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Neutron Dark-Field Tomography
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We report how a grating interferometer yields neutron dark-field scatter images for tomographic

investigations. The image contrast is based on ultrasmall-angle scattering. It provides otherwise inacces-

sible spatially resolved information about the distribution of micrometer and submicrometer sized

structural formations. Three complementary sets of tomographic data corresponding to attenuation,

differential phase, and small-angle scattering can be obtained from one measurement. The method is

compatible with conventional imaging and provides significantly higher efficiency than existing

techniques.

DOI: 10.1103/PhysRevLett.101.123902 PACS numbers: 42.30.Wb, 03.75.Dg, 28.20.Cz, 42.25.Fx

Neutron imaging as well as x-ray imaging has recently
experienced the development of a broad variety of methods
[1– 26], like phase contrast [1– 6], differential phase con-
trast [1,7– 15], and dark-field imaging [16– 21], to name a
few. Although such methods are well established and rou-
tinely used with x-rays, not all methods could be imple-
mented for neutrons straightforwardly, due to the different
nature of neutron radiation compared to electromagnetic
waves. Even more impeding is the fact that a number of
methods, even when successfully realized, cannot achieve
comparable impact, because the inherently limited avail-
able phase space density of neutron beams compared to
state-of-the-art light sources hinders an efficient applica-
tion. This applies especially when techniques require high
spatial and chromatic coherence (concerning !!=!), since
the necessary beam conditioning implies dramatic flux
losses. The implementation of a grating interferometer in
a conventional transmission imaging setup marked a mile-
stone in the development of neutron phase-contrast imag-
ing and tomography [14]. The superiority of the grating
interferometer technique is owed to relaxed coherence
requirements concerning both spatial and chromatic coher-
ence. These conditions enable even quantitative phase-
contrast tomography on reasonable time scales despite
the low available phase space density of neutron beams.
The setup, first developed for low-brilliance x-ray sources
[9,10] could successfully be adapted to neutrons, taking
into account the quantum optical properties of these matter
waves of massive particles [14].

The grating-based shearing interferometer as shown in
Fig. 1 consists of a source grating G0, a phase grating G1,
and an analyzer absorption grating G2 [27]. The absorption
source grating with a period p0 provides a partially coher-
ent beam for the phase grating G1 inducing a phase shift of
" with a period of p1. The analyzer grating with a period
p2 ¼ p1=2 at the 1st fractional Talbot distance enables the

detection of the interference pattern despite a detector
resolution more than an order of magnitude too low to
resolve the period of the intensity oscillations. To resolve
the fringe pattern a phase stepping approach is applied by
recording several images for different scan positions of,
e.g., the analyzer grating. The grating periods are chosen

FIG. 1. Grating interferometer. (a) Setup with three gratings,
sample, and detector system. (b) The interference pattern in-
duced by grating G1 smeared due to scattering in the sample.
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Magnetic domains have been the subject of much scientific investigation since their theoretical 
existence was first postulated by P.-E. Weiss over a century ago. Up to now, the three-
dimensional (3D) domain structure of bulk magnets has never been observed owing to the 
lack of appropriate experimental methods. Domain analysis in bulk matter thus remains one of 
the most challenging tasks in research on magnetic materials. All current domain observation 
methods are limited to studying surface domains or thin magnetic films. As the properties 
of magnetic materials are strongly affected by their domain structure, the development of a 
technique capable of investigating the shape, size and distribution of individual domains in three 
dimensions is of great importance. Here, we show that the novel technique of Talbot-Lau neutron 
tomography with inverted geometry enables direct imaging of the 3D network of magnetic 
domains within the bulk of FeSi crystals. 
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Three-dimensional imaging of magnetic domains
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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.

DOI: 10.1103/PhysRevLett.96.215505 PACS numbers: 61.12.Ex, 42.25.Fx, 42.30.Rx, 61.43.Gt

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

[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-

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.
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Figure 1: Elastic neutron scattering from a fixed nucleus (after Pynn, 1990)

of the neutrons which is of the order of 1Å (10�10 m) and as a result the nucleus acts as a point
scatterer.

We can represent the beam of neutrons by a plane wave with wavefunction

 i = e
ikz (1)

where z is the distance from the nucleus in the propagation direction and k = 2⇡/� is the wave-
number. The scattered wave will then be spherically symmetrical (as a result of the nucleus being
a point scatterer) with wavefunction

 s = � b

r
e
ikr (2)

where b is the nuclear scattering length of the nucleus and represents the interaction of the neutron
with the nucleus. The minus sign is arbitrary and is used so that a positive value for b indicates
a repulsive interaction potential. The scattering length is a complex number, but the imaginary
component only becomes important for nuclei that have a high absorption coe�cient (such as boron
and cadmium) and it can otherwise be treated as a real quantity.

The scattering length of nuclei varies randomly across the periodic table. It also varies between
isotopes of the same element. A useful example of this is 1H and 2H ( hydrogen and deuterium
respectively with the latter often labeled D). Hydrogen has a coherent (see later section) scattering
length of �3.74⇥10�5Å and deuterium 6.67⇥10�5Å. Thus the scattering length of a molecule can
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Figure 3: Scattering length density of water as a function of distance from a given oxygen atom
(after Kline)
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by the integral of the scattering length density distribution across the whole sample and normalize
by the sample volume
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N

V
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dr

�����

2

(19)

This result is known as the “Rayleigh-Gans Equation” and shows us that small angle scattering
arises as a result of inhomogeneities in scattering length density (⇢(r)). ⌃ = �/V is known as
the macroscopic cross section. The integral term is the Fourier transform of the scattering length
density distribution and the di↵erential cross section is proportional to the square of its amplitude.
This latter fact means that all phase information is lost and we cannot simply perform the inverse
Fourier transform to get from the macroscopic cross section back to the scattering length density
distribution.

As discussed previously, the di↵erential cross section d�/d⌦ is the directly measured quantity in
a scattering experiment. In the case of small angle scattering the results are usually normalized
by the sample volume to obtain the result on an “absolute” scale as this permits straightforward
comparison of scattering from di↵erent samples. Thus the di↵erential macroscopic cross section is
used as defined by the Rayleigh-Gans equation above.

