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1. Introduction

The wave nature of light gives rise to a variety of fascinating interferometric phenomena. For
many years scientists have made considerable efforts to utilize this aspect so that today the
field of optical interferometry is well established. The phase of the light revedled by an
interferometer conveys information on the optical properties and/or geometrical features of
materials, which cannot be accessed by simple intensity measurements. Interferometry is now
indispensable in many areas of modern science and technology.
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The success of optical interferometry has motivated us to develop interferometers for
other types of waves such as X-rays, neutrons, electrons and even atoms. However, the
congtruction of such interferometers is, in general, more complex than the congtruction of
optical interferometers. All interferometers need a coherent beam with sufficient flux. The
sources available for interferometry are therefore limited. In addition, the wavelengths of X-
rays, neutrons, and electrons are shorter than light and therefore require much tighter
alignment and greater mechanical stability of the components of the interferometers.

In the X-ray region, however, the development of synchrotron radiation sources has made
it possible to use high-flux X-rays with sufficient coherency, and the technologies for
fabricating and aligning various optical components for X-rays have progressed. As aresult of
this, a variety of X-ray interferometers have been operated successfully and used for X-ray
interferometric imaging.

In the hard X-ray region, the interaction cross-section of the X-ray phase shift for low-Z
elements is approximately three orders of magnitude larger than that of absorption [1]. This
implies from a macroscopic point of view that the difference in the rea part of the refractive
index between two different materials consisting of low-Z elements is approximately three
orders larger than the difference in the imaginary part of the refractive index. For instance,
structures in biological soft tissues, which cannot be fully imaged with conventional X-ray
imaging relying on absorption, can therefore be depicted without the need for staining by
using X-ray interferometric imaging. For biological imaging, in which X-ray radiation
damage is crucial, this capability of X-ray interferometric imaging has a distinct advantage.

The aim of this article is to review recent studies in phase-sensitive X-ray imaging and
phase tomography using X-ray interferometers. The advantages of X-ray interferometric
imaging are discussed in comparison with other phase-sensitive imaging methods. the
propagation-based method and the diffraction enhanced imaging method.

2. Requirementsfor X-ray interferometry

In order to construct an X-ray interferometer, one needs to overcome the difficulties in
ensuring: (1) the coherency of X-rays, (2) the coherent division of an X-ray beam, and (3) the
stability of the optical path length.

2.1 Coherency

Synchrotron radiation is normally passed through a crystal monochromator for the selection of
hard X-rays. X-rays within a specific energy band are extracted using Bragg diffraction. The
energy resolution is in the region of 10* with a normal double crystal monochromator. With
sophisticated crystal arrangements, the energy resolution can be easily increased to 10°
implying a temporal coherence length of around 10 pm. In the case of soft X-rays,
monochromatization is normally achieved with a grating monochromator whose energy
resolution is typically 102~10. The influence of the lower energy resolution on the temporal
coherency is compensated by the fact that the wavelengths are much longer than those of hard
X-rays. In most cases, X-ray interferometric imaging is performed in a situation where the
optical path difference is much smaller than 10 pm so that one need not pay particular
attention to temporal coherency.

Spatial coherency is particularly important for X-ray interferometric imaging. When an
X-ray source with poor spatial coherency is used, the coherency must be improved by placing
a pinhole downstream of the source. For harder X-rays, however, asmaller pinhole isrequired,
leading to fabrication difficulties.

Bragg diffraction at the hard X-ray monochromator also functions as a beam collimator.
The angular aperture for the incident X-rays satisfying the Bragg diffraction condition is
normally about 10 prad. Therefore when the angular diameter of an X-ray source is larger
than the angular aperture, the effective source size downstream of the monochromator is
defined by this aperture. Thus a small part of the source can be selected without using a
pinhole generating a beam with a spatial coherence length of about 10 pm.
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There is some uncertainty regarding the available X-ray flux in such situations.
Synchrotron radiation sources are brilliant enough even after the coherence filtering
mentioned above. Moreover, synchrotron radiation available from recently constructed low-
emittance electron storage rings is sufficiently spatially coherent as generated. The difficulty
in ensuring the X-ray coherency required for interferometric imaging has thus been overcome.

