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Diffraction-enhanced imaging (DEI) has high sensitivity and a wide dynamic

range of density and thus can be used for fine imaging of biological and organic

samples that include large differences in density. A fast DEI method composed

of continuous fast sample rotations and slow analyzer crystal scanning was

developed to shorten the measurement period. Fine sectional images of a

biological sample were successfully obtained within a half measurement period

of the conventional step-scanning method while keeping the same exposure

time. In addition, a fine three-dimensional image of a rat tail was obtained with

a 375 s measurement period.

1. Introduction

Phase-contrast X-ray imaging is a powerful tool for fine and

non-destructive observations of biomedical and organic

material samples mainly consisting of light elements such as

carbon, oxygen and nitrogen. The sensitivity of phase-contrast

imaging is about 1000 times higher than that of absorption-

contrast imaging for light elements in the hard X-ray region

(Momose & Fukuda, 1995), so fine observations of these

samples can be performed without the use of contrast agents

and harmful X-ray doses. Many phase-contrast X-ray imaging

methods, such as (i) X-ray interferometric imaging (XII) using

a crystal X-ray interferometer (Momose, 1995; Momose &

Fukuda, 1995), (ii) diffraction-enhanced imaging (DEI) using

X-ray diffraction of a single-crystal plate (analyzer crystal)

(Davis et al., 1995; lngal & Beliaevskaya, 1995; Chapman et al.,

1997), (iii) propagation using Fresnel diffraction (Snigirev

et al., 1995; Nugent et al., 1996) and (iv) grating-based X-ray

interferometric imaging (GXI) using a grating X-ray inter-

ferometer (David et al., 2002; Momose et al., 2003; Weitkamp

et al., 2005; Pfeiffer et al., 2006, 2008; Yashiro et al., 2010), have

been developed for imaging of large fields of view.

DEI (sometimes referred to as analyzer-based imaging)

has the second-highest sensitivity next to XII among these

methods (Yoneyama et al., 2008, 2015) and a large dynamic

range of density, and it does not require the coherence of

X-rays, so it is an appropriate method for fine observations

of various samples including large differences in density at

conventional synchrotron facilities. Many three-dimensional

observations of various biological samples (Hall et al., 2000;

Pisano et al., 2000; Mollenhauer et al., 2002; Kiss et al., 2004;

Kitchen et al., 2005), organic materials (Takeya et al., 2010,

2013), seeds (Young et al., 2007), clathrate hydrate materials

(Takeya, Honda et al., 2012; Takeya, Yoneyama et al., 2012;

Mimachi et al., 2014) and fruits (Takeya et al., 2016) under cold

conditions were performed. In addition, observation of
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complex industrial materials such as electric cables including

metallic wires was achieved, and not only copper wires but

also organic materials for isolators were clearly visualized

using high-energy X-rays (Yoneyama et al., 2010).

The dynamic range of density in DEI depends on the

scanning angular range of the analyzer crystal, and more than

ten images at each angle of the analyzer crystal were required

for fine observations of samples including density differences

of 1 g cm�3. However, precise angular positioning of the

analyzer crystal within sub-arcseconds is indispensable for

precise detection of phase shifts, and the positioning accuracy

was attained using a high-precision goniometer with a slow

settling time of sub-seconds. Hence, the measurement period

of DEI could not be shortened, and time-resolved observa-

tions such as in vivo and/or operando observations could not

be performed. GXI has a similar limitation, and it was broken

using a combination of continuous fast sample rotations and

slow grating movements (Kibayashi et al., 2012; Yashiro et al.,

2018). In this article, we report on the principles of fast DEI,

a DEI system used in feasibility observations and images

obtained of biological samples.

2. Method and experimental setup

2.1. Method of fast DEI

When X-rays pass through a sample, their propagation

direction is slightly refracted (�0) proportional to the spatial

density differences of the sample. The angular width of X-ray

diffraction is a few arcsec at the Bragg angle (�B), so the

refraction angle, ds, can be detected as an intensity change

in X-ray diffraction using a perfect single crystal (analyzer

crystal) placed downstream from the sample as shown in

Fig. 1(a). For a quantitative detection of ds excluding the

effect of absorption by the sample, we normally calculate

ds(x,y) as the center of gravity using the following equation

with the X-ray intensities obtained by scanning the analyzer

crystal through the Bragg angle (Koyama et al., 2005),

ds x; yð Þ ¼

PN�1
k¼0 �kIk x; yð Þ
PN�1

k¼0 Ik x; yð Þ
; ð1Þ

where �k is the angle of the analyzer crystal and Ik is the

diffracted X-ray intensity at �k. Note that the phase map

(spatial distribution of the phase shift) is obtained by inte-

grating ds. The dynamic range of density depends on the

scanning width W of the analyzer crystal, so a large W is

required for observations of samples including large differ-

ences in density. The accuracy of the phase shift depends on

the angular positional precision of the analyzer crystal, and

sub-arcsecond positional accuracy can be attained using a

high-precision goniometer with a slow settling time of sub-

seconds.

Sectional images using phase-contrast computed tomo-

graphy (PCCT) were reconstructed using projection phase

maps obtained for each projection angle of the sample, so

the dataset of PCCT was measured using two-axis scanning

consisting of rotation of the sample and an angular scanning

of the analyzer crystal. Conventional measurements were

performed by step scanning the two axes as shown in Fig. 1(b)

(top). A large number of positionings of the analyzer crystal

were needed, and a long measurement period was unavoid-

able. To overcome these limitations, we developed a new

scanning method of the continuous two-axis scanning. This

method consisted of fast rotations of a sample (red line) and

slow scanning of the analyzer crystal (blue line), as shown in

Fig. 1(b) (bottom), and each projection image at �k of certain

projection angles was obtained by synchronizing the rotational

and scanning speed. An equivalent dataset could be obtained

without accurate angular positioning of the analyzer crystal

that requires sub-second settling time for each angle, and

significant shortening of the measurement period was

expected by cutting the settling time of the analyzer crystal.