As with the atomic cross section, the macroscopic cross section has three components

d⌃
d⌦

(q) =
d⌃coh

d⌦
(q) +

d⌃inc

d⌦
+

d⌃abs

d⌦
(20)

Information about the distribution of matter in the sample is contained in the coherent component,
whilst the incoherent component is not q-dependent and contributes only to the noise level. The
absorption component is usually small and simply reduces the overall signal.
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72 7. GRAIN SHAPE RECONSTRUCTION

Figure 7.21: The final 3D reconstruction of the grains composing the sample combines
the four partial reconstructions obtained for extinction spots with area A 2 [100,500];
A 2 [100,1000], A 2 [100,2000] and A >1000. The final reconstruction consists of
119 individual grains, each represented in a different color. The grain numbering is the
same in Fig. 7.21 and Fig. 7.22.

Figure 7.22: Volume, in voxels, of the grains in the final reconstruction. Data relative
to different grains are shown in different colours. The grain numbering is the same in
Fig. 7.21 and Fig. 7.22.
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Chapter 2. Neutron interaction with matter

Alternatively, Bragg’s law can also immediately be derived in real space. From figure 2.6, it
is clear that if the path difference between the scattered neutron waves is a multiple of the
wavelength n∏,n = 1,2,3, ..., the scattered waves are in phase. Trigonometry reveals the path
difference to be 2d sinµ and the condition for constructive interference thus leads to equation
2.42 again. For any deviation from this condition, the waves are no longer in phase and the
reflected intensity quickly falls to zero.

Figure 2.6: Derivation of Bragg’s law in real space, with a neutron beam of wavelength ∏ incident under
an angle µ on a crystal lattice of plane spacing d .

The total cross-section is then found by integration of equation (2.39) over d≠, or equivalently
over dk

0/|k 0|:

ßs,coh = N
(2º)3

V0

2
k

X

ø
|F (ø)|2±(ø2 °2køsinµ), (2.43)

the delta function being equivalent to the fulfilment of the Bragg law. Thus, wavelength-
dependent neutron imaging of single crystals will feature sharp dips in the transmission
spectrum due to coherent elastic scattering wherever the Bragg condition is met.

As an illustration to equation (2.43), the transmission pattern of a copper single crystal is
shown in figure 2.7. Apart from their location, equation (2.43) tells us how the Bragg dips
become more pronounced for longer wavelengths (ßs,coh / 1/k). Their number decreases
and separation increases for longer wavelengths. This can be understood in the context of the
Ewald sphere again: with short wavelengths, a large Ewald sphere is associated, with many
intersection possibilities with the reciprocal lattice. With increasing wavelengths, the Ewald
sphere grows smaller and intersections more scarce. From a certain point on, it will be so small
that no intersections are possible anymore. Energy-selective transmission imaging of single
crystals is thus best performed using cold neutrons, allowing for higher contrast and placing
less stringent demands on the energy-resolution required to separate the peaks. We will get
back to this in chapter 5, with newly developed methods and applications for extracting single
crystal properties at high spatial resolution.
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2.4. Scattering from a rigid crystal lattice

Figure 2.7: Transmission spectrum of a copper single crystal (taken from [32]).

2.4.3 Powder cross-section

A powder or an ideal polycrystalline material can be considered an ensemble of single crystals
in all random orientations. With typical crystallite sizes in the order of O (10µm) [49] and
sample diameters of O (1cm), a thousand crystallites are present in the beam direction. The
formula for coherent scattering can thus be found through averaging the one for a single
crystal (equation 2.39) over all orientations of ø:

µ
dß
d≠

∂

s,coh
= 2º2N

k2V0

X

ø

1
ø
|F (ø)|2±

µ
1° ø2

2k2 °cosµ
∂

. (2.44)

The argument of the ±-function represents a cone of opening angle 2µ. Neutrons can scatter
in all directions defined by these so-called Debye-Scherrer cones. Again, the total cross-section
can be found through integration:

ßs,coh = 4º3N
k2V0

ø<2kX

ø

1
ø
|Fø|2, (2.45)

which can be rewritten in more common terms of wavelength ∏ and lattice spacings as dhkl :

ßs,coh = ∏2N
2V0

2dhkl<∏X

dhkl

dhkl |Fhkl |2. (2.46)

The cross-section will increase quadratically with increasing wavelengths - promoting the
use of cold neutrons - and feature sharp Bragg edges at ∏= 2dhkl . For larger wavelengths, the
(hkl) lattice planes can no longer scatter neutrons out of the direct beam and the cross-section
drops sharply. Past the largest 2dhkl coherent scattering can no longer occur, this is the Bragg
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R(t,k,dhkl)

cross section of the proton as compared to most other isotopes,
particularly to those atoms composing structural nuclear materi-
als. The dramatic changes that have occurred in neutron detection
technology over the last years have furnished many neutron imag-
ing instruments with energy/wavelength resolution [3–5]. Such
energy resolution has opened new possibilities for the study of
metal components, because the neutron transmission of polycrys-
talline materials presents sharp variations with neutron wave-
length, which are very sensitive to the crystallographic texture of
the material. It is the aim of this paper to study the spatial varia-
tions in texture that result from typical manufacturing processes
of Zr components by performing energy-dispersive neutron radiog-
raphy experiments on tubes, plates and welds of Zr-based alloys.
The use of a radiographic technique is attractive because it offers
good spatial resolution (!50 lm), and it does not require section-
ing of specimens, as usually required by conventional X-ray dif-
fraction experiments. Besides this, we discuss the possibility of
extracting quantitative information about the orientation distribu-
tion function (ODF) of the crystallites from the analysis of the
neutron spectrum transmitted through a Zr-based specimen.

