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Large-area (25 � 20 mm) phase-contrast X-ray imaging was attained

by using a skew-symmetric two-crystal X-ray interferometer. The

sub-nrad angular control required to operate the X-ray interferom-

eter was achieved with a sleeve bearing and a feedback-positioning

system. As a demonstration, measurements of a phase map of a rat's

liver and a phase-contrast tomographic three-dimensional image of a

piece of a rabbit's liver were performed at the Photon Factory using

0.07 nm synchrotron radiation X-rays.
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1. Introduction

Absorption-contrast X-ray imaging is widely used for the non-

destructive observation of the inner structures of samples. However,

light elements have a small absorption cross section in the hard-X-ray

energy region, so the observation of samples that consist mainly of

light elements, such as biological soft tissue, is dif®cult. On the other

hand, phase-contrast X-ray imaging enables the observation of such

light samples without a contrast agent, because the phase-shift cross

sections of light elements are much larger than their absorption cross

sections.

For phase-contrast X-ray imaging, the X-ray interferometer

(Bonse & Hart, 1965) is a powerful tool. By using monolithic triple

Laue-case (LLL) X-ray interferometers

(Fig. 1a), structures in a rat cerebellum have

been revealed (Momose & Fukuda, 1995).

Three-dimensional observation of various

forms of biological soft tissue by phase-

contrast computed tomography (CT)

(Momose, 1995) has also been demonstrated

(Momose et al., 1996; Beckmann et al., 1997;

Takeda et al., 2000). The advantage of the

monolithic LLL X-ray interferometer is that

stability is easily achieved for the instru-

ment's various components, and this makes

its operation comparatively easy. However,

the ®eld of view is limited by the size of the

silicon ingot from which the interferometer

has been cut out. In addition, in the imaging

of live objects, a deformation of the crystal

wafers caused by the sample's heat is

unavoidable. This causes ¯uctuations in the interference pattern.

In order to overcome this limitation and thermal disturbance, we

have been studying a skew-symmetric two-crystal X-ray inter-

ferometer (STXI) (Fig. 1b). The con®guration of this device was

initially designed to lengthen the path of the interfering beam

(Becker & Bonse, 1974). Forming an X-ray interferometer in this

con®guration doubles the ®eld of view for a silicon ingot of a given

size. Aligning the blocks of this device at a moderate distance from

each other provides a way to minimize the thermal effect. On the

other hand, the difference between the lengths of the optical paths for

the object beam and reference beam has to be kept constant and of

the same order as the X-ray wavelength for the system to operate.

For phase-contrast X-ray imaging with practical times of

measurement, the use of synchrotron radiation is indispensable.

However, we were unsure whether or not it would be possible for an

STXI to function at a synchrotron radiation facility. As a ®rst stage,

therefore, we fabricated a small STXI and performed its operation

with synchrotron radiation at the Photon Factory (Momose et al.,

1997). As a second stage, we developed an STXI imaging system with

a 25 � 15 mm ®eld of view and a feedback system to stabilize the

optical system, and demonstrated the system's successful operation

and the observation of a phase map for a biological sample

(Yoneyama et al., 1999).

For the next stage, we developed a 30 � 30 mm ®eld-of-view STXI

imaging system for the phase-contrast CT of large samples and for

in vivo phase-contrast observations. In this article, we will report on

the new imaging system and our successful use of it to observe the

interference pattern, phase map and three-dimensional image of

biological samples.

2. Skew-symmetric two-crystal X-ray interferometer

The STXI consists of two independent crystal blocks that carry two

crystal wafers, as shown in Fig. 1(b). Incident X-rays are separated

into two beams by the splitter S of the ®rst block. These beams are

re¯ected by the mirrors M1 and M2, respectively, and are combined

by the analyzer A to form two post-analyzer interference beams. The

advantage of the con®guration of the STXI is that the parallel linear

displacement between the crystal blocks does not affect the lengths of

the optical paths, so only two rotations (� and ') need to be

controlled.

The angular deviation �� changes the position of the lattice planes

of M2 and A relative to each other and causes a phase difference ��
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Figure 1
(a) A monolithic LLL interferometer and (b) a skew-symmetric two-crystal interferometer; only two
rotations (� and ') need to be controlled.
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between the object beam and the reference beam. The relation

between �� and �� is given by

�� � 2��x� t���=d; �1�
where x, t and d are the path length of the beam between the wafers

on each of the blocks, the thickness of the wafers and the Bragg-plane

spacing, respectively (Becker & Bonse, 1974). For the blocks that we

fabricated [where x = 80 mm, t = 1 mm and d = 0.192 nm (Si 220

diffraction)], �� = 2.4 nrad corresponds to a phase difference of 2�.