2.2 Beamdivison

Next, one needs to divide a wave into at least two waves coherently. Wavefront division,
amplitude division and polarization division are normally used in optical interferometry.

Wavefront division is simple, provided that a spatially coherent beam is available.
Young's double dlits, Fresnel's bimirrors, prisms, etc. are applicable for wavefront division
even of X-rays. One disadvantage is that the field of view generated by using these devicesis
normally quite small.

Amplitude division is superior to wavefront division in that spatia coherency is not as
essential as in the case of wavefront division. Crystals are used for amplitude division in the
hard X-ray energy region. Using dynamical diffraction [2], an incident X-ray beam can be
divided into a diffracted beam and a forward-diffracted beam. Conveniently enough, this
process involves monochromatization and collimation to perform coherence filtering as
mentioned above. In the soft X-ray region, crystals are not available. Instead, free-standing
multilayers or gratings are used.

Polarization division has not been used in X-ray interferometry. In some spatial
configurations of dynamical diffraction in a perfect crystal, polarization division is possible in
principle [2]. Depending on the experimental requirements, polarization division would be an
attractive option and should be studied in the future.

2.3 Sability

The most annoying difficulty in X-ray interferometry is the fluctuation of the optical path
length. When the path difference between the interfering X-ray beams fluctuates by more than
their wavelength, the corresponding shift of generated interference fringes exceeds the
spacing of the fringes. If the time required to record the fringes is longer than the time
congtant of the fluctuation, fringe contrast is lost. In order to observe interference fringes, an
interferometer must be stabilized to a level significantly within the X-ray wavelength during
the measurement.

In the X-ray region this difficulty can be overcome using four different approaches: (1)

the use of paraxia rays, (2) the use of monolithic crystal optics, (3) the development of a
precise and stable stage for aligning optical components, and (4) instant image acquisition:

(1) The use of paraxia rays is effective because any instability in the system has a
similar effect on all the optical path lengths in the interferometer and the effect of
instability is therefore cancelled.

(2) The triple Laue-case (LLL) X-ray interferometer [3] shown in Fig. 1(a) consists of
three parallel crystal lamellae with a constant spacing between them, functioning as
beam splitter (S), mirror (M) and analyzer (A) under the Bragg diffraction condition
and forming Mach-Zehnder type optical paths. The entire body of the interferometer
is cut monolithically from a perfect silicon crystal ingot. The optical components are
self-aligned and no tuning mechanism is needed.

(3) In crystal X-ray interferometers other than those using the monolithic approach,
individual optical components are assembled as rigidly as possible and great
attention is paid to the suppression of vibration. Although this task is laborious, even
in the hard X-ray region a crystal interferometer has been developed, as described
later.

(4) One can record interference fringes when an image is acquired with an exposure
much shorter than the instability time constant. Soft X-ray laser sources and some
undulator radiation sources of the third generation synchrotron radiation facilities
meet this demand.
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3. Interferometersdeveloped for X-ray imaging

In this section, X-ray interferometers developed for imaging applications are described
individually including those operating in the soft X-ray region.

3.1 LLL X-ray interferometer

The LLL X-ray interferometer shown in Fig. 1(a) is the most well-known for being of
practical use, even functioning with a laboratory X-ray source. Because of its monolithic
structure the Bragg diffraction condition is satisfied a the three lamellae simultaneously. The
incident X-ray beam is divided into two beams at the beam splitter (S) by amplitude division,
and these two beams are each divided into two beams by the mirror (M). The two converging
beams are recombined by the analyzer (A). An interference pattern caused by a sample placed
in one arm of the interferometer is observed downstream of the analyzer. As described later,
the change in the wavefront is measured using the technique of phase-shifting interferometry,
and furthermore three-dimensional imaging is attained in combination with X-ray computed
tomography [4].

The contrast resolution of X-ray interferometric imaging using the LLL interferometer is
attractive from a medical point of view because structures in soft tissue, such as cancerous
lesions and blood vessels, can be revealed [5-7]. The size of the field of view of the
monolithic LLL X-ray interferometer, however, is limited by the diameter of the crystal ingot
from which the interferometer is fabricated. A floating-zone (FZ) silicon ingot is preferred to
ensure its performance as an X-ray interferometer. However, as the maximum diameter of
commercially available FZ silicon ingots is 15 cm, the maximum field of view attainable,
taking the geometry into account, is 7 cm x 7 cm. Another disadvantage of the monolithic
LLL X-ray interferometer especially for imaging a living body is that the interferometer is
deformed by the heat radiated from the body, which is in close proximity to the crystal
lamellae.