2. Total cross section of textured materials

On a first approximation, the transmission T of neutrons
through a polycrystalline material of thickness x is:

T ¼ expð$nrtotxÞ ð1Þ

where n is the number of unit cells per unit volume, with each cell
having a neutron total cross section rtot. Fig. 1 displays the calcu-
lated total cross section of Zr powder for thermal and cold neutrons,
indicating the different physical processes that contribute to the re-
moval of neutrons from a collimated neutron beam. The calculation
is based on the theoretical expressions discussed in Ref. [6]. Each
neutron incident on the sample is either Bragg-reflected by a crystal
plane, diffusely scattered, absorbed, or transmitted. At long wave-
lengths neutrons are removed from the beam mainly due to nuclear
absorption, whilst at short wavelengths neutrons are scattered out
of the beam by thermal diffuse scattering. Both contributions have a
smooth dependence on neutron wavelength. For this wavelength
range, absorption has a simple linear dependence on wavelength.
Elements with large absorption, such as boron or cadmium, have
long been exploited as contrast agents in neutron imaging. Thermal
diffuse scattering, considered here as the combination of incoher-
ent, low-angle, and inelastic thermal scattering, is large for hydrog-
enous materials and increases with the specimen temperature [6].

The increase of inelastic collisions at high neutron energies is
responsible for the increase in diffuse scattering observed at short
wavelengths. The sharp steps observed in the figure are the so-
called Bragg edges and occur due to the reflection on the crystal
planes. For a crystal family {hkl}, the Bragg angle increases as the
wavelength increases, k = 2dhkl sin h, until 2h is equal to 180!. At
wavelengths greater than 2dhkl no Bragg reflection on this particular
{hkl} family can occur, resulting in a drop in the total cross section,
i.e., a sharp increase in the transmitted intensity. The height of a
Bragg edge (hkl) gives a direct measure of the number of crystallites
having their {hkl} planes normal to the incoming beam. The height
of Bragg edges changes drastically for textured materials, and can
even be absent along specific directions of a specimen. The total
cross section due to Bragg reflection ðrel

cohÞ along a specimen direc-
tion s can be directly calculated from the pole figures Ps

hklðabÞ cen-
tred on s [7]. As derived in that work, for neutrons of wavelength k
we need to count all the crystallites making the angle bhkl =
(p/2) $ arcsin(k/2dhkl) with the incident beam. This corresponds to
the line integral of the pole figure Ps

hklðabÞ around a ring of radius
bhkl.

Rðs; k;dhklÞ ¼
Z 2p

0
Ps

hkl a;p=2$ arcsin
k

2dhkl

! "
da ð2Þ

This factor corresponds to the angular distribution function, as
defined in Ref. [29]. Hence, in order to calculate the total cross sec-
tion along different sample directions, the pole figures need to be
rotated accordingly. Using Eq. (2), the final expression for ðrel

cohÞ
for a textured material becomes

rel
cohðs; kÞ ¼

k2

4V0

X2dhkl<k

hkl

jFhklj2dhklRðs; k; dhklÞ ð3Þ

where V0 is the volume of the unit cell, and Fhkl is the structure fac-
tor. For an isotropic specimen R(s, k, dhkl) = 1, and we recover the
expression for the elastic coherent total cross section given by Fer-
mi et al. [8], which corresponds to the Bragg reflection total cross
section plotted in Fig. 1.

3. Samples

Two different set of samples were used for these studies. One
set consisted of small sections machined from commercial and
experimental Zr2.5%Nb pressure tubes, whilst the other set corre-
sponded to two Zircaloy-4 plates welded along their rolling
direction.

3.1. Pressure tubes

Small sections having dimensions of !10 mm & 20 mm along
the axial and rolling directions, respectively, were machined out
of Zr 2.5%Nb pressure tubes. Starting from Zr 2.5%Nb billets forged
at !800 !C, the normal fabrication route of CANDU pressure tubes
performed for AECL (Atomic Energy of Canada, Ltd.) includes extru-
sion at !800 !C, followed by air cooling, cold drawing to !20–30%
strain, and autoclaving at 400 !C for 24 h. The microstructure of
pressure tubes consists of a-grains up to about 10 lm long, 1 lm
wide and 0.5 lm thick which have an hcp crystal structure contain-
ing between 0.6 and 1 wt% Nb, surrounded by a grain boundary
network of Nb stabilized b-Zr, with a bcc crystal structure, that
contains about 18–20 wt% Nb. The texture of the pressure tube is
found to be determined at the extrusion stage [9] and, in principle,
no relevant changes should be expected during cold drawing or
annealing if performed at temperatures below the a/a + b transus
at 610 !C.

One specimen, labelled as A, corresponds to the normal manu-
facturing process, and it was machined from a tube produced for

Fig. 1. Calculated total cross section for zirconium powder, identifying the different
mechanisms removing neutrons from a collimated neutron beam. The sharp steps,
called Bragg edges, indicate the cease of Bragg reflection on specific crystal plane
families.
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50 100 150 200 250 300 350
0

0.5

1

Sample photograph

magn.	fields

Monochromators for	Imaging:
- crystal	monochromators
- velocity	selectors	
- choppers
->	homogeneity	requirement	conflicts

SANS	regime																																																	

S.	Peetermans et	al,	NIMA	2013

magn.	fields

pulsed	neutron	imaging
- High	flux
- Large	size
- High	spatial	resolution
- High	time	resolution
–>	detector	requirement	conflicts

A.	Tremsin et	al.

Advanced	Imaging



Guide

Lower	limit	L/D

2g
c

L/D = 1/tan(2gc(l)).

Advanced	Imaging



- Wavelength	resolved	imaging				à INSTRUMENTATION

Velocity	selector Crystal	monochromator Choppers Pulsed	Source
short- long	pulse

monochr.__________+____________________+_______________-__________-______+________
Selective	__________+____________________+_______________+__________+______+_________
Dispersive_______	__-_____________________-_______________+_________+______+________
BW											__________-_____________________-_______________+_________+______+__________
BW	flex			__________+____________________	+______________	+_________+_______+________
hi.	res.					__________-_____________________+______________	+_________+______+___________
med.	res.__________-_____________________+______________	+_________+______+___________
low	res.		__________+_____________________+_______________+_________-______	+__________

32 

Energy selection in the cold range by 
a turbine selector  

0 1 2 3 4 5 6 7 8 9 10
0.0

0.5

1.0
 

 

Co
unt

s

Wavelength�[Å]

Polychromatic spectrums:

 cold ICON
 thermal NEUTRA

Monochromatic spectrums:

 cold ICON

'O/O = 15% 

Advanced	Imaging



 a

 b

 c

Shim image
(

Isam↑+Isam↓

Ibg↑+Ibg↓

)

50 100 150 200 250 300 350

 a

 b

 c

”Running” Asam
Abg

(mean for 506 Å > Z < 1741 Å)
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S qð Þ~
ðz?

