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The fabrication of gratings including metal deposition processes for highly neutron absorbing lines
is a critical issue to achieve a good visibility of the grating-based phase imaging system. The source
grating for a neutron Talbot-Lau interferometer is an array of Gadolinium (Gd) structures that are
generally made by sputtering, photo-lithography, and chemical wet etching. However, it is very chal-
lenging to fabricate a Gd structure with sufficient neutron attenuation of approximately more than
20 μm using a conventional metal deposition method because of the slow Gd deposition rate, film
stress, high material cost, and so on. In this article, we fabricated the source gratings for neutron
Talbot-Lau interferometers by filling the silicon structure with Gadox particles. The new fabrication
method allowed us a very stable and efficient way to achieve a much higher Gadox filled structure
than a Gd film structure, and is even more suitable for thermal polychromatic neutrons, which are
more difficult to stop than cold neutrons. The newly fabricated source gratings were tested at the
polychromatic thermal neutron grating interferometer system of HANARO at the Korea Atomic En-
ergy Research Institute, and the visibilities and images from the neutron phase imaging system with
the new source gratings were compared with those fabricated by a Gd deposition method. © 2013
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4810014]

I. INTRODUCTION

Neutron and X-ray differential phase contrast and dark-
field imaging methods based on Talbot-Lau interferometer
have been developed over the last few years.1–8 Neutron dark-
field imaging has been demonstrated to be able to visualize
the magnetic domains of magnetic materials owing to a strong
dark-field signal from magnetic domain walls, and the three-
dimensional image of magnetic domain structures within the
bulk of FeSi crystals can be obtained using neutron dark-field
tomography.9, 10 Although neutron dark-field imaging shows
a great potential for the investigation of internal magnetic
domain structures, improved image quality is demanded for
more detailed information. A Talbot-Lau neutron interferom-
eter consists of three diffraction gratings: a source grating G0,
a phase grating G1, and an analyzer grating G2, as illustrated
in Fig. 1. The source grating G0 transforms large incoher-
ent neutron sources into line sources, which provide enough
spatial coherence for the interference pattern, and the phase
grating G1 as a beam splitter creates the interference patterns
at Talbot distances. Since the neutron imaging detector can-
not resolve the interference pattern directly, the analyzer grat-
ing G2 is used for phase stepping scan method.11–13 After the
phase stepping scan, the visibilities of the interferometer can
be evaluated using the intensity modulation of each detector
pixel. The intensity modulation and visibility in each detector
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pixel can be expressed by

I(m, n, xg) =
∑

k
ak(m, n) cos

[
k

2π

p2
xg + ϕk(m, n)

]
, (1)

V(m, n) = a1(m, n)

a0(m, n)
. (2)

The visibility can be degraded by many factors, an impor-
tant one of which is the quality of the gratings,14 and the
decreased visibility affects the image quality of both the
differential phase contrast and dark-field imaging. The fab-
rication process of phase grating with silicon structures is
well established. However, the fabrication of gadolinium (Gd)
structures for source and analyzer gratings is quite annoy-
ing due to the use of uncommon materials for deposition and
etching, and thus the development of different fabrication pro-
cesses is needed. The conventional source grating G0 is fab-
ricated using sputtering and a chemical wet etching process.
For neutron wavelength λ = 4.4 Å, the Gd structure height
should be more than 10 μm for a sufficient neutron absorption
of more than 97%. A Gd deposition of 10 μm is quite diffi-
cult because of the residual stress in the deposited film, which
depends on film thickness, deposition rate, substrate temper-
ature, and so on. A thicker deposited film tends to result in
a higher residual stress.15, 16 In addition, the grating walls are
not vertical because the wet etching process for the Gd struc-
ture is isotropic. The fabrication of analyzer grating G2 us-
ing an evaporation process is more complicated. In this arti-
cle, we propose new fabrication method for a source grating
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FIG. 1. Schematic of a neutron grating interferometer.

that has the Gd structure of enough height to improve the vis-
ibility. The source grating fabricated by the new method is
able to work with a thermal polychromatic spectrum since
the new source grating is designed to absorb the thermal
neutrons around λ = 2.0 Å sufficiently. The performance
of the new source grating was tested at the Ex-core Neu-
tron irradiation Facility (ENF) of HANARO at the Korea
Atomic Energy Research Institute (KAERI) by evaluating the
visibility.

