
PRL 96, 215505 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
2 JUNE 2006
Neutron Phase Imaging and Tomography
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We report how a setup consisting of three gratings yields quantitative two- and three-dimensional
images depicting the quantum-mechanical phase shifts of neutron de Broglie wave packets induced by the
influence of macroscopic objects. Since our approach requires only a little spatial and chromatic
coherence it provides a more than 2 orders of magnitude higher efficiency than existing techniques.
This dramatically reduces the required measurement time for computed phase tomography and opens up
the way for three-dimensional investigations of previously inaccessible quantum-mechanical phase
interactions of neutrons with matter.
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FIG. 1. Grating-based neutron shearing interferometer. (a) The
source grating (G0) creates an array of individually coherent, but
mutually incoherent sources. (b) The phase grating (G1) forms a
periodic interference pattern in the plane of the analyzer grating.
A phase object in the incident beam will cause a slight refraction,
which results in changes of the locally transmitted intensity
through the analyzer.
For particle physicists, neutrons are small massive par-
ticles with a confinement radius of about 10�15 m and a
distinct internal quark-gluon structure. In quantum me-
chanics, neutrons are described by de Broglie [1] wave
packets whose spatial extent may be large enough to show
interference effects similar to what can be observed with
visible laser light or highly brilliant x-rays from synchro-
tron sources. Measurements of the neutron wave packet’s
phase shift induced by different interaction potentials
have a long and distinguished history in the exploration
of the fundamental properties of quantum mechanics [2].
If such phase sensitive measurements are further com-
bined with neutron imaging approaches, two- or even
three-dimensionally resolved spatial information on the
quantum-mechanical interactions of massive particles
with matter can be obtained.

Consequently, several attempts have been made to detect
the neutron wave optical phase variations induced by an
object in the past years. They can be classified into inter-
ferometric methods [3–5], techniques using an analyzer
crystal [6], and free-space propagation methods [7,8].
However, practical difficulties arise, because the currently
available neutron sources are not sufficiently coherent or
bright for the effective application of the existing phase
sensitive imaging methods. This is because they require
monochromatic crystal optics [3–6] or the high spatial
coherence of a pinhole source [7,8].

In this Letter we demonstrate how an alternative ap-
proach using a grating-based shearing interferometer can
be efficiently used to retrieve quantitative differential
phase contrast (DPC) images with polychromatic neutron
sources of little spatial and chromatic coherence. We have
recently shown that this method can be used for DPC
imaging using polychromatic x rays from synchrotron or
tube sources [9,10]. Here we describe, in particular, how
taking into account the quantum-optical properties of mat-
ter waves allows for a successful adaptation of the latter
method to a beam of massive particles, i.e., to neutrons.

Our setup consists of a source grating G0, a phase
grating G1, and an analyzer absorption grating G2
06=96(21)=215505(4) 21550
[Fig. 1(a)]. The source grating (G0), an absorbing mask
with transmitting slits, typically placed close to the neutron
beam exit port, creates an array of individually coherent,
but mutually incoherent sources. Each individual line
source provides enough spatial coherence for the DPC
image formation process [11]. Since the source mask G0
can contain a large number of individual lines, each creat-
ing a virtual source, efficient use can be made of typical
neutron source sizes of more than a few square centimeters.
To ensure that each of the line sources contributes con-
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FIG. 2. Principle of phase stepping. (a), (b), (c), (d) Raw image
data of a quadratic Mo metal rod, taken at different positions
xg � x1; . . . ; x4 of the analyzer grating G2. (e) Intensity oscil-
lation in two detector pixels as a function of xg.
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structively to the image formation process, the geometry of
the setup should satisfy the condition: p0 � p2l=d, where
p0 (p2) is the period of G0 (G2), l the distance between G0
and G1, and d the distance between G1 and G2 [Fig. 1(a)].
It is important to note that the total source size w only
determines the final imaging resolution, which is given by
wd=l. The arrayed source thus decouples spatial resolution
from spatial coherence. The DPC image formation process
achieved by the two gratings G1 and G2 is similar to
Schlieren imaging [12] or to a Shack-Hartmann wave-front
sensor [13]. The second grating (G1) acts as a beam splitter
and divides the incoming beam essentially into the two first
diffraction orders. Since the wavelength � of the illuminat-
ing neutron radiation (�10�10 m) is much smaller than the
grating pitch (�10�6 m), the angle between the two dif-
fracted beams is so small that they overlap almost
completely.