An X-ray interferometer consisting of two independent crystal blocks, as shown in Fig.
1(b), is a candidate for overcoming those disadvantages; in principle the field of view can be
greater than 10 cm x 10 cm and an object can be placed at some distance from the lamellae.
However, since the advantage of the monolithic configuration is relinquished, a precise stage
is required to align the blocks. A skew-symmetric system shown in Fig. 1(b) is convenient
because linear displacements between the blocks are independent of interference and
substantially only one rotation axis is required for tuning [8]. However, sub-nanoradian
stability must be achieved for the rotation.

The stage shown in Fig. 2(a) has been developed for the non-monolithic interferometer
[9]. The precise rotation mentioned above was achieved by rotating the S2 table on the S1
table. The bottom of the S2 table was lined with lubricating sheets of polyterafluoroethylene
and was constrained to glide on the Sl table around a fixed point. The influence of vibration
was reduced by thus increasing the rigidity of the system. The rotation was driven with a
laminated piezoelectric actuator, to which the applied voltage was controlled so that the
interference fringes remained static. Without this control, the drift in the rotation axis resulted
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Fig. 1. Crystal X-ray interferometers used for interferometric imaging: (a) monolithic LLL X-
ray interferometer, (b) interferometer consisting of two crystal blocks carrying two lamellae,
and (c) BBB X-ray interferometer. S: beam splitter, M: mirror, A: analyzer.
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First crystal block

X-rays

(a) Tilt table

Stone Base

Fig. 2. X-ray interferometer consisting of two crystal blocks: (a) Stage for aligning the blocks
and beam paths, (b) Interference pattern generated with this interferometer using 0.07-nm X-
rays. From J. Synchrotron Rad. 9, 277 (2002).

in interference fringes sweeping across the field of view. This feedback control was
indispensable to make the interferometer stable for several hours.

As shown in Fig. 2(b), a 2.5 cm x 2.0 cm interference field was produced with the
interferometer using 0.07-nm synchrotron X-rays from a vertical wiggler. With no object
placed in the beam path, the fringes produced were due to imperfections in the interferometer.
However, these fringes did not disturb imaging using the phase measurement technique
described later.

In X-ray interferometric imaging with the crystal interferometers, the interference pattern
is assumed to be a contour map of the phase shift caused by the sample. However, it should be
noted that the spatial resolution is influenced by the analyzer located between the sample and
the image detector [10]. According to the dynamical diffraction theory, the propagation vector
of the X-ray inside the crystal is highly sensitive to its incident angle onto the crystal [2]. The
ratio of the beam deflection angle inside the crystal to that outside is approximately 10%1.
Since the phase shift a the sample causes refraction, which is normaly neglected in
conventional radiography, the resultant change in the angle of incidence to the analyzer is
amplified in the analyzer causing image blurring. Recently, a LLL X-ray interferometer
having an analyzer 40 um in thickness [11], rather than the more conventional 1 mm, was
fabricated in order to suppress the blurring effect. An image obtained with this interferometer
will be presented later. Another approach using Bragg-case diffraction (BBB X-ray
interferometer [12] shown in Fig. 1(c)) to suppress image blurring was also attempted [13];
i.e., the beam passing through the sample does not go through the analyzer but is reflected by
it reaching the image detector.

3.2 Differential hard X-ray interferometers

Differential X-ray interferometers, which generate fringes corresponding to contours of
constant differential phase, have also been studied. The construction of these interferometers
is comparatively easy because interfering beams are formed with paraxial rays.

A simple approach to differential X-ray interferometry has been taken using a prism [14]
as shown in Fig. 3(a). Although the fact that the refractive index is almost unity in the hard X-
ray region makes it difficult to use refractive optics, half of the wavefront of 0.1-nm X-rays
was inclined by 23 prad with an acrylic prism, without any embarrassing intensity loss, and
interference could be observed 6.5 m downstream. Differential phase-contrast images of a
sample placed 96 mm upstream of the image detection plane were successfully recorded.

