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Simple X-Ray Dark- and Bright-Field Imaging Using Achromatic Laue Optics
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X-ray dark-field and bright-field imaging in the Laue geometry has been successfully demonstrated. Using a Bragg-case asym-
metric monochromator that produces an X-ray beam with a 0.3µrad divergence incident onto an object and a Laue geometry
analyzer that can simultaneously provide dark-field imaging (DFI) and bright-field imaging (BFI). The DFI has only an X-ray
refraction component on the object without illumination, while the BFI has reasonable illumination. This was achieved by a
1.075 mm thick silicon analyzer with 4, 4, 0 diffraction at 35 keV X-ray photon energy. An image of an insect embedded in
polymethylmethacrylate, which can not be visualized by absorption, has been obtained. [DOI: 10.1143/JJAP.41.L1016]
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A new idea concerning very simple X-ray dark-field
and bright-field imaging in Laue geometry that has never
been proposed before is presented here. Since 1989, various
refraction-based imaging1–15) techniques have been proposed.
All of these have originated from X-ray shadow micrography
pioneered by Cosslett and Nixon in 1951.16,17) This may cor-
respond to imaging in the visible-light region, as described
in the literature by Born and Wolf.18) These techniques in-
volve a neutron imaging system using a Bragg diffraction ana-
lyzer,1–4) and X-ray imaging systems without an analyzer,5,15)

with Laue analyzer,6) with a Bragg analyzer7,8,12–14)and with
no optics.9–11) All of these techniques, in principle, might
be categorized as bright-field imaging under a special ana-
lyzer condition.6–8,12–14) We have recently developed dark-
field imaging using new X-ray Laue19,20) and Bragg21) op-
tics. The dark-field imaging in Laue geometry19,20) proposed
is very advantageous over the previous imaging developed by
others1–4,6–8,12–14)because one does not have to take a series
of pictures while changing the angle of the analyzer crystal;
One can simply obtain clear dark- and bright-field image of
an object in a single shot.

The deflection angle,�(x, y: k),19–21)associated with a re-
fraction contrast can be described as follows:

�(x, y: k) ∝ −
∫ z1

z0

∂δ(x, y, z: k)/∂xdz, (1)

where δ(x, y, z: k) is related to the refractive index,n =
1 − δ(x, y, z: k), z is the direction of the X-ray beam,z0 and
z1 denote the coordinates where the X-rays go into and out
of the object, respectively, and let refraction take place in the
(z, x) plane.

In our X-ray dark-field and bright-field imaging arrange-
ment shown in Fig. 1, the Laue geometry of diffraction in
an achromatic arrangement, where two diffracting planes in-
volving a monochromatorM and an analyzer crystalA are in
a (+, −) parallel arrangement, is essential so that imaging re-
ceives no effect of wavelength spread that may otherwise blur
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Fig. 1. X-ray optics setup for simultaneously producing dark-field image
and bright-field images. The incident beamI (W ) is incident onto an asym-
metric monochromatorM that reduces outgoing beam divergence by a fac-
tor of 0.2. The beam divergence ofP(W ), which is incident onto object
Q(W ), has 0.3µrad. The modulated beamR(W ) contains information on
Q(W ); R(W ) splits into D(W ) and B(W ) due toIO(W ) and IG(W ), re-
spectively.D(W ) andB(W ) lead to production of a dark-field image and
a bright-field images using an imaging device, respectively.

the image contrast. We have chosen the asymmetric factor b
(refer to ref. 22) to be 0.05 atM so that one can provide the
beamP(W ) with divergence of 0.3µrad incident onto the ob-
ject Q(W ) located betweenM and A. Thus P(W ) has been
modulated intoR(W ) due toQ(W ). The refraction angles for
almost all boundaries of ordinary materials should be on the
order of 1µrad or greater than the angular spread ofP(W ).
This R(W ) will be analyzed byA that has a function ofIO(W )

along the direction of forward diffraction andIG(W ) along
the diffraction direction.IO(W ) has the potential to suppress
R(W ) completely at|W | < 1. ThusD(W ) = IO(W )R(W )

after A along the forward diffraction direction corresponds to
dark-field imaging (DFI) because there is no apparent X-ray
background intensity existing at|W | < 1 due to the struc-
ture of IO(W ), while B(W ) = IG(W )R(W ) corresponds to
bright-field imaging (BFI) along the diffraction direction be-
cause of the nature ofIG(W ). The beamsD(W ) and B(W )

will be stored as a dark-field image and a bright-field image,
respectively.

