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pulsed neutrons
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INTRODUCTION

The history of atomic-resolution holography started in 1986 (1) with
the concepts of photoelectron (2) and x-ray fluorescence holography,
(3), which generated important applications to adsorbates (4), dopants
(5, 6), and disordered systems (7). A major advantage of atomic-resolution
holography is the visualization of three-dimensional (3D) atomic
images around a specific element in a region up to a few nanometers
from the element without previous knowledge of the structure. Novel
achievements using x-ray fluorescence holography have been reported,
including the discovery of suboxide nanoclusters in a high–Curie temperature (Tc) ferromagnetic semiconductor (6) and the determination
of the rhombohedral distortion of a crystal unit cell in a relaxor ferroelectric (7). These achievements were based on the use of a multiplewavelength holography method, which is a highly efficient (8), but
time-consuming, method for obtaining accurate atomic images. On
the other hand, a single-energy hologram cannot provide a reliable
3D atomic image owing to the lack of information in the hologram.
In 2001, Sur et al. (9) first demonstrated the use of neutron holography to visualize the 3D local structure around hydrogen atoms, and
Cser et al. (10) applied the method to dopants in 2002. Neutron holography can also potentially be used to visualize atoms of light elements
and magnetic moments. However, all previous studies were carried out
by a single-wavelength holography method (11–14). The main reason
why the single-wavelength mode has been used is the weakness of a
monochromatic neutron beam whose flux is typically six orders of magnitude smaller than that of an x-ray beam from a third-generation synchrotron radiation source.
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To overcome this disadvantage, neutron researchers have developed the time-of-flight technique using pulsed neutrons from spallation neutron sources (15). Because this technique can select the
wavelengths of neutrons from their times of flight, the monochromatization of neutron beams is not necessary, in contrast to x-ray techniques. Its advantage is that the entire wavelength range of white
neutrons can be used for experiments without the loss of emitted
neutrons from the source. Thus, the time-of-flight technique is very
suitable for multiple-wavelength neutron holography, which we have
demonstrated in the present study.
There are two modes in neutron holography: internal source and
internal detector holography modes. Here, we adopted the internal detector mode (10). Figure 1A shows a schematic illustration of neutron
holography combined with the time-of-flight technique. As a result of
collisions of high-energy protons with a heavy element such as Hg, white
neutrons are generated with a pulse-shaped time structure, meaning that
all the neutrons with different wavelengths are ejected from the target.
The neutron wavelength, l, which is inversely proportional to the neutron velocity, is obtained from the time of flight from the spallation
source to the sample using the equation l = 3956/u = 3956 × (ToF/L),
where u, L, and ToF are the neutron velocity (in meters per second), the
distance (in meters) between the spallation source and the sample, and
the time of flight (ToF) (in seconds), respectively. Because the Eu nuclei in
the sample used in this study emit g rays upon absorbing neutrons, a
time-of-flight spectrum of the g ray intensity is created (Fig. 1B). In the
internal detector mode, a hologram represents the 2D angular dependence of the g ray intensity on the sample orientation at each wavelength of the neutrons, as shown in Fig. 1C (8, 11). In the sample, the
direct (reference) and scattered (object) neutron waves form weak neutron standing waves. A target atom senses this standing-wave field, which
varies with the direction and wavelength of the incoming neutrons, and
then emits g rays with a frequency proportional to its amplitude; the target atom acts as a wave field detector. In Fig. 1 (D and E), we show two
examples of neutron holography at ToF = t1 and t3, namely, at short and
long wavelengths, respectively. As shown in these figures, different
standing-wave patterns are formed depending on the time of flight,
and consequently, holograms with different wavelengths can be measured. Because the time of flight can be partitioned into ~40,000 segments
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Local structures around impurities in solids provide important information for understanding the mechanisms of
material functions, because most of them are controlled by dopants. For this purpose, the x-ray absorption fine structure method, which provides radial distribution functions around specific elements, is most widely used. However, a
similar method using neutron techniques has not yet been developed. If one can establish a method of local structural
analysis with neutrons, then a new frontier of materials science can be explored owing to the specific nature of neutron
scattering—that is, its high sensitivity to light elements and magnetic moments. Multiple-wavelength neutron holography using the time-of-flight technique with pulsed neutrons has great potential to realize this. We demonstrated
multiple-wavelength neutron holography using a Eu-doped CaF2 single crystal and obtained a clear three-dimensional
atomic image around trivalent Eu substituted for divalent Ca, revealing an interesting feature of the local structure that
allows it to maintain charge neutrality. The new holography technique is expected to provide new information on local
structures using the neutron technique.
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Fig. 1. Illustrations of the principle of multiple-wavelength neutron holography and the experimental setup. (A) Schematic drawing of the experimental setup. (B) Timeof-flight spectrum from Eu in CaF2. (C) Concept of hologram recording. The hologram represents the g ray intensity as a function of the azimuthal angle φ and polar angle q. (D and
E) Principle of neutron holography in the internal detector mode. The times of flight of the neutrons in (D) and (E) are ToF = t1 and t3, respectively.