Differential interferometers consisting of a pair of transmission gratings have also been
studied. In the configuration of Fig. 3(b), two phase gratings designed to suppress the zeroth
diffraction order and maximize the +1st diffraction orders were aligned along the optical axis,
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and a crystal was employed to select only the two beams that suffered +1st diffraction at G1
and -1st diffraction at G2 sequentially and -1st at G1 and +1st at G2 [15]. The interference
between the two beams generates differential phase contrast of a sample placed in front of G1.

Another similar approach shown in Fig. 3(c) is X-ray Talbot interferometry [16], based
on the Talbot effect [17] caused by a grating under spatially coherent illumination. It is a
characteristic of the Talbot effect that one can observe the appearance and disappearance of
the image corresponding to the pattern of the grating along the optical axis. Tabot
interferometry employs two gratings normally with the same period. As shown in Fig. 3(c),
one grating (G2) is placed a a position where the pattern of the other grating (G1) is
reproduced by the Talbot effect. Moiré fringes are generated by superposition if the two
gratings are dightly inclined. The differential phase caused by a sample placed in front of G1
is detected by moiré-fringe bending.

It should be noted that the interferometers shown in Figs. 3(b) and 3(c) employ wavefront
division but the field of view is not limited. In addition, since paraxial X-rays are used, the
alignment of the optics is easy. Provided that large gratings are fabricated, medical image
diagnoses would be suitable applications for these interferometers.

3.3 Combination with focusing optics

For high-resolution interferometric imaging, combination with focusing optics is

Gl G2 _ Gl G2
el el :
D [ %"{ | Crystal D
I:L
m.nce
(@ (b) (©)

Fig. 3. Differential X-ray interferometers using a prism (&) and gratings (G1, G2) (b), (c).

straightforward. In addition, image formation should be considered with reference to the wave
optics, while images obtained from the interferometry described above are normally
interpreted by geometrical optics. Thus, this area of interferometric imaging relates more to
holography or phase-contrast microscopy.

In the X-ray region, the Fresnel zone plate is the most developed focusing device used in
microscopic imaging. In fact, Zernike's X-ray microscopes [18,19] and X-ray Fourier
transform holography [20-22] are studied with zone plates. Here, a recent activity using atwin
zone plate [23], shown in Fig. 4(a), is described. Zone plate patterns were formed on both
sides of a substrate, but slightly displaced from each other. When the twin zone plate is
illuminated coherently, two focal spots and therefore two spherical waves are formed and an
interference field is generated. When the twin zone plate is used as an objective lens,
differential phase contrast is generated at the image plane.

The quality of the focusing optics affects the performance of high-resolution X-ray
imaging. X-ray interferometry can also be used for evaluating focusing optics with the setup
[24] shown in Fig. 4(b). A transmission grating as a beam splitter is placed in front of the test
optic, and two diffraction orders are extracted through a mask at the image plane of the test
optic. The interference caused by the beams passing through the mask is detected showing
imperfectionsin the test optic.
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Fig. 4. X-ray interferometry with focusing optics. Using a twin zone plate (a), two focal spots
have been formed generating an interference field downstream. When the twin zone plate is
used as an objective lens, a differential phase-contrast image is obtained. Using a transmission
grating, an interferometer (b) for testing focusing optics has al so been devel oped.

3.4 Interferometers with instant image acquisition

As mentioned previously, one approach for overcoming the stability of an interferometer is
instant image acquisition. This has been attained in soft X-ray interferometry using a soft X-
ray laser because of its short pulse width and high peak brilliance. Figure 5 shows
interferometers operated successfully mainly for plasma diagnosis, using free-standing
multilayers [25] or gratings [26] for splitting and recombining beams. Recently a Michelson
interferometer has also been operated using a free-standing multilayer [27]. Although al the
optical elements, including the mirrors, were probably vibrating, the exposure time was much
shorter than the period of vibration alowing the acquisition of a stop-motion picture of the
fringes.

Instant image acquisition has also been performed with undulator hard X-rays [28].
Interference fringes were observed using an interferometer consisting of two independent
crystal blocks, as shown in Fig. 1(b), with a 2-ms exposure. This achievement suggests that a
variety of X-ray interferometers would be operated without requiring high stability using
undulator sources at third-generation synchrotron radiation facilities and especially using X-
ray free-electron laser sourcesin the near future.