If the value of �� exceeds 2� during the exposure for the recording

of an interference image, the interference fringes are smeared out.

Therefore, the � rotation should be stabilized with an accuracy of sub-

nrad order.

When the ' rotation is detuned, a fringe pattern that corresponds

to a rotation MoireÂ pattern appears (Becker & Bonse, 1974). The

spacing � of the MoireÂ fringes is given by

� � �L=�2x�' sin �B�; �2�
where �, L and �B are the wavelength of the X-rays, the distance from

the X-ray source to the image detector and the Bragg diffraction

angle, respectively. The ' rotation should be tuned so that � is much

larger than the spatial resolution of the image detector. For our

typical experimental conditions, � = 0.07 nm (17.7 keV), L = 20 m

and �B = 10.5�, an accuracy of better than 10 mrad is required to

achieve � � 5 mm.

3. Apparatus

3.1. Mechanical positioning system

The mechanical positioning system for STXI requires tables that

are rotatable in � and ', as explained above. In addition, a further

rotating table is needed to set the X-ray interferometer in the Bragg

condition against the incident X-rays. These rotating tables must be

highly rigid to minimize the propagation of the ¯oor's vibrations into

the crystal blocks, which would cause ¯uctuations in the phase

difference ��.

Fig. 2 shows the new system we have developed to satisfy these

conditions. One of the crystal blocks was mounted on an S2 table for

the � rotation, while the other was mounted on a tilt table for the '

rotation. The S1 table that carried the S2 table and the tilt table was

used to adjust the angle of incidence of the X-rays on the S wafer of

the ®rst crystal block. To improve the rigidity of the tables and avoid

the deformation of the tables by gravitation, the beam paths were

formed in the horizontal plane, and the S1 and S2 tables thus rotate

around vertical axes.

The required accuracy of sub-nrad order for the S2 table was

achieved by a ®ne-adjustment mechanism, consisting of a sleeve

bearing and a feedback-positioning system (described later). The

®ne-adjustment mechanism consisted of a laminated piezoelectric

actuator (PZT) that expanded by 15 mm at 100 V relative to its

thickness at 0 V and a voltage source that supplied 0±100 V at a

resolution of 0.1 mV. The resulting minimum angular step was

0.07 nrad, which corresponds to a phase difference �� = �/17. The

sleeve bearing was employed to reduce the mechanical vibration of

the table by increasing the rigidity of the table; the S2 table slides on

the S1 table with a slippery sheet of polytera¯uoroethylene (PTFE)

pasted on the bottom of the S2 table. The size of the S2 table was

180 � 70 mm, which was large enough for the mounting of one crystal

block of an STXI that is able to generate a 30 � 30 mm ®eld of view.

The required accuracy for the tilt table was easily achieved with an

adjustment mechanism driven by a stepping motor. The minimum

angular step of the tilt table was 5 mrad, which achieves � = 10 mm.

The tilt table was of the same size as the S2 table. The required

accuracy for the S1 table was also easily achieved with an adjustment

mechanism driven by a stepping motor. The minimum angular step of

the S1 table was 0.01 mrad, which was suf®cient to adjust the angle of

incidence of the X-rays on the S wafer to the Bragg diffraction angle.

A sleeve bearing was also employed in order to reduce the

mechanical vibration of the table by increasing the rigidity of the

table.

The air¯ow around the interferometer causes thermal non-

uniformity in the crystal wafers and deforms them. In addition, any

sound vibrations around the interferometer make the rotating tables

vibrate. As a result, these disturbances create a ¯uctuation of �� in

the phase difference. To avoid this ¯uctuation, outer and inner hoods

were employed. The outer hood covered the whole positioning

system, and individual inner hoods covered the S1 table and the tilt

table. Each hood has holes in the direction of the X-ray beam's path,

and polyamide ®lms were placed over these holes.