II. FABRICATION OF NOVEL SOURCE GRATING

The source grating G0 was newly fabricated using a
Gadolinium Oxysulfide (Gadox) filling method instead of
a Gd deposition method. The new source grating G0 for
λ = 4.4 Å is designed to have a period of 774 μm, a duty
cycle of 0.4, and a Gd structure height of 500 μm to absorb
neutrons sufficiently when a lower packing density of the Gd
structure by a Gadox filling method is considered. The follow-
ing steps shown in Fig. 2 are used to fabricate the new source
grating. The first step is the fabrication of silicon structures,

which was performed at the National Nanofab Center (NNFC)
at the Korea Advanced Institute of Science and Technology
(KAIST). A 15 cm silicon wafer with a thickness of 700 μm
is used, and negative photoresist material is spin-coated onto a
silicon wafer. After the spin-coating process, a standard pho-
tolithography process is used for photoresist patterning. The
silicon wafer is then etched using a deep reactive ion etch-
ing (DRIE) process. The width of the etched area is 477 μm
for a duty cycle of 0.4, and the height of silicon structure is
500 μm. An optical microscopy image of the fabricated sili-
con grating surface is shown in Fig. 4(a). The second step is
the filling of Gadox particles into the fabricated silicon struc-
tures. Gadox has been widely used as a neutron scintillation
material for high resolution neutron imaging due to a high
cross section for thermal neutron absorption when compared
with other materials. To bind Gadox particles with an aver-
age size of 5 μm, a binding solution composed of texanol and
acrylic resin with a mass ratio of 8:1 is used. Gadox parti-
cles and the binding solution are mixed with a mass ratio of
4:1 in a conditioning mixer, ARE-250. The Gadox mixture is
then poured onto the fabricated silicon structures. After pre-
cipitation of the Gadox particles, the remaining Gadox mix-
ture on the silicon structures is removed, and texanol is evap-
orated to solidify in an oven at 150 ◦C for 10 min. The source
grating fabricated by the Gadox filling method is shown in
Fig. 3. From the scanning electron microscopy (SEM) im-
ages, we confirmed that the fabricated silicon grating is suc-
cessfully filled with Gadox particles. The SEM images of the
new source grating are shown in Figs. 4(b) and 4(c). The neu-
tron projection images of the source gratings were obtained
using a conventional radiography system at ENF, which has a
polychromatic neutron source to compare the neutron trans-
mittance of the newly fabricated source grating with that of a
conventional source grating and are shown in Figs. 5(a)–5(c).
In Fig. 5(d), the line profile of the projection images shows
that the new source grating more sufficiently absorbs the ther-
mal neutrons than the conventional source grating.

FIG. 2. Fabrication process of new source grating: (a) photoresist material coating, (b) UV exposure and development, (c) deep reactive ion etching, (d)
fabricated silicon structure, (e) pouring Gadox mixture, (f) precipitation of Gadox particles in vacuum chamber, (g) removing of remained Gadox particles, and
(h) solidification in an oven.
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FIG. 3. (a) A source grating fabricated by the Gadox filling method and (b)
a source grating fabricated by the Gd deposition method.

III. CHARACTERIZATION OF SOURCE GRATINGS

The neutron grating interferometer setup was established
at ENF, as shown in Fig. 6, and the parameters of the grating
interferometer setup are given in Table I. The newly fabricated
and conventional source gratings were tested with a polychro-
matic and quasi-monochromatic spectrum. Beryllium filters
with 5 cm and 10 cm thicknesses were used for the spec-
tral shaping by cutting off below 4 Å. The mean wavelengths

FIG. 5. The neutron transmission images: (a) a conventional source grat-
ing with a 5 μm height, (b) a conventional source grating with a 10 μm
height, (c) the new source grating, and (d) a line profile of the projection
images.

of the polychromatic and quasi-monochromatic spectrum are
2.7 Å and 4.4 Å, respectively. To obtain and evaluate their
visibilities, the measured pixel values by phase stepping and
sine fitting curve as shown in Fig. 7 are used, and amplitude
coefficients a1 and a0 are obtained from the sine fitting curve.
The measured pixel values with and without Beryllium are
obtained from 10 images with 120 s and 60 s exposure times.
The visibilities of the neutron grating interferometer setup in-
cluding new and conventional source gratings in accordance
with the Beryllium filter thickness are shown in Table II. To
find the accurate Talbot distance, visibilities were scanned at
a different G1-G2 distance around the calculated first Talbot
distance, and the measured visibilities are shown in Fig. 8.
The G1-G2 distance of maximum visibility at each test con-
dition was about 1.82 cm.