It should be noted, however, that the correlation between instantly obtained images with a
certain time interval is occasionally lost. Stability is therefore still important for applications,
such as phase-shifting interferometry, that require multiple images recorded sequentially.

3.5 Other soft X-ray interferometers

For soft X-ray interferometry using synchrotron radiation, the interferometers shown in Fig. 6
are studied. The use of grazing-incidence mirrors would be a simple approach in this energy
region. Interferometers using a Fresnel's bimirror have been operated successfully [29,30]. In
X-ray astronomy, an X-ray interferometer employing multiple flat mirrors has also been
studied to achieve ultra-high resolution [31]. A free-standing multilayer was also used to
assemble a stable interferometer. Figure 6(b) shows a Mirau interferometer operated in
combination with Schwarzschild optics [32]. Despite the fact that paraxial rays were not used
in this configuration, its successful operation is a notable achievement.

. Free-standing
Multilayer multilayer .
MITTor Mirror
+1
Multil e -
Free-standing m]'ﬂ?;er Grating Mirror Orating
multilayer
(a) (b)

Fig. 5. X-ray interferometers using free-standing multilayers (a) or gratings (b) for amplitude
division. Interference fringes could be observed by using a single shot of soft X-ray laser.
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Fig. 6. Soft X-ray interferometers using synchrotron radiation. By using Fresnel's bimirror (a),
acomparatively stable interferometer has been devel oped. Operation of a Mirau interferometer
(b) with a free-standing multilayer is a notable achievement.

4. Phase tomogr aphy
4.1 Phase measurement

A simple example of the use of X-ray interferometers is in the recording of interference
images on X-ray films. In practice, however, X-ray interferometers possess imperfections and
generate a built-in fringe pattern, leading to confusion in the analysis of the structure of a
sample. Even in a perfect interferometer, when the phase shift caused by the sample
significantly exceeds 2r, it is difficult to grasp the shape of the wavefront from an
interference pattern. Furthermore, amplitude contrast also occasionally coexists in
interferometric images.

Phase measurement is therefore a meaningful next step for quantitative understanding of
the wavefront. Several X-ray interferometers described in the previous section actually have
the capability of phase measurement. The LLL X-ray interferometer was initially used for this
purpose.

The fringe scanning method (in other words, the phase-shifting interferometry) and the
Fourier transform method are applicable to the LLL X-ray interferometer system [1,7,33]. In

————

2 mm

Fig. 7. Phase map measured with 0.07-nm X-rays by means of the fringe scanning method
using the LLL X-ray interferometer. Blood vesselsin a mouse liver were depicted by replacing
blood with physiological salt solution. The contrast caused by the thickness variation of the
liver has been removed by image processing.
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the fringe scanning method, a tunable phase shifter is used and a spatial distribution of the
phase shift, or a phase map, is obtained from severa interference images recorded by a
stepwise change of the phase difference between the two arms. In the Fourier transform
method, carrier fringes are introduced with a wedge phase shifter. A phase map is obtained by
Fourier filtering. The amplitude contrast, which is aso present in the interferometric image, is
removed by using these methods. The influence of the built-in fringes is pre-recorded as a
background phase in the absence of a sample. The true phase shift caused by the sample is
obtained by subtracting the background phase from the measured phase image.

The measurement of differential phase has also been performed with the Talbot
interferometer (Fig. 3(c)) [16]. The G2 was moved in the direction paralel to the spatial
modulation in order to perform the fringe scanning method. Similarly, differential phase
measurement has been performed with the setup shown in Fig. 3(a) by moving the prism in
the direction perpendicular to the optical axis[14].

When amplitude-contrast imaging is performed with N photons per pixel, the contrast

resolution is proportional to N %2 if other factors are ideal. It should be noted that the

contrast resolution in the phase measurements is also proportional to N Y2 This implies that
the difference between the cross-sections of absorption and phase shift, which is about a
thousand times for low-Z elements in the hard X-ray region, is reflected directly in the
contrast resolution. This has made it possible to observe structures in biological soft tissues
using the LLL X-ray interferometer without using contrast media. In addition, when contrast
media are used for selective imaging in a phase-sensitive mode, one can select a variety of
materials for this purpose. For instance, vascular imaging of a mouse liver has been
demonstrated by replacing blood with physiological salt solution [34], as shown in Fig. 7.

