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X-ray array source
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Abstract: We have developed a novel configuration of an X-ray
grating interferometer for the phase imaging of a packaged IC chip.
A square source grating is used, and a beam splitter and an analyzer
grating are positioned downstream of the investigated sample. In the
proposed method, the period of source grating is smaller than the last
of two gratings, the configuration of which could be implemented for
phase imaging. Phase images retrieved using the principle of in-line
phase contrast imaging and phase detection are the phase stepping
method used in the X-ray grating interferometer. The wrapped phase
images of the packaged IC chip are obtained from nine Moiré fringe
patterns, using an exposure time of 34 ms for each scan.
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1 Introduction

Over the last two decades, various X-ray phase imaging methods have been
studied and many applications have been developed. Phase-contrast images
have delivered detailed images of the internal structures of samples consisting
of weak absorption material such as biological and polymeric materials [1, 2].
Currently available techniques are classified by the method of phase retrieval
used: grating-based (Talbot) differential phase-contrast imaging [3, 4], in-line
phase-contrast imaging [5, 6], and diffraction enhanced imaging [7, 8].

Many of the previous experiments were carried out using a highly coher-
ent and monochromatic X-ray from a synchrotron radiation. Alternative
methods—partial coherent and polychromatic low-brilliance X-rays—have
been used on grating-based phase-contrast imaging [2, 3]. The principle of
the X-ray grating interferometer is the same as that of the visible light Talbot
interferometer, but with the fabrication of gratings and operations with low-
brilliance and an incoherent X-ray source, it is challenging to realize X-ray
phase imaging in many applications. In order to meet the system require-
ments of X-ray phase imaging, a high brilliance X-ray source is the principle
specification because of the high absorption loss of X-rays by air and grat-
ing. In our experiment, a 2-dimensional self-standing square grating is used
as the source grating in order to fulfill the postulations of brilliance and co-
herence. Two other gratings also form a grating without a substrate. The
configuration of grating is basically in-line phase imaging and phase detection
implemented in a phase stepping method.

In this paper, a novel X-ray grating interferometer with partial coherent
polychromatic is described, and then the results of X-ray phase imaging using
a conventional low-brilliance X-ray tube on the wrapped phase-map images
of an IC chip under packaging will be reported.
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2 Methods

There are three gratings in the phase imaging set-up: source grating G0,
a beam splitter grating G1, and an analyzer grating G2. X-ray grating differ-
ential phase-contrast imaging is based the self-imaging phenomenon of a peri-
odic object. A periodic pattern, i.e., self-images, is generated by a beam split-
ting grating at the specific distance of np2/λ, called the Talbot distance zt,
where p is the period of the grating, λ is the wavelength of the X-rays, and
n is the Talbot integer. The Moiré fringe pattern is observed behind the
analyzer grating, which is placed at the Talbot distance. The intensity of the
Moiré fringe pattern is given by:

I(x, y) = I0a0 + 2I0

∑
n≥1

an cos
[
2π

n

d
(ztϕ(x, y) + k)

]
, (1)

where I0 is the intensity of the incident X-rays, k is the displacement of the
analyzer grating in the distance of its pitch, an is the Fourier coefficient—
which is determined by the grating and the spatial coherence—and ϕ(x, y) is
the beam deflection angle caused by the differential phase shift by an object:

ϕ(x, y) =
λ

2π

∂Φ(x, y)
∂x

. (2)

The distance between the source grating and the beam splitter is chosen
as the interference pattern of source grating created by neighboring virtual
sources. The relationship between the distance from the source grating and
the grating G1 is given by:

l =
( n

2λ

) p2
0p2

p0 + p2
, (3)

where n is the fractional Talbot distance and p0 and p2 are periods of G0

and G2, respectively. The source is partially coherent in exhibiting phase
contrast. The partial coherence is specified in terms of the lateral coherence
length Ll [9]:

Ll =
λl0
s

, (4)

where l0 is the distance from the source to object and s is the source size.

3 Results and discussion

The X-ray phase imaging experiment involves a laboratory X-ray tube, three
gratings, and an image detector device. The X-ray generator used for the
experiment was a Spellman DF-8 with a copper (Cu) line focus tube operated
at 45.3 kV and 8.0 mA. Figure 1 shows the X-ray phase imaging set-up
with a standard X-ray tube and three transmission gratings. The periods of
gratings are p0 = 12.5μm with a 7.5 μm wide opening for the source grating,
and both p1 and p2 = 63 μm (42 μm opening). A square type of source
grating made from gold (Au) is mounted on the front of the X-ray tube exit
aperture.