{?
djG jð Þcos jqð Þ ð10Þ

and hence

G jð Þ~
ðz?

{?
dqS qð Þcos jqð Þ ð11Þ

the normalized visibility can be put as

Vs jGIð Þ=V0 jGIð Þ~
ð?

{?
dq S qð Þcos jGIqð Þ~G jGIð Þ ð12Þ

being directly proportional to the real space correlation function.
This result means, that grating based, and in general cosine modu-

lation based (dark-field) SAS measurements36, perform a back-trans-
formation of the scattering function into real space and hence allow
direct measuring of the real space correlation function of a system.

However, the measured signal might also contain un-scattered
radiation. In order to account for that the macroscopic scattering
cross section S and the sample thickness t have to be taken into
account and with St defining the fraction of scattered radiation

Vs jGIð Þ=V0 jGIð Þ~ 1{Stð ÞzStG jGIð Þ ð13Þ

This situation and solution can be found equivalent to that of the
well-known and well described spin-echo small-angle neutron scat-
tering (SESANS)37, where the response function can be written as a
cosine dependence of the beam polarization, rather than a spatial
function, on jSEq with jSE being the auto-correlation length of such
set-ups referred to as spin-echo length37. It can be shown, as has been
shown for SESANS, that taking into account multiple scattering leads
to38

Vs jGIð Þ=V0 jGIð Þ~eSt G jGIð Þ{1ð Þ: ð14Þ

Evidently the simple multiplication with the sample thickness is only
valid for a homogeneous sample, which one might assume in a SAS
experiment but not so much for samples investigated in imaging,
where such multiplication hence has to be replaced by the common
integral along a specific path of the beam through the sample as

Vs jGIð Þ=V0 jGIð Þ~e
Ð

path
S G jGIð Þ{1ð Þdt ð15Þ

with S and G being position dependent functions.
This establishes a complete description of the dark-field signal and

its constitution, by replacing previously used so-called material
dependent constants referred to as linear diffusion coefficient26,29

and random Gaussian distributions describing scattering phe-
nomenological by well defined and established material parameters
like the macroscopic scattering cross section and the real space cor-
relation function. The latter finally provides the direct correlation of
the signal with the structural parameters of the scattering structures,
which is fundamental for every scattering method, but could not be
established before for grating based dark-field contrast. The equival-
ence of the solution with the one found for SESANS allows for
directly applying modeling and analyses tools developed and
described for this technique. In particular, the considerations and
calculations provided in Ref. 34 can be directly applied to the case
addressed here. In this reference Andersen et al. translate many of the
so-called form factors for conventional SAS, describing spheres,
cylinders, spheroids etc. for the given case and some theoretical
and model distributions are shown in order to highlight the applic-
ability for the study of anisotropic density distributions. This further
implies that such approach allows for applying grating interferom-
eters not only for imaging applications but also as a powerful tool for
conventional SAS studies especially in the ultra small angle regime
utilizing the orders of magnitude of efficiency gain previously

restricted to imaging applications only. This in turn enables multi-
scale measurements bridging Fourier space and real space methods
with low brilliance lab based x-ray and with neutron sources.

In addition, this solution for grating based dark-field measure-
ments implies that S G jGIð Þ{1ð Þ can even be reconstructed for a
tomography for every correlation length jGI probed and hence the
functionS G jGIð Þ{1ð Þ can be retrieved for any position (x,y,z) in the
sample corresponding to the spatial resolution of the set-up (voxel).
This corresponds to a 3D resolved quantitative SAS measurement in
case the tomography is performed for a sufficient number of correla-
tion length values.

Discussion
In order to demonstrate the potential of this approach an example
shall be given. Assuming a specimen of diluted hard spheres with
radius r, for which the real space correlation function, like many
others, is well known from SESANS39 being

G fð Þ~G j=rð Þ~ 1{
f

2

# $ 2
" #1=2

1z
1
8

f2
# $

z
1
2

f2 1{
f

4

# $ 2
" #

ln
f

2z 4{f2% &1=2

" # ð16Þ

and which has been stressed earlier27,28,29, allows comparing the the-
ory presented here with calculations and measurements presented in
Ref. 27. For that purpose the data presented in Fig. 3a (from Fig. 4 in
Ref. 27) is extracted and sorted by sample, i.e. different radii r of
spherical SiO2 particles measured in a dispersion of H2O, and by
autocorrelation lengths used for the specific measurements like given
in Ref. 27. This data27 md9(r,jGI) is multiplied by the autocorrelation
length jGI in order to get a correspondence with the function
2r(G(jGI)-1) in the description derived here. Fig. 3a also demon-
strates, that the calculation and data presented in Ref. 27 corresponds
to 2rjG(jGI)-1j/jGI. In the presented theory the factor r is an integral
part of the macroscopic scattering cross section S for spherical part-
icles which is defined as

X
~ 3=2ð ÞwVDp2l2r: ð17Þ

Other parts of S like the scattering length density contrast Dr, wave-
length l and volume fraction wV on the other hand are not taken into
account as they have been normalized with in Ref. 27 according to
equ. d71 ibid. With these values a normalized visibility correspond-
ing between the theory here and the data extracted from Ref. 27 is
achieved with

V ’s
V0

~e{md’jGI~e2r G jGIð Þ{1ð Þ ð8Þ

and the results of both are plotted in Fig. 2b as a function of jGI. A
very good agreement is found, which proves that the theory very well
describes the measurements. Furthermore, it is clearly visualized that
important sample characteristics can not only be quantified, but
easily be read from the data in particular for such kind of structure.
The autocorrelation value at the saturation point, i.e. where the vis-
ibility does not decrease anymore with increasing autocorrelation
length, directly provides the diameter of the hard spheres responsible
for the scattering signal. This can already be seen from the trans-
formation performed in Fig. 3a as compared to the representation in
Ref. 27. At 2r/jGI # 1, jG(jGI $ 2r)-1j51. On the other hand it is
obvious, that the visibility value of the saturation is directly related to
the macroscopic scattering cross section S of the system, i.e. to the
volume fraction of the particles and the scattering length density
contrast. That means at jGI 5 2r the visibility value stabilizes
atVs jGI§2rð Þ=V0 jGI§2rð Þ~e{St . The information content of such
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measurement is equivalent to that of a conventional SAS measure-
ment, however, spatial resolution is achieved without the require-
ment of scanning a pencil beam, like in conventional SAS
experiments aiming for macroscopic 2D spatial resolution.