by a signal processor, a number of holograms with different wavelengths can be collected by a single angular scan in principle (see
Materials and Methods).

RESULTS

We carried out a neutron experiment at beamline BL10 (16) of the
neutron spallation source facility of J-PARC (Japan Proton Accelerator Research Complex), Tokai, Japan (17). The measured sample was a
1 atomic % (at %) Eu-doped CaF2 single crystal, which is often used for
scintillators (18). The sample was mounted on a two-axis goniometer,
and g rays from the sample were detected by a scintillation counter.
Figure 2A shows a photograph of the experimental setup. The neutron
absorption cross section of a Eu nucleus is ~105 times larger than the
cross sections of Ca and F nuclei, meaning that the g ray intensity from
Ca and F is negligible in the experiment (19). The wavelength in the
time-of-flight spectrum in Fig. 1B ranges from 0.1 to 11.3 Å. In particular, between 0.77 and 1.57 Å (the rainbow-colored region), we
divided the spectrum into 34 wavelength regions. This is greater than
the number of wavelengths in multiple-wavelength x-ray fluorescence
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holograms (typically 8 to 10), and it significantly contributes to the
generation of accurate atomic images with minimum ghosts. We processed the time-of-flight spectra in the entire range of angles f (0° to
360°) and q (20° to 160°). The amplitudes of the experimental holograms were decreased by the absorption effect of neutrons and g rays.
Therefore, we estimated the absorption effect using the geometric
model in Fig. 2B and obtained the decrement in the holographic amplitude, as shown in Fig. 2C (20). After the correction for absorption
and the symmetrization of the measured holograms using the crystal
symmetry of CaF2, we finally obtained the holograms displayed in Fig.
3. Figure 3A shows the multiple-wavelength hologram obtained by
superimposing holograms for 34 different wavelengths along the radial
direction. Because this volume hologram is displayed in k space, the
wavelength is converted to |k| (=2p/l) (Fig. 3A). Figure 3B shows the
hologram at |k| = 4.05 Å−1 (l = 1.55 Å), extracted from the multiplewavelength hologram. Note that lines corresponding to neutron
standing waves are visible in Fig. 3B, indicating that we succeeded
in observing the local symmetry around Eu.
From the volume hologram, we successfully reconstructed a real-space
image around Eu using the Barton multiple-wavelength reconstruction
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Fig. 3. Neutron holograms of environmental structure around Eu in CaF2. (A) Volume hologram. (B) 2D hologram at |k| = 4.05 Å−1.