3.2. Feedback-positioning system

The drift in � rotation causes an undesirable phase difference ��,

which is described by (1). However, the ®ne-adjustment mechanism

of the S2 table was unable to cope with this drift. The feedback-

positioning system of the S2 table (Yoneyama et al., 1999) was thus

employed to suppress this drift. In this system, the voltage applied to

the piezoelectric actuator of the S2 table is controlled so that the

intensity of a small section of the interference beam, which varies

with the value of ��, follows the target intensity. The target intensity

was changed according to the decrease in the electron-beam current

in the storage ring. Because the measurement time required for

phase-contrast CT is more than a few hours, the decrease in the

intensity of the beam of incident X-rays caused by the decrease in the

beam current is non-negligible.

The drift of the S1 table was also a crucial factor to control for

long-term measurements. Therefore, a feedback-positioning system

was also applied to the S1 table. This system controlled the S1 table to

keep the intensity of the beam as it passed through the two wafers of

the ®rst crystal block at the target intensity.

Figure 2
A schematic view of the positioning system for the skew-symmetric two-crystal
X-ray interferometer. The S2 and tilt tables control the � and ' rotation of the
crystal blocks relative to each other. The S1 table, which carries the S2 and tilt
tables, controls the angle of incidence of the X-rays.



4. Results

4.1. Experimental set-up

The experiments were performed at BL-14C1 of the Photon

Factory, Tsukuba, Japan, using synchrotron radiation from a vertical

wiggler. The vertical wiggler emits a beam that fans out in the vertical

direction, which can be expanded by applying asymmetrical diffrac-

tion in the horizontal direction. As was mentioned above, the beam

paths of the X-ray interferometer are formed in the horizontal plane,

and using this source therefore minimizes the loss of X-ray intensity

as the beam passes through the X-ray interferometer.

Fig. 3 shows the experimental set-up at BL-14C1. The X-ray beam

from the vertical wiggler was monochromated by an Si(220) double-

crystal monochromator (not shown) and introduced into the

experimental hatch. Next, the beam was diffracted by an asymmetric

crystal whose surface was inclined by 9.5� from the (110) plane in

order to expand the size of the beam to 34 mm (width) � 30 mm

(height).

In the test of this system, we used the crystal blocks that we had

fabricated for a previous set of experiments (Yoneyama et al., 1999),

and the ®eld of view was thus 25 mm wide and 20 mm high. One of

the two post-analyzer interference beams was detected by a

4 k � 4 k pixel CCD-based imaging detector (Momose et al., 2001) or

by an X-ray-sensing pickup tube (Suzuki et al., 1989). The other

interference beam was narrowed by the four-quadrant slit and

detected by the scintillation counter of the feedback-positioning

system for the S2 table. The intensity of the beam that passed through

the two wafers of the ®rst crystal block was detected by a PIN

photodiode of the feedback-positioning system for the S1 table.

4.2. Interference pattern

With the alignment process described in the previous paper

(Yoneyama et al., 1999), an interference pattern was obtained using

0.07 nm X-rays, and this is shown in Fig. 4. This image was detected

with a 10 s exposure by the CCD-based imaging detector. The image

was of a region 25 mm wide and 20 mm high, and the best visibility

was 45%, which is high enough for phase-contrast X-ray imaging. No

object was placed in the path of the interference beams, so the fringes

seen in the ®gure were caused by unevenness of the lattice spacing

and/or deformation of the crystal blocks.

4.3. Testing the performance of the feedback system for the S2 table

Fig. 5 shows a chart of X-ray intensity over time as monitored for a

small section of the interference pattern, along with the voltage

applied to the PZT for the S2 table. A 100 � 100 mm section was

monitored. This is smaller than the scale of the spacing of the inter-

ference fringes. The sampling clock of the system was 1 Hz, and the

time constant of the feedback was 3 s.

While the feedback system was off, the intensity oscillated because

of the drift in �. After the feedback control was applied, the intensity

was kept at the target value. The slow decrease in the intensity

indicates the change in the target intensity with the decay of the beam
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Figure 3
Experimental set-up at BL-14C1 at the Photon Factory.

Figure 4
A 25 � 20 mm interference pattern obtained with 17.7 keV X-rays. The fringe
visibility was 45%, which was suf®ciently high for imaging. The fringes were
caused by the unevenness of the lattice spacing of the crystal and/or
deformation of the crystal blocks.