Two reflectivity functionsIO(W ) and IG(W ) at A can be
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Fig. 2. Reflectivity IO(W ) versus the analyzer thicknesst under the ex-
perimental condition of 1.075 mm, the angular coordinateW for 4, 4, 0
reflection and the X-ray energy of 35 keV. At|W | = 0, IO(W ) is almost
zero in the case of no absorption.

expressed if the X-rays undergo no absorption as follows:

IO(W ) = sin2(tπ
√

1 + W 2/�)/(1 + W 2), (2)

IG(W ) = (cos2(tπ
√

1 + W 2/�) + W 2)/(1 + W 2), (3)

IO(W ) + IG(W ) = 1, (4)

wheret , W , � are thickness ofA, deviation of the angle from
the Bragg condition and the extinction distance, respectively.
W can be expressed asW = 2� sinθB(θ−θB−�θ0)/λ, where
� = λ cosθB/|P‖χG| is the extinction distance,P the polar-
ization factor,λ the X-ray wavelength,χG = −reλ

2FG/πVC

the polarizability, wherere is the classical radius of electron,
FG the crystal structure form factor,VC the volume of unit
cell, θ the angle that deviated from the Bragg angleθB and
�θ0 correction of the Bragg angle due to refraction expressed
as �θ0 = 2(1 − n)/ sin2 θB. Equations (2) and (3) can be
simplified asIO(W )|W=0 = sin2(tπ/�) and IG(W )|W=0 =
cos2(tπ/�), respectively, atW = 0 so thatIO(0) becomes
0%, while IG(0) 100% with periodicity oft = p� where p
is integer. Figure 2 showsIO(W ) as a function oft andW un-
der an experimental condition oft = 1.075 mm and the X-ray
energy of 35 keV. The angular range in terms ofW is shown
only from 0.0µrad to 0.50µrad.

An explanation for dark-field and bright-field imaging is
given as follows: first prepare an extremely straight forward
beamP(W ) as shown in Fig. 3(a) using asymmetric diffrac-
tion22) at M in Fig. 1. The horizontal axis should correspond
to the angle, and the vertical axis to the power of the X-rays.
Second,P(W ) that enters the objectQ(W ) shown in Fig. 3(b)
that has, for instance, an octahedral shaped polygon as shown
in the inset between (b) and (c), may receive the refraction ef-
fect, either from the left or right or both directions, against the
incident beam direction. As a result, the X-raysR(W ) which
exit from Q(W ) may possess information on the object as
shown in Fig. 3(c). Mathematically,R(W ) should be the con-
volution of P(W ) andQ(W ). Figure 3(d) shows the reflection
profile IO(W ) at A along the direction of forward diffraction.
Due to this function of an angular filter apparently the central
part ofR(W ) has been suppressed as shown in Fig. 3(e) due to
IO(W ). This is called dark-field imagingD(W ). On the other

Fig. 3. Diagram showing how DFI and BFI can be formed. The horizontal
axis represents the angular scale represented byW , while the vertical axis
represents the power of X-rays. (a) shows an incident beam profileP(W ).
P(W ) = 1 for |W | < 1, 0 for |W | ≥ 1, whereW = ±1 corresponds to a
rocking curve width for asymmetric 4, 4, 0 diffraction that has the order of
0.15µrad; (b) represents a schematic angular distribution of objectQ(W )

as shown in the inset between (b) and (c). This shows a model with an
8-face polygon whose refractive index is for vacuum or larger than that of
its surrounding atmosphere; (c) represents the angular distributionR(W )

that has information onQ(W ) as shown inR(W ) = P(W )∗ Q(W ), where
∗ represents convolution of the two functions; (d) represents a transmis-
sion functionIO(W ) of an analyzer crystalA along the forward diffraction
direction; (e)D(W ) = IO(W )R(W ) the intensity profile of the beam af-
ter A along the forward diffraction direction. This corresponds to DFI be-
cause no apparent illumination light remains; (f) The transmission function
IG(W ) along the diffraction direction ofA, (g) B(W ) = IG(W )R(W ) that
can be BFI because an image due to refraction involves the illumination
light as well.

hand, due to the other functionIG(W ), as shown in Fig. 3(f)
bright-field imagingB(W ) is available, as shown in Fig. 3(g).

The advantages of our method over the previous meth-
ods are as follows: first, our system is very simple. It only
needs a parallel setting of two diffracting planes atM and
A that should satisfy the thickness condition in eq. (1) for
IO(W ) = 0 at W = 0. This can provide complete dark-field
and bright-field imaging simultaneously in a single shot at
W = 0. Also only a small distance betweenA and DFI or
BFI is required. The contrast of all previous imaging tech-
niques such as those by Ingal and Beliaevskaya,6) Wilkins’
group7,8,10,12) and Chapman’s group13,14) should locate in-
between dark-field imaging and bright-field imaging. Their
background could not be suppressed 100% if the Bragg angle
at |W |  0 is taken.

An experiment was performed at beamline BL14B23) us-
ing a radiation source from a 5 T vertical wiggler at the Pho-
ton Factory and at BL20B24,25) at the 8 GeV SPring-8 stor-
age ring. Very good agreement between calculated and ex-
perimental values ofIO(W ) and IG(W ) has been confirmed.
Images were stored on a nuclear plate which has an exposure
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Fig. 4. (a) Dark-field image and (b) bright-field images of an insect embed-
ded in polymethylmethacrylate. The field size is 5 mm× 5 mm. Exposure
time using a nuclear plate was approximately 60 s. The dark-field image
(a) has an almost completely dark background.

time of approximately 60 s.
Figure 4(a) shows an image of the DFI mode of an insect

embedded in polymethylmethacrylate and (b) the BFI mode.
Figure 4(a) shows apparently almost no background. The field
is 5 mm× 5 mm.
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