IV. RESULTS

When comparing the visibilities of the neutron grating
interferometer setup including new and conventional source

FIG. 4. (a) An optical microscopy image of the fabricated silicon grating surface, (b) SEM images of the grating surface, and (c) SEM images of the grating
cross section.
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FIG. 6. Neutron grating interferometer setup at ENF: (a) overview of the in-
side ENF, (b) the source grating G0 and motorized stage, and (c) the phase
grating G1, the analyzer grating G2, the lens coupled detector with a scintil-
lation screen, and the motorized stage.

TABLE I. Parameters of the designed grating interferometer setup at ENF.

Geometrical and grating parameters

Designed wavelength 4.4 Å
G0-G1 distance 350 cm
G1-G2 distance, First Talbot distance 1.82 cm
Phase grating G1 (π -shifting) Silicon, p1 = 7.96 μm,

h1 = 34.39 μm
Analyzer grating G2 Gd, p2 = 4 μm,

h2 = 3 μm
New source grating G0 Gadox, p0 = 774 μm,

h0 = 500 μm
Conventional source grating G0 Gd, p0 = 774 μm,

h0 = 10 μm

FIG. 7. Measured pixel values by phase stepping and sine fitting curve.

gratings without a Beryllium filter, the visibilities of the
new and conventional setup are 6.4% and 3.7%, respectively.
The reason for the higher visibility of the new setup is that
the thermal neutrons below 4 Å of the polychromatic beam
are more efficiently absorbed with the new source grating.
The average A0 values of the new and conventional setup
without a Beryllium filter are 14 000 and 21 200, respectively.
The average A1 values of the new and conventional setup
without a Beryllium filter are 835 and 793, respectively. The
higher visibility could be obtained using the new source grat-
ing without a Beryllium filter because of a reduction of the
average A0. In the experiment on the new and conventional
setups with a 5 cm Beryllium filter, the visibilities are 15%
and 11.5%, respectively. The visibility of the new setup is still
higher than the conventional one. Although the neutrons be-
low 4 Å are decreased by Beryllium filters with 5 cm, there
are some neutrons below 4 Å. The 18% visibility of the new
setup with a 10 cm Beryllium filter is achieved. The neutron
dark-field images with the new source grating of the FeSi
sample are shown in Fig. 9, and the increased visibility im-
proves the image quality when compared with the dark-field
images with a 5 cm and 10 cm Beryllium filter. However, the
data acquisition time increases as a thicker Beryllium filter is
used because of the flux reduction by a Beryllium filter and
the neutron flux data can be found in Ref. 5. The average A0
values of the new setup were, respectively, 28 106, 2104, and
921 in accordance with Beryllium filter thicknesses of 0 cm,
5 cm, and 10 cm at 120 s exposure time.

TABLE II. G0 grating test conditions and visibilities.

Gd structure Beryllium Visibility at the first
Test no. Fabrication method height (μm) filter (cm) Talbot distance (%)

1 Gd deposition 10 0 3.7
2 Gd deposition 10 5 11.5
3 Gadox filling 500 0 6.4
4 Gadox filling 500 5 15
5 Gadox filling 500 10 18
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FIG. 8. The optimization of visibility by changing the G1-G2 distance.

FIG. 9. (a) A dark-field image with the new source grating and a 5 cm Beryl-
lium filter of the FeSi sample, and (b) a dark-field image with the new source
grating and a 10 cm Beryllium filter of the FeSi sample.

V. CONCLUSION

A new source grating was successfully fabricated by a
Gadox filling method, and the neutron grating interferometer
setup including a new source grating works with a polychro-
matic spectrum at ENF. In addition, the visibility of the setup
increases when the new source grating is used. A Gd deposi-
tion of 10 μm is quite difficult because Gd is an uncommon
material for a deposition method. On the other hand, the fabri-
cation of the source grating by Gadox filling method is fairly
easy since a silicon etching process is used. In addition, the
source grating pitch of the neutron grating interferometer is
wide enough to fill the Gadox particles sufficiently. Using the
Gadox filling method, source gratings for other wavelengths
such as 2 Å, 2.7 Å, and 3.5 Å can be fabricated since the new
source grating is designed to absorb thermal neutrons suf-
ficiently. A neutron grating interferometer with a polychro-
matic spectrum could shorten the data acquisition time be-
cause of a higher neutron flux. In further work, new source
gratings for other wavelengths will be fabricated and tested
with a polychromatic spectrum to shorten the data acquisi-
tion time and find the optimized visibility. The fabrication
of analyzer gratings may also be tried with the Gadox filling
method.
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