algorithm (21), as shown in Fig. 4. The images in Fig. 4 (A and B) are
experimentally and theoretically reconstructed atomic images, respectively. The theoretical reconstruction was obtained from the calculated
holograms using a model in which Eu atoms substitute for Ca atoms in
CaF2. Comparing the two real-space images, we found significant differences at the nearest Ca positions. These Ca atomic images are split
into two parts. This indicates displacements of the Ca atoms from the
ideal positions. To discuss the local structure more quantitatively, we
obtained cross sections of the 3D experimental images at the Ca and
F planes, as shown in Fig. 5.
To obtain further information on the local structure around Eu, we
measured x-ray absorption fine structure (XAFS) spectra for our sample. Figure 6A shows the x-ray absorption near edge structure (XANES)
spectra of the Eu-doped CaF2 and a standard sample of Eu2O3 at room
temperature. A strong peak was observed at E = 6.981 keV, which is in
good agreement with that of Eu2O3, indicating that the doped Eu in
CaF2 is trivalent at the position of Ca2+. On the other hand, a small
shoulder was observed at approximately E = 6.975 keV, implying that
a small amount of Eu2+ exists. Figure 6B shows the radial distribution
function obtained by the Fourier transformation of the extended XAFS
(EXAFS) oscillation. By analyzing the peak at 1.84 Å, we determined the
bond length of Eu–F to be 2.37 Å, which is close to the position of F−
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obtained from the neutron holography experiments. Moreover, the interatomic distance between Eu and Ca was also determined to be 4.00 Å
from the peak at 3.5 Å, which is 0.13 Å longer than the Ca–Ca distance
(3.87 Å) in pure CaF2 crystal.
DISCUSSION

Some researchers have asserted that modification of a local structure is
stabilized by the capture of an additional fluoride ion (F−), which might
be located at a neighbor interstitial position (22, 23). The possible locations
are indicated by the crosses in Fig. 5A. At the conventional contrast scale,
no images can be seen around the crosses, which is reasonable because of
the very low occupancy of F− at this site if F− couples with Eu3+. Because
there are six equivalent interstitial sites around the Eu3+ ion, the image
intensity of the coupled F− should be one-sixth of the intensities of the
other F atomic images. Thus, we increased the maximum scale around
the cross by a factor of 4 and found a distinct image, as shown inside the
box in Fig. 5A. The distance between this image and the origin is 2.3 Å,
which is close to the Eu–F bond length determined by XAFS. Although
Eu3+-interstitial F− coupling has been proposed on the basis of the results
obtained by spectroscopic and theoretical methods (18), we have directly
proved its occurrence for the first time.
3 of 7
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Fig. 4. 3D atomic images around Eu3+ in CaF2. (A) Reconstruction from experimental hologram. (B) Reconstruction from calculated hologram. The calculation was carried
out by assuming the simple substitution of Eu at Ca sites. No structural modification
due to doping was assumed.
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Fig. 5. 2D images at typical atomic planes. (A) Ca plane at z = 0.0 Å. The Eu atom was located at the origin. (B) F plane at z = 1.35 Å. (C) Ca plane at z = 2.70 Å.
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Figure 5B shows the F plane 1.35 Å above the Eu atom. Although the
first- and second-neighbor images can be seen, more distant images
cannot be observed, as indicated by the dashed circles. Moreover, other
atomic images outside of the region with a radius of ~5.6 Å were also not
visualized. The reason for this originates from the D|k| range (wavelength range) of each single-wavelength hologram in our data processing.
The D|k| range is inversely proportional to the limit of the reconstructable
range. On the other hand, the relatively weak first-neighbor F images indicate large positional fluctuations of F, because the fluctuation of an atom
decreases the image intensity. Such a phenomenon has often been observed in local structures around dopants (24, 25).
Cross sections of the split images are shown in Fig. 5C. The distance
between the images is as large as 1.2 Å, revealing that the neighbor Ca
atoms are displaced by 0.6 Å from the (001) plane. This phenomenon
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MATERIALS AND METHODS