Figure 3b also illustrates, how the contrast achieved depends on
the specific autocorrelation length at which a single measurement is
performed and hence that the dark-field contrast between different
sized scattering particles can potentially be even inverse when mea-
sured at a different autocorrelation length e.g. at different set-ups.
That implies that the contrast of dark-field images can significantly
be influenced by the choice of the parameters defining the autocor-
relation length, like the wavelength, the sample to detector distance
and the used period of the interference pattern. Therefore even in
qualitative measurements significant care has to be taken of the use of
the corresponding parameters, because otherwise severe misinter-
pretations and discrepancies between measurements might be
caused. The specific shape of scattering structures defines the con-
trast behavior in dependence on the set autocorrelation length34 and
the concentration and scattering length densities define the satura-
tion of the dark-field signal at the autocorrelation length correspond-
ing to the longest correlation length in the sample, i.e. the maximum
dimension of the structure. Nearest neighbor correlations when
resolved for example in systems with high concentrations and giving
rise to what is referred to as structure factor in SAS will cause further
modulation of the signal at corresponding longer autocorrelation
lengths34,39.

Not only in this respect it is certainly worth considering the work
by W. Yashiro et al. in Ref. 24, where a strongly anisotropic structure
is investigated with grating interferometry. In particular the mea-
sured points for a sample orientation of w 515u and the point at jGI
5 4 mm (note jGI is expressed as ‘‘pd’’) are most noteworthy (Fig. 5a
in Ref. 24). Taking into account next neighbor correlations (a struc-
ture factor in terms of SAS) like described in Ref. 34, 39, i.e. pair
correlations apart from the real space correlation of an isolated shape
of a scattering structure (a form factor in SAS), but also the tomo-
graphic representation of bigger structures in the same sample (fig. 9
in Ref. 24), it must seem obvious that such next neighbor correlation
has been measured here and the particular deviations from the pre-
sented fit are not just an artifact. In the approach presented in Ref. 24

and Ref. 21, the autocorrelation length jGI is described as the product
of what is referred to as the Talbot order and the modulation period.
While this is equivalent to the purely geometric description provided
here for the particular set-up used in these works, it seems to limit
probing this parameter to a few distinct values. Though the approach
has lead via extensive wave calculations to the conclusion that the
visibility as a function of jGI ‘‘should be related to the Fourier trans-
form’’21 of the angular scattering function and a corresponding
description and interpretation of such function in terms of real space
correlation functions of structures, no reliable specific shapes and
dimensions of scattering structures could be provided. Such can only
be achieved, in the light of the here presented general and extensive
approach, by probing a sufficient number of values and applying
model fits equivalent to procedures applied in SAS. For the cases
presented in Ref. 21 and 24 that would imply to place the sample
between the phase and analyzer grating, which themselves are set to a
high Talbot order and scanning the distance of the sample to the
analyzer grating. Subsequently the models that are described in Ref.
34 and 39 can be fitted according to the presented analogy of meth-
ods and will provide values for diameters, shapes and orientations as
well as next neighbor distances just like in corresponding SAS or
SESANS studies. Like described in Ref. 34 only in cases where no a
priori knowledge about the sample structures can be applied and is
obvious from the measurements, a sum of Gaussians like proposed in
Ref. 21 might be the most viable option for data fitting. Even in such
cases the average structure size can be directly extracted from the
measured visibility function34, though also the principle of Guinier
analyses and Porod’s law2,34 is readily available for corresponding
data analyses.

In conclusion a quantitative and general relation between the
measured visibility in grating interferometer based dark-field con-
trast imaging and the specific sample parameters of scattering cross
section and in particular the real space correlation function of the
structures in the sample that contribute to small-angle scattering and
hence the dark-field signal has been derived. It has been demon-
strated how a scan of the autocorrelation length of the set-up in a
dark-field contrast measurement yields the corresponding para-
meters and hence 2D SAS measurements become possible in such
imaging mode providing the potential of full quantification of scat-

Figure 3 | Data versus theory (a) Representation of measured data md’ and calculation as provided in Ref. 27 (blue line and symbols); Data and theory
transformed according to jGI md’/2r (red crosses and green line with circles, respectively) and | (G-1) | as calculated for the samples from the theory
presented here (red line) displaying full agreement proving that the calculation presented and data reduction in Ref. 27 corresponds to 2r | (G-1) | /jGI; (b)
Visibility data (markers) from (a) Ref. 27 and calculation (lines) presented according to equ. (18) as a function of autocorrelation length jGI and sorted by
sample (particle size), demonstrating good agreement between theory and data as well as the direct relation to particle size and scattering cross section
(note: here represented by 2r only), both of which can be extracted straightforwardly. (Note: no error bars are given as original data in Ref. 27 is provided
without error bars and any additional introduced error is considered less than the given symbol sizes).
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extracted, but also the means of the measurement strategy suited to
do so and to achieve such fully SAS-equivalent information.

Results
As the principles of measurements with neutrons and x-rays are
equivalent related to this technique, no distinction shall be made
between those here.

Due to the modulation geometry a grating set-up is sensitive to
SAS in one dimension only. That makes it equivalent to other tech-
niques in this angular regime such as slit collimated SAS instru-
ments2, Bonse Hart cameras33 but also spin-echo small angle
neutron scattering (SESANS)34 measuring what is referred to as
slit-smeared SAS2,34. Hence, the well-known limitations of modeling
and data analyses apply2. This is characteristic of the technique itself
and implies, that scattering systems, which display ordering of aniso-
tropic structures, i.e. which produce asymmetric scattering patterns
in 2D, require special attention concerning sample orientation and
might limit the ability of structural analyses especially without rotat-
ing the sample2,24,34. Note that this by no means implies that the
method(s) are limited to isotropic particle or structure shapes2.
However, it also implies that the scattering geometry that has to be
taken into account here can be restricted to one dimension and
corresponding scattering and correlation functions represent projec-
tions of the 2D functions onto a single axis (perpendicular to the
beam and in modulation direction) as is described in detail in2,34.