Downstream of the beam-splitter grating, the diffracted
beams interfere and form linear periodic fringe patterns in
planes perpendicular to the optical axis [11]. For a phase
grating with a phase shift of �, the periodicity p2 of the
fringe pattern equals half the period of G1. Neither the
period nor the lateral position of these fringes depends on
the wavelength of the radiation used. Perturbations of the
incident wave front, such as those induced by refraction on
a phase object in the beam, lead to local displacement of
the fringes [Fig. 1(b)].

The fundamental idea of the method presented here is to
detect the local positions of the fringes and determine from
these the phase shift induced by the object. However, since
the spacing of the interference fringes does not exceed a
few microns, an area detector placed in the detection plane
will generally not have sufficient resolution to resolve the
fringes, let alone the exact position of their maxima.
Therefore, a grating G2 with absorbing lines and the
same periodicity and orientation as the fringes is placed
in the detection plane, immediately in front of the detector.
This analyzer grating acts as a transmission mask for the
detector and transforms local fringe position into signal
intensity variation. The detected signal profile thus con-
tains quantitative information about the phase gradient of
the object. To separate this phase information from other
contributions to the signal, such as attenuation in the
sample, inhomogeneous illumination or imperfections of
the gratings, the phase-stepping approach used in other
interferometry methods [2] was adapted to this setup.
When one of the gratings is scanned along the transverse
direction xg (see Fig. 1), the intensity signal I�x; y� in each
pixel �x; y� in the detector plane oscillates as a function of
xg [Fig. 2(e)]. The interferometer phases #�x; y� of the
intensity oscillations in each pixel are related to the
wave-front phase profile ��x; y�, the neutron wavelength
� and the period p2 of the absorption grating by [12]

# �
�d
p2
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@x
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21550
Since # contains no other contributions, particularly no
attenuation contrast, the phase profile of the object can be
retrieved from #�x; y� by a simple one-dimensional inte-
gration [14]. Another quantity contained in the data from a
phase-stepping scan is the average signal for each pixel
over an entire oscillation, a�x; y� [Figs. 2(e) and 3(a)]. It is
identical to the transmission radiography signal that would
be measured without the interferometer. A single phase-
stepping scan thus yields both the phase and the attenuation
image.

The experiments were carried out at the Swiss Spallation
Neutron Source (SINQ) using the beam port of the cold
neutron imaging facility (ICON). A 100 mm thick
Beryllium filter was used to reject neutrons with wave
lengths � � 4:0 �A, resulting in an incident cold neutron
spectrum with a maximum at �max ’ 4:1 �A and a wave
length distribution (FWHM) of ��=�max ’ 25%.

The gratings were fabricated using standard photolithog-
raphy (G0, G1, G2), chemical wet etching (G1, G2) [15],
and evaporation of Gadolinium (G0, G2) [16]. They were
placed with their lines perpendicular to the optical axis of
the setup and parallel to the vertical direction. They had
periods of p0 � 1:08 mm, p1 � 7:97 �m, and p2 �
4:00 �m. The distances between the gratings were l �
5:23 m and d � 19:4 mm. An approximately circular
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FIG. 3. Linear contour plots and section profiles of processed data for a test object comprising a Ti, Pb, Mo, and Mg metal rod with a
quadratic profile. (a) Conventional neutron transmission image. (b) Differential phase contrast image d�=dx. (c) Integrated phase shift
��x; y� retrieved from d�=dx by integration. The images are represented on a linear gray scale. (d), (e), (f) Section profiles through the
corresponding image data.
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source (beam port exit) with a size of w ’ 20 mm was
used.

The images were recorded using a 300 �m thick
Li-6=ZnS converter and fluorescence screen with a demag-
nifying optical lens system and a cooled charge coupled
device (CCD) [17]. The effective spatial resolution was
mainly determined by the intrinsic unsharpness of the
scintillation screen to 250 �m. The field of view was 64�
64 mm2 [18]. A typical exposure time for a single raw
image was 10 sec; up to ten images were taken per oscil-
lation period in the phase-stepping scan.