Note that the starting angle �0 was slightly different, corre-

sponding to the projection angle of the sample. However,

ds was calculated using the center of gravity as shown in

equation (1), and the differences had little effect on the

calculation of ds.

2.2. Experimental setup at SAGA Light Source

A feasibility study of the method was performed using a

DEI system at beamline BL07 of the SAGA Light Source

in Japan (Sumitani et al., 2013). The system consisted of a

symmetric crystal, a sample positioner,

an analyzer crystal and an X-ray

imager, as shown in Fig. 2. The white

synchrotron radiation X-rays emitted

from a wiggler of the beamline were

monochromated using a Si (220)

double-crystal monochromator,

enlarged using the Si (220) asymmetric

crystal with a 5� asymmetric angle and

using sample irradiation. The X-rays

that passed through the sample were

diffracted by the analyzer crystal and

detected by the fiber-coupled X-ray

imager (Andor Zyla HF). A precise

goniometer (Kohzu Precision, HTG-
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Figure 1
(a) Schematic view of DEI and (b) time chart of sample rotation and analyzer angle of the
conventional step-scanning method (top) and the new continuous method (bottom).



15D) using a tangential bar was used for the accurate posi-

tioning of the analyzer crystal. The imager was composed of

a caesium iodide (CsI) scintillator – to convert the X-rays to

visible light – an optical fiber and an sCMOS detector cooled

by air. The size of each pixel was 6.5 mm� 6.5 mm, the number

of pixels was 2560 � 2160 and the field of view was 16 mm �

11 mm. The frame rate was 75 frame s�1 for a full image, and

all images could be captured without delay.

3. Results and discussion

Fig. 3 shows sectional images of a biological sample (salami)

obtained using the conventional step-scanning method

[Fig. 3(a)] and the new method [Fig. 3(b)]. The energy of the

X-rays was set to 22 keV, and the exposure time for each

projection image was 0.5 s. The number of projections was 500

for 360�, and the number of angular scannings of the analyzer

crystal was 15 points for �B � 10 arcsec. The total measure-

ment periods were 7500 s and 3750 s for Figs. 3(a) and 3(b),

respectively. Fine images were obtained using both methods,

and the fat and meat regions were clearly distinguished. The

density resolutions calculated from the standard deviation in

the background area and the density differences between fat

(0.9 g cm�3) and meat (1.1 g cm�3) had the same value of

1.4 mg cm�3.

Fig. 4 shows enlarged images of the center and outer area of

the images shown in Fig. 3. Although the images of the center

area are shown at the same image resolution, the image of the

outer area for the new method (red ellipse in bottom-right

image) was blurred in the radial direction compared with the

image obtained using the step-scanning method. The projec-

tion number was 500 for 360�, so the angle step was calculated

to be 0.72�. The number of pixels in the radius of the sample

was about 500, so the sample was rotated over four pixels

along the radial direction during one exposure. As a result,

the sectional images in the outer area were blurred by about

30 mm (�4 pixels). In other words, the blurring could be

decreased by increasing the number of projections to 2000.

Fig. 5 shows three-dimensional and sectional images of a

formalin-fixed rat tail obtained with a 375 s measurement

period. The energy of the X-rays was set to 22 keV, and the

exposure time for one image was 0.05 s. The same projection

and scanning number were used. To keep the high frame rate
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Figure 3
Sectional image of biological sample (salami) obtained using (a) the
conventional step-scanning method and (b) the new fast continuous-
scanning method. The measurement period of (b) was about 1 h, half
that of (a).

Figure 4
Enlarged images of the (a) center and (b) outer area of Fig. 3. The outer
image of the new method (bottom right) was blurred by continuously
rotating the sample within about 30 mm.

Figure 5
Three-dimensional and sectional images of a rat tail. Fine structure of not
only bone but also of soft tissues was clearly visualized with only a 375 s
measurement period.

Figure 2
Schematic view of the DEI system at BL07 of the SAGA Light Source.



(200 frames s�1) of the X-ray imager, a binning mode of 2 � 2

was used, so the pixel size was 13 mm and the pixel number was

1280 � 1080. These images show not only the bone but also

soft tissues and hairs owing to the high sensitivity of DEI. The

density resolution calculated in the same manner as Fig. 2 was

4.6 mg cm�3, which was about three times larger than that of

Fig. 3. The spatial resolution calculated from the line profile of

the inner structure of the bone was 60 mm (5 pixels).

4. Conclusions

A new fast DEI method consisting of continuous fast rotation

of various samples and slow scanning of an analyzer crystal

was developed for fine and fast three-dimensional imaging of

various samples. Feasibility observations of biological samples

were performed using the DEI system with monochromatic

synchrotron radiation at the SAGA Light Source, and fine

sectional images were successfully obtained within a half

measurement period (1 h) of the conventional step-scanning

method while keeping the same exposure time. In addition, a

fine three-dimensional image of a rat tail was also obtained

with a 375 s measurement period. These results show that the

new fast DEI method enables fine and fast three-dimensional

observations of various samples, especially those including

large differences in density.
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