Sample preparation
In this experiment, we used a large single crystal of Eu-doped CaF2,
which was prepared at the Institute for Materials Research, Tohoku
University. It was grown by the Czochralski method with a CaF2
single-crystal seed. Pieces of a 4N-purity CaF2 ingot (200 g) and
4N-purity EuF3 powder (5.406 g) were charged in a pyrolytic graphite
crucible, with a diameter and a length of 50 mm. The mixture of raw
materials was premelted under an Ar and 5% CF4 atmosphere to eliminate water, causing various defects such as subgrain boundaries,
bubbles, and oxygen-related precipitates in the crystal. After the premelting, the sample was grown under an Ar flow. The seed and crucible
were rotated in opposite directions at 15 and 1 rpm, respectively, and
the pulling-up speed was set to 5 mm/hour. In this way, a crack-free Eudoped CaF2 single crystal with a diameter of 25 mm and a length of
45 mm was obtained. Using inductively coupled plasma optical emission spectrometry and x-ray fluorescence analysis, the concentration of
Eu was estimated to be 1 at %. The x-ray diffraction pattern did not
show a second phase upon Eu doping. The crystal system of CaF2 is
cubic with cF12 symmetry, and the lattice constant is a = 5.46 Å. For
the neutron holography experiment, we finally cut the single crystal to a
cylinder of dimensions 20 mm f × 10 mm t.
Experimental setup for neutron holography
As shown in Fig. 2A, we constructed the setup of the neutron holography experiments in the experimental hutch of BL10 at MLF (Materials
and Life Science Experimental Facility) of J-PARC, Tokai, Japan. The
sample was mounted on a two-axis (f and q) rotation stage; f and q are
the azimuthal and polar angles, respectively. One of the <001> axes of
the Eu-doped CaF2 was set to be parallel to the direction of the incoming
neutron beam, and one of the {100} planes was set to be horizontal when
f and q were equal to 0°. The neutron beam size was 25 × 25 mm2.
Prompt g rays were detected by a BGO (Bi4Ge3O12) scintillation
counter, which was connected to a GateNet module (the event-recording
data acquisition system of J-PARC) to record the time-of-flight specHayashi et al., Sci. Adv. 2017; 3 : e1700294
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trum of the g ray intensity at each f and q (see Fig. 1B). The scan ranges
were 0° ≤ f ≤ 360° and 20° ≤ q ≤ 150°. The scintillation counter was
fixed adjacent to the stage, and it was covered with lead blocks except at
the front to avoid the detection of unwanted g rays. The distance between the counter and the sample was 150 mm. The measurement time
for each scan was 10 hours. We carried out a total of nine scans and then
summed the data sets to increase the statistical quality.
Absorption correction
The amplitude of a hologram is affected by the absorption of neutrons
and g rays by a sample. Here, we discuss the absorption effect using the
sample shape model in Fig. 2B, which is similar to the shape of our sample. Most of the sample was inside the neutron beam because its size was
25 × 25 mm2. Some neutrons traveled along the path of length ℓz to the
g ray–emitting point r, and the g rays traveled along the path of length
ℓx. The g ray detector was set perpendicular to the neutron beam,
where ℓx and ℓz are functions of r, f, and q. Although g rays were detected with an acceptance angle of 28°, we used the approximated
model in Fig. 2B for the calculation. The incident neutron intensity
at the emitting point r, I(ℓz), can be written by
Iðℓz Þ ¼ I0 expðmN rℓz ð1 þ cðkÞÞÞ

ð1Þ

where I0 is the incident neutron beam before the sample, mN is the neutron absorption coefficient, and r is the density of the CaF2 crystal. In
principle, c(k) is the same as holographic oscillation, and it gives the
angular dependence of the absorption. Using Eq. 1, the g ray intensity
at r, P(ℓz), is calculated as
Pðℓz Þ ¼ I0 Cð1 þ cðkÞÞ expðmN rℓz ð1 þ cðkÞÞÞ

ð2Þ

where C is a constant. By integrating p(ℓz) from 0 to the depth D, we can
obtain the total g ray yield from this path

∫0 Pðℓz Þdℓz ¼ mI0 Cr f1  expðmN rDð1 þ cðkÞÞg
D

ð3Þ

N

From this equation, the holographic signal cannot be measured if
depth D is sufficiently large to absorb most of the neutrons.
Next, because the g rays are absorbed along the path of length ℓx, the
detected g ray intensity, P(ℓx,ℓz), is calculated using Eq. 2 as
Pðℓx ;ℓz Þ ¼ I0 C ′ð1 þ cðkÞÞ expðmN rℓz ð1 þ cðkÞÞÞ⋅
expðmg rℓx Þ

ð4Þ

where C′ is a constant, and mg is the absorption coefficient of the g rays.
By integrating P(ℓx,ℓz) over the irradiated volume of the sample, we can
obtain the detected g ray yield as
Yh ðf; qÞ ¼ ∫∫∫Pðℓx ðr; f; qÞ; ℓz ðr; f; qÞÞdV