In order to derive a general solution, a relation between conven-
tional scattering theory and dark-field contrast imaging parameters
can be found when describing the scattering angle h, for which in the
SAS approximation sinh,h,tanh, as

h*
x
Ls

and h*
ql

2p
, ð2Þ

respectively. Consequently one can express the scattering vector q
not only in terms of the scattering angle h but also in terms of the
position-shift x of the interference pattern at a specific sample to
detector distance Ls in a grating measurement as

q~
2ph

l
~

2px
lLs

ð3Þ

The position shift x corresponds to a phase shift Dv of the modu-
lation function of

Dv~
2px

p
~

2pLsh

p
~

lLs

p
q~jGlq ð4Þ

where first x is substituted by Lsh, then 2ph by ql and finally
lLs

p
by

jGI.
Consequently we find what has earlier been referred to as the

autocorrelation length of a grating set-up27

jGI~
lLs

p
ð5Þ

as simply defined by geometric considerations. Note that that is
hence a general case and not limited to spatial beam modulation
by a grating interferometer set-up. Note that L’s given by the relation
L’s5(L1 1 L2-Ls)L2/L1 is required for calculating jGI in case the
sample is positioned between source (grating) and phase grating,
with the distances between those given by L1 and between phase
grating and analyser grating (detector) by L2. This corresponds to
the findings by Donath et al.35 for the sensitivity of the grating inter-
ferometer in different geometries. When the sample is placed
upstream the phase grating in the plane wave case, where no source
grating is used, L’s is simply replaced by the distance L2 between
phase and analyser grating because for limL1??L’s~L2 and with

the definition L25mp2/l follows that jGI~
lLs

p
~mp with m being

the Talbot order21 just like applied in Ref. 21,24. This way, however,
only discrete values of Ls can be probed and an intrinsic connection
with the Talbot effect rather than a dependence on geometric con-
ditions only is implied.

Having established a correlation between the induced phase shift
Dv of scattering to a specific angle h, the auto-correlation length and
the modulus of the scattering vector q, it is important to understand
how scattering and a specific scattering function impact the visibility
measured with a grating interferometer set-up. The visibility V is
defined as V5(Imax-Imin)/(Imax 1 Imin) of the measured intensity I,
which is spatially modulated corresponding to the interference pat-
tern introduced by the phase grating at a specific Talbot distance at
which it is detected5. While radiation which is not scattered (h0 5 0)
and therefore arrives with Dv 5 0 contributes at a maximum to the
visibility V, as its particular visibility V5V0, radiation which is scat-
tered to a specific angle h, i.e. with a specific q and hence a specific
phase shift Dv~jGIq obviously contributes less. Consequently a
degradation of the visibility is introduced, by scattered radiation
producing a visibility V,V0. Given that the scattering function is
symmetric around its center at q0505h0, which is a general assump-
tion of SAS, i.e. scattering to h means equal scattering to -h or S(q) 5
S(-q), and with the basic relation

(cosDvzcos({Dv ))=2~cosDv ð6Þ

that is valid for all points of the modulation function (Fig. 2) as

(cos(vzDv )zcos(v{Dv ))=2~cosv cosDv ð7Þ

the visibility can be expressed as

Vs jGI,qð Þ~V0 jGIð Þcos Dvð Þ~V0 jGIð Þcos jGIqð Þ: ð8Þ

Taking into account the whole scattering function S(q) and that the
final visibility is a result of the convolution of the scattering function
with the modulation function7,26,29 of the grating interferometer this
transforms into

Vs jGI,qð Þ~V0 jGIð Þ
ð?

{?
dq S qð Þcos jGIqð Þ: ð9Þ

Given the fact that the scattering function S(q) is a kind of Fourier
transform of the real space correlation function,

Figure 2 | Illustration of the modulation term and the basic cosine
relations by an undisturbed modulation term of the instrument response
function like in an ideal empty beam measurement (blue line), a
modulation term according to equ. (7) like assuming scattering causing a
phase shift Dv of 1/- p/5 (orange line) coinciding with the sum (dots) of
half ‘‘intensity’’ modulations shifted in phase to p/5 and -p/5 like
illustrated by gray dashed lines.
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Visibility   V= (Imax-Imin)/(Imax-Imin)

extracted, but also the means of the measurement strategy suited to
do so and to achieve such fully SAS-equivalent information.

Results
As the principles of measurements with neutrons and x-rays are
equivalent related to this technique, no distinction shall be made
between those here.

Due to the modulation geometry a grating set-up is sensitive to
SAS in one dimension only. That makes it equivalent to other tech-
niques in this angular regime such as slit collimated SAS instru-
ments2, Bonse Hart cameras33 but also spin-echo small angle
neutron scattering (SESANS)34 measuring what is referred to as
slit-smeared SAS2,34. Hence, the well-known limitations of modeling
and data analyses apply2. This is characteristic of the technique itself
and implies, that scattering systems, which display ordering of aniso-
tropic structures, i.e. which produce asymmetric scattering patterns
in 2D, require special attention concerning sample orientation and
might limit the ability of structural analyses especially without rotat-
ing the sample2,24,34. Note that this by no means implies that the
method(s) are limited to isotropic particle or structure shapes2.
However, it also implies that the scattering geometry that has to be
taken into account here can be restricted to one dimension and
corresponding scattering and correlation functions represent projec-
tions of the 2D functions onto a single axis (perpendicular to the
beam and in modulation direction) as is described in detail in2,34.