Figure 3 shows processed transmission [Fig. 3(a)],
DPC [Fig. 3(b)], and integrated phase [Fig. 3(c)] images
of a sample comprising a titanium (Ti), lead (Pb), molyb-
denum (Mo), and magnesium (Mg) metal rod with a qua-
dratic profile [Fig. 1(b)]. Because of their specific neutron
capture cross sections and incoherent scattering cross sec-
tions, differences in the transmitted intensity through the
rods are observed in Fig. 3(a). Since the vector component
of the phase gradient in the direction perpendicular to the
grating lines is constant, but off opposite signs for both
sides of the rods, they appear black and white in the DPC
image. It is interesting to note that Ti has a negative
neutron scattering length density [19] and consequently a
negative phase shift is measured in the material [see
Fig. 3(c)]. Furthermore, we note that particularly for
weakly absorbing materials, like Mg and Pb [see
Fig. 2(a)], the DPC [Fig. 3(b)] and the integrated phase
shift [Fig. 3(c)] signal yield a higher contrast in the image.

For a more quantitative comparison, let us consider the
exact values for the neutron-nuclear phase shift, which is
given by � � Nbc�D, where N is the atom density, bc is
the coherent neutron-nuclear scattering length, and D the
thickness of the object in the neutron beam [2]. Using a
mean wavelength of � � 4:1 �A and literature values for
the coherent neutron-nuclear scattering lengths we expect
21550
for quadratic rods with an edge length of 5.0 mm values of
d�=dx � �51 (Ti),	81 (Pb),	116 (Mo), and	61 (Mg)

�=mm�. In the case of Ti and Pb, this agrees well with our
measurements [Figs. 3(b) and 3(e)]. The slightly smaller
measured values for Mo and Mg can be caused by the
presence of impurities in the metal samples, decreasing the
effective nuclear scattering length density. Particularly the
latter aspect sets the basis for further quantitative analysis,
such as the reconstruction of a three-dimensional map of
the object’s nuclear scattering length density by using
computerized tomography algorithms. This is particularly
important, since the high efficiency [20] of our approach
allows for a three-dimensional neutron phase contrast
computer tomography within practical time scales of a
few hours. As an example, Fig. 4 shows processed
DPC [Fig. 4(a)], integrated phase [Fig. 4(b)], and two
(out of 512) reconstructed tomographic slices [Figs. 4(c)
and 4(d)] through the three-dimensional coherent scatter-
ing length density distribution of a sample comprising a Ti
and Pb rod of 6.35 mm diameter. One-hundred-eighty
phase projections and one reference projection without
the sample, each of them containing ten phase-step images
(of 10 sec exposure time) were used as an input for a
standard filtered backprojection algorithm [21].

In conclusion we have shown how a setup consisting of
three transmission gratings can yield quantitative differen-
tial phase shift images for beams of massive particles. The
presented approach requires only a little spatial and chro-
matic coherence and thus is significantly [20] more effi-
cient than existing methods. We demonstrate the capa-
bilities by presenting, for the first time, a full three-
dimensional reconstruction of the scattering length density
distribution of a test sample obtained within a few hours.
Based on these results we conclude that our method rep-
resents a major step forward in phase radiography and
computed phase tomography with matter waves. It particu-
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FIG. 4. Projection images and tomographic slices for a sample
comprising a Pb and Ti rod with a diameter of 6.35 mm.
(a) Differential phase contrast, and (b) phase shift projection
image. (c), (d) Two (out of 512) reconstructed tomographic
slices through the three-dimensional coherent scattering length
distribution in the sample. The total exposure time was 240 min.
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larly opens up the way for imaging the neutron quantum-
mechanical phase shifts induced by more than just the
nuclear interaction. For example, two- or even three-
dimensional imaging of the magnetic domain structures
inside macroscopic objects based on the interaction of the
neutron spin with the magnetic field [22–24] or spatially
resolved dynamic studies based on the neutron Fizeau
effect [25] can be envisioned. Finally, this work could
provide the basis for bridging the gap between imaging
and quantum-optical investigations with other matter
waves, such as protons, atoms, or molecules [26].
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