The distance between the source grating G0, and the beam splitter grat-
ing G1 is l = 6.5 × 10−2 m, and the length from G1 to G2 is d = 5 × 10−3 m.
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Fig. 1. X-ray phase imaging set-up with a standard X-ray
tube and three transmission gratings.

A single crystal of YAG:Ce as a scintillator and a cooled charge-coupled de-
vice (CCD) are included in the image detector. A 150 μm thick scintillator
screen is mounted on the back side of grating G2, followed by the CCD at-
tached on the magnifying microscopy. The object needs to be an extremely
long distance from the source in the conventional set-up of an X-ray Talbot
interferometer [10]. In the case of a laboratory X-ray source, this distance l

is not feasible in many practical applications. We employ X-ray 8.0 keV with
a source size of 7.5 μm; thus, l = 16.7 × 10−2 m as obtained by Eq. (1). In
our experiment, l = 6.5× 10−2 m, and the distance l0 from the source to the
object is 6.0 × 10−2 m. Therefore, a lateral coherence length Ll of 1.2μm
can be achieved in our configuration. The set-up parameters in our interfer-
ometer may not be appropriated for the conventional grating interferometer.
However, Xu and Liu examined the claim that the lateral coherence length Ll

and the shearing length Ls (= λd|u|/M) contribute to phase-contrast visi-
bility [9]. When the ratio of the shearing length and the lateral coherence
Ls/Ll is less than one, the X-ray waves are fully coherent over the shearing
length and the phase contrast associated with this structure component is
visible. For intermediate cases with Ls/Ll < 1, the X-ray is partially coherent
and the phase contrast visibility increases with the decrease of the shearing
length. In our X-ray interferometer configuration, the ratio Ls/Ll ≈ 0.1 with
d = 5 × 10−3 m, the spatial frequency of the structural component of the
object u = 1.43× 105, and the magnification M ≈ 1.01 provide a measure of
the coherence degree that is realized in phase imaging.

An IC chip (TOSHIBA, TC4030BP) is used as a sample under packaging
condition. X-ray imaging is performed with the sample placed at 5× 10−3 m

Fig. 2. Moiré fringes without an IC chip.
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in front of the beam splitter grating G1. The phase information is acquired
by a phase stepping method in which the analyzer grating is scanned along
the periodical direction of the beam splitter grating. The intensity variation
of the Moiré fringes given by Eq. (1) is visualized without an object for the
first scan (a) and the fifth scan (b), as shown in Fig. 2. Scans were performed
while the cross marks as reference points on the microscopy are fixed at the
point. An absorption image of the packaged IC chip is shown in Fig. 3 (a);
the image was taken with an exposure time of 34 msec. The same exposure
time was used in each step of scanning. The wrapped phase map of the
section in the absorption image is shown in Fig. 3 (b).

Fig. 3. An absorption image (a) and a wrapped phase
map image (b) of a section of a packaged IC chip.

The IC chip sample is slightly leaned with its top side toward the beam
splitter grating; areas A and B of Fig. 3 are on the sidewall of the component.
A narrow sidewall can be seen in area C, when compared with areas A and B.
Thus, the slope is much steeper in area C than in areas A and B. The slope
of the sidewall or the degree of the tilting angle of the sample can be easily
identified by a wrapped phase image (Fig. 3 (b)). The thickness of area A is
about 250μm, which is equal to 4 phase changes, and the thickness of area B
is 315 μm, which is equivalent to 5 phase changes.

4 Conclusions

The new X-ray grating interferometer configuration that we have presented
in this paper is compact and accessible and can be used for phase imaging
with a polychromatic partial coherence X-ray source. The requirement of
beam coherence and brilliance are modulated by using a free standing square
source grating with a low brilliance laboratory X-ray source.

The details of the internal structure of packaged IC chip are revealed
and the reconstruction of its wrap phase map is achieved. The results show
that our configuration provides an alternative approach to obtaining a phase
image for use in a wide range of applications in material science, nondestruc-
tive testing, and medical diagnostics. In addition, the X-ray grating inter-
ferometer can detect very small wave front distortions, making it useful for
imaging electro-optic devices and microelectromechanical systems (MEMS),
which are embedded inside opaque packaging.
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