In order to derive a general solution, a relation between conven-
tional scattering theory and dark-field contrast imaging parameters
can be found when describing the scattering angle h, for which in the
SAS approximation sinh,h,tanh, as

h*
x
Ls

and h*
ql

2p
, ð2Þ

respectively. Consequently one can express the scattering vector q
not only in terms of the scattering angle h but also in terms of the
position-shift x of the interference pattern at a specific sample to
detector distance Ls in a grating measurement as

q~
2ph

l
~

2px
lLs

ð3Þ

The position shift x corresponds to a phase shift Dv of the modu-
lation function of

Dv~
2px

p
~

2pLsh

p
~

lLs

p
q~jGlq ð4Þ

where first x is substituted by Lsh, then 2ph by ql and finally
lLs

p
by

jGI.
Consequently we find what has earlier been referred to as the

autocorrelation length of a grating set-up27

jGI~
lLs

p
ð5Þ

as simply defined by geometric considerations. Note that that is
hence a general case and not limited to spatial beam modulation
by a grating interferometer set-up. Note that L’s given by the relation
L’s5(L1 1 L2-Ls)L2/L1 is required for calculating jGI in case the
sample is positioned between source (grating) and phase grating,
with the distances between those given by L1 and between phase
grating and analyser grating (detector) by L2. This corresponds to
the findings by Donath et al.35 for the sensitivity of the grating inter-
ferometer in different geometries. When the sample is placed
upstream the phase grating in the plane wave case, where no source
grating is used, L’s is simply replaced by the distance L2 between
phase and analyser grating because for limL1??L’s~L2 and with

the definition L25mp2/l follows that jGI~
lLs

p
~mp with m being

the Talbot order21 just like applied in Ref. 21,24. This way, however,
only discrete values of Ls can be probed and an intrinsic connection
with the Talbot effect rather than a dependence on geometric con-
ditions only is implied.

Having established a correlation between the induced phase shift
Dv of scattering to a specific angle h, the auto-correlation length and
the modulus of the scattering vector q, it is important to understand
how scattering and a specific scattering function impact the visibility
measured with a grating interferometer set-up. The visibility V is
defined as V5(Imax-Imin)/(Imax 1 Imin) of the measured intensity I,
which is spatially modulated corresponding to the interference pat-
tern introduced by the phase grating at a specific Talbot distance at
which it is detected5. While radiation which is not scattered (h0 5 0)
and therefore arrives with Dv 5 0 contributes at a maximum to the
visibility V, as its particular visibility V5V0, radiation which is scat-
tered to a specific angle h, i.e. with a specific q and hence a specific
phase shift Dv~jGIq obviously contributes less. Consequently a
degradation of the visibility is introduced, by scattered radiation
producing a visibility V,V0. Given that the scattering function is
symmetric around its center at q0505h0, which is a general assump-
tion of SAS, i.e. scattering to h means equal scattering to -h or S(q) 5
S(-q), and with the basic relation

(cosDvzcos({Dv ))=2~cosDv ð6Þ

that is valid for all points of the modulation function (Fig. 2) as

(cos(vzDv )zcos(v{Dv ))=2~cosv cosDv ð7Þ

the visibility can be expressed as

Vs jGI,qð Þ~V0 jGIð Þcos Dvð Þ~V0 jGIð Þcos jGIqð Þ: ð8Þ

Taking into account the whole scattering function S(q) and that the
final visibility is a result of the convolution of the scattering function
with the modulation function7,26,29 of the grating interferometer this
transforms into

Vs jGI,qð Þ~V0 jGIð Þ
ð?

{?
dq S qð Þcos jGIqð Þ: ð9Þ

Given the fact that the scattering function S(q) is a kind of Fourier
transform of the real space correlation function,

Figure 2 | Illustration of the modulation term and the basic cosine
relations by an undisturbed modulation term of the instrument response
function like in an ideal empty beam measurement (blue line), a
modulation term according to equ. (7) like assuming scattering causing a
phase shift Dv of 1/- p/5 (orange line) coinciding with the sum (dots) of
half ‘‘intensity’’ modulations shifted in phase to p/5 and -p/5 like
illustrated by gray dashed lines.
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with the Talbot effect rather than a dependence on geometric con-
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Having established a correlation between the induced phase shift
Dv of scattering to a specific angle h, the auto-correlation length and
the modulus of the scattering vector q, it is important to understand
how scattering and a specific scattering function impact the visibility
measured with a grating interferometer set-up. The visibility V is
defined as V5(Imax-Imin)/(Imax 1 Imin) of the measured intensity I,
which is spatially modulated corresponding to the interference pat-
tern introduced by the phase grating at a specific Talbot distance at
which it is detected5. While radiation which is not scattered (h0 5 0)
and therefore arrives with Dv 5 0 contributes at a maximum to the
visibility V, as its particular visibility V5V0, radiation which is scat-
tered to a specific angle h, i.e. with a specific q and hence a specific
phase shift Dv~jGIq obviously contributes less. Consequently a
degradation of the visibility is introduced, by scattered radiation
producing a visibility V,V0. Given that the scattering function is
symmetric around its center at q0505h0, which is a general assump-
tion of SAS, i.e. scattering to h means equal scattering to -h or S(q) 5
S(-q), and with the basic relation
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that is valid for all points of the modulation function (Fig. 2) as
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the visibility can be expressed as

Vs jGI,qð Þ~V0 jGIð Þcos Dvð Þ~V0 jGIð Þcos jGIqð Þ: ð8Þ

Taking into account the whole scattering function S(q) and that the
final visibility is a result of the convolution of the scattering function
with the modulation function7,26,29 of the grating interferometer this
transforms into
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relations by an undisturbed modulation term of the instrument response
function like in an ideal empty beam measurement (blue line), a
modulation term according to equ. (7) like assuming scattering causing a
phase shift Dv of 1/- p/5 (orange line) coinciding with the sum (dots) of
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Simulation, Sine fit period=33
Measurements, Sine fit period=33

−8 24 55 87 118 150 181
Flipper position [mm]

 

 

i) Lambda = 4.00 Å
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Figure 4: Comparison between experimental and simulation results
for selected wavelengths in fig. 2 and 3. The data has been fitted
with sine curves, and as shown, the experimental period is reproduced
well by simulation. The experimental amplitudes are matched in sim-
ulations by using an initial polarisation of 80% as an approximatiion
to the non-perfect initial polarisation as well as depolarising e↵ects
caused by non-perfect fields and alignments in the experiment.
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Figure 5: Simulation with a x-position sensitive ToF monitor at the
’focus’ position. Left is when the spin-echo condition is met and right
is o↵ echo. Top is wavelength vs x-position at the detector and the
intensity is polarisation. Bottom is polarisation vs x-axis for selected
wavelengths. It can be seen that an asymmetry is introduced when
the spin-echo condition is not met (e.g. by adjusting the position of
the spin-flipper composed of the middle V-coil pair). Colour version
online.

sample. All these figures exhibit an asymmetry of the
beam profile where the modulation amplitude is drop-
ping from one side of the beam to the other. Fig. 5
shows simulated outputs of an x-position and ToF sensi-
tive detector in and out of echo. It is evident that a more
easily analysable modulation is obtained when the spin-
echo condition is met, and the simulation results suggest
that the spin-echo not being met is the reason for the
asymmetry found in [8, fig. 2-3]. The only di↵erence
between the two simulations in fig. 5 is the position of
the flipper (middle V-coils pair).