Figure 5
Chart over time of the intensity of a small section of the post-interference
X-rays and of the voltage applied to the piezoelectric actuator of the S2 table.
The voltage was controlled to keep the intensity at the target intensity by
taking account of the decrease in the beam current in the storage ring.
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current in the storage ring. The standard deviation of the difference

between the monitored intensity and the target intensity for the

oscillation amplitude of 5000 counts sÿ1 was about 350 counts sÿ1.

Taking account of the level of quantum noise (60001/2 = 77), this

result suggests that the S2 table was stabilized nominally within

0.1 nrad, which corresponds to a phase difference of �/16.

4.4. Phase map

This apparatus was then applied to measure a phase map (spatial

distribution of the phase shift caused by the sample) by using the

fringe-scanning method (Bruning et al., 1974). The sample and a

plastic plate as a phase shifter were placed in the object and reference

beam paths as shown in Fig. 3. Each is individually supported by rods

connected to the horizontal and vertical linear tables. These tables

were located outside the outer hood in order to prevent disturbance

of the interference by the motor's vibration. The plastic plate was

rotated by the stepping motor to change the phase difference

between the object beam and the reference beam. The sample was

placed in a cell ®lled with water in order to avoid the generation of

overly ®ne interference fringes by variations in the thickness of the

sample (Momose, 1995).

To obtain the phase map of a sample, we began by obtaining a

background phase map �bk, i.e. a map with no sample in the paths of

the interference beam. Next, we placed a sample in the beam path

and obtained a phase map of the form �bk + �. Finally, the phase

map � was obtained from �bk + � by subtracting the background

phase map �bk.

Fig. 6 shows a phase map obtained for a rat's liver by a ®ve-step

fringe scan. Each of the ®ve interference patterns was detected by the

CCD-based imaging detector with a 10 s exposure. The image was of

a region 17 mm wide and 15 mm high. The difference in phase shift

between the water in the blood vessel and structural tissue of the liver

made blood vessels with a diameter of about 50 mm visible as regions

of gray contrast.

4.5. Phase-contrast CT

Phase-contrast CT with this apparatus was also demonstrated. The

phase maps of each projection for use in CT reconstruction were

obtained with a ®ve-step fringe scan. The sample was rotated through

180� in 0.72� steps (250 projections) in a cell ®lled with water. A

®ltered back-projection method with a Shepp±Logan ®lter was used

to reconstruct the phase-contrast tomograms.

Fig. 7 shows a three-dimensional image of a columnar piece of the

liver of a rabbit with VX2 cancer. Each interference pattern was

detected by the X-ray-sensing pickup tube with a 12 s exposure. The

diameter of the sample was about 10 mm and its height was 5 mm.

The voxel size was 18 � 18 � 12 mm. The gray levels for the cancer

tissue were lower than those for the normal tissue, and some ®ne

structures were visible. Moreover, blood vessels with a diameter of

about 30 mm in the normal tissue appeared as regions of gray

contrast. This result is similar to one that was obtained previously

with a monolithic LLL X-ray interferometer (Momose et al., 1996).

5. Conclusion

A large-area phase-contrast X-ray imaging system, in which a two-

crystal X-ray interferometer is applied, was developed and success-

fully operated. A 25 � 20 mm interference pattern with a best visi-

bility of 45% was obtained. The phase difference caused by the drift

in relative rotational positions of the separate crystal blocks was

controlled to a deviation within 0.1 nrad for 4.5 h by using feedback

systems. As a demonstration, a phase map of a rat's liver and a three-

dimensional image of a columnar piece of a rabbit's liver were

observed. The results prove that this system is useful for the large-

area phase-contrast X-ray imaging of various samples.

In order to apply this imaging technique to in vivo observation,

shortening of the period of measurement to within the order of a

second will be necessary. A way to ful®l this requirement is to use the

Fourier-transform method (Takeda et al., 1982), which requires a

single interference image to obtain a phase map. As our next step,

in vivo phase-contrast observation with this method is in progress.

Figure 6
A 17 � 15 mm phase map obtained for a rat's liver by using the fringe-
scanning method with ®ve steps. Blood vessels with a diameter of about 50 mm
were visible in the liver specimen.

Figure 7
A three-dimensional image of a columnar piece of liver from a rabbit with
VX2 cancer. The diameter of the sample was 10 mm, and its height was 5 mm.
The gray levels for cancer tissues were lower than those for normal tissues, and
some ®ne structures were visible.
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