast crucially.

(v)  The method to produce large DFI must be
established.

(vi) The record of the image must be made
electronically. For instance, the use of a CCD camera
should be considered. These facilitate the data
processing by the use of a computer

A technique to reconstruct three dimensional
images using the images that are of two dimensional in
practice has been reported'™ . The technique is
equivalent to CT scanning by the use of bright field
imaging. The bright field absorption imaging has the
limitation of the applications because various specimens,
particularly those of excised human bodies, have low
absorption contrast as the intrinsic nature. Thus, it is
very much desirable to extend this technology to the
dark field imaging.

A pioneering work to apply the image reconstruction
technique of the two dimensional case to the dark field
imaging has been carried out by Dilmanian®°using a
simple cancer phantom specimen. For realizing this,
the optical system must be established so as to supply
sufficiently good images with good contrasts. For
establishing it, the photographic recording of images
is only the initial stage of the investigation. This is
implemented in present work. The present preliminary
study hasbeen successful. The samples of breast cancer
phantom similar to ones used here were observed by
Alfellietal *' and Fiedler et al.>*. Our data give resolution
and contrast better than those they obtained

When the major part of these basic techniques is
achieved, the technique to record the image by

ScienceAsia 33 (2007)

electronic methods as one with CCD cameras must be
established. Then the computer software for the three
dimensional reconstruction of the images is required.

As the future prospects of the work, we point out
the importance of the expansion of images. In case of
DFI, the principle of operation tells us that the expansion
of the image is quite useful to separate BFI. This is
particularly so in case of the optical system using the
wedge-shaped crystal analyzer. In principle, this can be
implemented by reducing the summitangle of the wedge
appropriately.

Inaddition, to settle a very accurate optical system,
the improvement in the data processing technique is
also very important. This indirectly enhances the
resolution and contrast of images. The use of the
electronicrecordingisalsoindispensable. Thisis crucial
for realizing X-ray microscopy in materials imaging.
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