ð5Þ

In the experiment, we normalized Yh by the background intensity
YB. By applying Eq. 5 to our experimental conditions, we can obtain
the decrement in the amplitude of holographic oscillation c(k) at each
q, as shown in Fig. 2C. Using this decrement, we corrected the amplitude of the observed hologram.
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might have been caused by the excessive charge of the Eu dopant, which
was confirmed to be trivalent by the XAFS method (Fig. 6A). Because
the Ca in CaF2 is divalent, the excessive charge must have been compensated by a modification of the local structure. Moreover, this feature
is supported by the EXAFS result in Fig. 6B for the Eu–Ca distance (4.00 Å),
which is 0.13 Å longer than the Ca–Ca distance in pure CaF2. Recently,
we observed the large distortion of an As sublattice in a sphalerite
ZnSnAs2 thin film (26), and we found that the cation and anion sublattices are considerably different. Here, the local Ca sublattice distortion
was larger than that of the local F sublattice closer to Eu. Note that Ca2+
should be strongly affected by Eu3+ beyond the surrounding F− cage.
In summary, we have demonstrated multiple-wavelength neutron
holography with the time-of-flight technique using a single crystal of
Eu3+-doped CaF2. The present technique for the single-scan recording
of a multiple-wavelength hologram is more efficient than the x-ray
fluorescence holography technique for overcoming the problem of the
low neutron intensity. The accurate atomic image obtained by using a
number of different-wavelength holograms directly proved the existence
of additional F− ions at interstitial positions in Eu3+-doped CaF2. The
efficiency of the measurement and the accuracy of the atomic images
obtained by this method will provide a new means of studying local
structure science.
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XAFS measurement
The XAFS experiments at the Eu LIII absorption edge (6.9769 keV)
were performed at BL-12C of the Photon Factory of High Energy Accelerator Research Organization (KEK), Tsukuba, Japan. The spectra
were obtained in the transmission mode. The intensities of the incident and transmitted x-ray beams (I0 and I) were monitored using two
ionization chambers, whose lengths were 140 and 270 mm, respectively.
As detector gases in the chambers, we used pure N2 for the incident
beam and N2 (50%)–Ar (50%) for the transmitted beam. The sample
of Eu-doped CaF2 was prepared from the single crystal used for the
neutron holography experiments. Spectra of Eu2O3 were also measured
the same as those of a trivalent standard sample.

kx ¼

2p
cosf sinq
l

ð6Þ

ky ¼

2p
sinf sinq
l

ð7Þ

2p
cosq
l

ð8Þ

kz ¼

l is the wavelength of the incoming neutrons exciting a Eu nucleus.
Here, the lack of a suitable incident monitor for the neutron beam
was a serious problem. Because the intensity of the pulsed neutrons fluctuated markedly, normalization with an incident monitor was necessary
to extract the weak holographic oscillation, whose intensity was approximately 0.1% of the total g ray intensity. Here, we used integrated intensities below |k| = 1.12 Å−1 (l = 5.6 Å) as the incident monitor (yellow
region in the inset of Fig. 1B), and we normalized the g ray intensity in
each |k| region by the integrated intensity. Because |k| = 1.12 Å−1 is the
diffraction limit of CaF2, obstructive neutron standing-wave lines did
not appear in the 2D intensity pattern below |k| = 1.12 Å−1. Moreover,
because holographic oscillations were also smeared out by summing the
intensity patterns in a wide |k| range, the integrated intensity below |k| =
1.12 Å−1 became a good intensity monitor.
To confirm the validity of our normalization process, we calculated
holograms of the Eu-doped CaF2 with a step of D|k| = 0.127 Å−1 and
obtained the 2D incident monitor pattern in a manner similar to that
previously described above. In the calculated model, Eu is replaced by
Ca in the CaF2 crystal. As shown in Fig. 4B, a 3D real-space image was
reconstructed from the theoretical holograms normalized by the 2D incident monitor pattern. This image is similar to the images obtained
from the theoretical holograms without the normalization. Thus, the
present normalization process was judged to be valid.
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