4.2 Tomographic reconstruction

X-ray phase measurements permit three-dimensional imaging using a tomographic technique.
Assuming that the phase map corresponds to a projection of the refractive index of asample, a
three-dimensional distribution of the refractive index in the sample is revealed by processing
the phase maps obtained in multiple projection directions. Such X-ray phase tomography has
been achieved with an LLL X-ray interferometer [4]. As mentioned, the two crystal
interferometer described in Fig. 2(a) was fully stable and was aso dedicated to the
measurement of phase tomography for asample 10 mm in diameter [13].

Figure 8 is atomographic image of the tissue of arat kidney obtained with 0.1-nm X-rays
using a LLL X-ray interferometer with a 40-um analyzer [6]. The sample was observed in
formalin and the image mapped the difference in the refractive index between the tissue and
formalin. Tubulesin the tissue, a part of which was clogged by protein, were resolved without
using contrast media. Glomeruli were also clearly revealed.

The standard deviation of the noise in the phase tomogram shown in Fig. 8 was 1.8 x 10°.
The refractive index decrement from unity is approximately proportional to the mass density,
and the value for water is 1.5 x 10°. Therefore, the sensitivity of this phase tomography to
density deviation is estimated from these values to be 1.2 mg/cm®.

5. Advantages of X-ray interferometricimaging

Besides X-ray interferometry, the propagation-based method [35-38] and the diffraction
enhanced imaging method [39-41] have also been studied for phase-sensitive X-ray imaging.
The propagation-based method generates contrast caused by Fresnel or Fraunhofer diffraction
by placing a sample and an image detector with a moderate separation. This method is of great
advantage to high-resolution imaging because no optical components are needed, provided
that a coherent X-ray source is available. The diffraction enhanced imaging method employs
an analyzer crystal downstream of a sample to select the refracted X-rays from the sample. By
means of dynamical X-ray diffraction at the analyzer, a prad angular resolution is achieved in
filtering X-rays deflected by refraction.
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Fig. 8. Thetissue of arat kidney measured by phase tomography with 0.1-nm X-rays using the
LLL X-ray interferometer with a 40-um analyzer.

According to the principles of contrast generation by the propagation-based and
diffraction enhanced imaging methods, stronger contrast is generated at structural boundaries
where the variations of refractive index are larger inducing steeper phase gradients. In sensing
shallower phase gradients, however, these methods are not effective. On the other hand, the
interferometric methods, particularly those using the Mach-Zehnder type configuration, are
suitable in this situation, because the interference fringe spacing becomes larger for shallower
phase gradients. For instance, when 0.1-nm X-rays are deflected by 1 prad, interference
fringes with 0.1-mm spacing are generated, which are easily resolved with a normal X-ray
image detector. The lessthe deflection is, the larger the fringe spacing.

The beam deflection caused by the structures in biological soft tissue is normally much
lower than 1 prad, and therefore observation of such structures by either the propagation-
based or diffraction enhanced imaging methods is not easy. X-ray interferometric imaging is
thus a unique approach for revealing soft structures. The density resolution of the phase
tomography discussed in the previous section is attributable to this fact.

6. Summery

Owing to the difficulties in ensuring the coherency of X-rays, the coherent division of an X-
ray beam and the sability of the optica path length, the congtruction of an X-ray
interferometer is not as practicable as the congtruction of visible light interferometers.
Nevertheless, various attempts at X-ray interferometric imaging, including phase tomography,
have been reported, since the remarkable high-sensitivity that can be achieved with X-ray
interferometry has the attraction of enabling unique observations to be made. As mentioned,
among phase-sensitive X-ray imaging methods, the sensitivity of X-ray interferometric
imaging should be emphasized. There is no doubt that the development of optical elements
and coherent X-ray sources, including X-ray free electron lasers, will accelerate further the
research into X-ray interferometric imaging and will also promote the discovery of new
interferometric techniques other than those introduced in this article. The application of X-ray
interferometric imaging, in fields ranging from microscopy to radiography, thus has great
potential.
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