4. Conclusion

Our experiments backed up by simulations show that
the theoretically expected spatial modulation is present
when triangular field coils are used. The results sup-
port the usability of SEMSANS – a technique that is
uniquely useful for measurements of magnetic struc-
tures up to µm range with or without depolarising sam-
ple environment. The combination of real and virtual
investigations of a SEMSANS instrument has allowed
us to gain insightful knowledge on the modulation pat-
terns dependency of the field settings. Specifically the
importance of tuning the set-up to keep the signal in
the spin-echo condition has been shown as an important
factor in avoiding asymmetries and less than optimal
modulation amplitudes in obtained signal. The devel-
opment of Monte Carlo ray-tracing simulation counter-
parts to real instruments could help deconvoluting the
instrument signal from the one created by an investi-
gated sample. It has also been shown that SEMSANS
experiments can be performed by using gratings and
a ToF detector without the need for a more complex
and expensive position sensitive time resolved detector,
though there is a loss of intensity in the grating.

5. Outlook

In future SEMSANS experiments it will be important
to know the influences of being out of echo, for example
in cases where a wavelength independent static mod-
ulation pattern can be obtained, through neutron pulse
synched ramping of triangular coils, only if an extra
precession field field is ramped accordingly to bring the
system back in echo. Such a set-up could be used in e.g
spatially resolved SEMSANS or energy resolved dark
field imaging Reference?, and could be modelled in
simulation by expanding on the investigation presented
here.

4

S qð Þ~
ðz?

{?
djG jð Þcos jqð Þ ð10Þ

and hence

G jð Þ~
ðz?

{?
dqS qð Þcos jqð Þ ð11Þ

the normalized visibility can be put as

Vs jGIð Þ=V0 jGIð Þ~
ð?

{?
dq S qð Þcos jGIqð Þ~G jGIð Þ ð12Þ

being directly proportional to the real space correlation function.
This result means, that grating based, and in general cosine modu-

lation based (dark-field) SAS measurements36, perform a back-trans-
formation of the scattering function into real space and hence allow
direct measuring of the real space correlation function of a system.

However, the measured signal might also contain un-scattered
radiation. In order to account for that the macroscopic scattering
cross section S and the sample thickness t have to be taken into
account and with St defining the fraction of scattered radiation

Vs jGIð Þ=V0 jGIð Þ~ 1{Stð ÞzStG jGIð Þ ð13Þ

This situation and solution can be found equivalent to that of the
well-known and well described spin-echo small-angle neutron scat-
tering (SESANS)37, where the response function can be written as a
cosine dependence of the beam polarization, rather than a spatial
function, on jSEq with jSE being the auto-correlation length of such
set-ups referred to as spin-echo length37. It can be shown, as has been
shown for SESANS, that taking into account multiple scattering leads
to38

Vs jGIð Þ=V0 jGIð Þ~eSt G jGIð Þ{1ð Þ: ð14Þ

Evidently the simple multiplication with the sample thickness is only
valid for a homogeneous sample, which one might assume in a SAS
experiment but not so much for samples investigated in imaging,
where such multiplication hence has to be replaced by the common
integral along a specific path of the beam through the sample as

Vs jGIð Þ=V0 jGIð Þ~e
Ð

path
S G jGIð Þ{1ð Þdt ð15Þ

with S and G being position dependent functions.
This establishes a complete description of the dark-field signal and

its constitution, by replacing previously used so-called material
dependent constants referred to as linear diffusion coefficient26,29

and random Gaussian distributions describing scattering phe-
nomenological by well defined and established material parameters
like the macroscopic scattering cross section and the real space cor-
relation function. The latter finally provides the direct correlation of
the signal with the structural parameters of the scattering structures,
which is fundamental for every scattering method, but could not be
established before for grating based dark-field contrast. The equival-
ence of the solution with the one found for SESANS allows for
directly applying modeling and analyses tools developed and
described for this technique. In particular, the considerations and
calculations provided in Ref. 34 can be directly applied to the case
addressed here. In this reference Andersen et al. translate many of the
so-called form factors for conventional SAS, describing spheres,
cylinders, spheroids etc. for the given case and some theoretical
and model distributions are shown in order to highlight the applic-
ability for the study of anisotropic density distributions. This further
implies that such approach allows for applying grating interferom-
eters not only for imaging applications but also as a powerful tool for
conventional SAS studies especially in the ultra small angle regime
utilizing the orders of magnitude of efficiency gain previously

restricted to imaging applications only. This in turn enables multi-
scale measurements bridging Fourier space and real space methods
with low brilliance lab based x-ray and with neutron sources.

In addition, this solution for grating based dark-field measure-
ments implies that S G jGIð Þ{1ð Þ can even be reconstructed for a
tomography for every correlation length jGI probed and hence the
functionS G jGIð Þ{1ð Þ can be retrieved for any position (x,y,z) in the
sample corresponding to the spatial resolution of the set-up (voxel).
This corresponds to a 3D resolved quantitative SAS measurement in
case the tomography is performed for a sufficient number of correla-
tion length values.

Discussion
In order to demonstrate the potential of this approach an example
shall be given. Assuming a specimen of diluted hard spheres with
radius r, for which the real space correlation function, like many
others, is well known from SESANS39 being

G fð Þ~G j=rð Þ~ 1{
f
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f

2z 4{f2% &1=2

" # ð16Þ

and which has been stressed earlier27,28,29, allows comparing the the-
ory presented here with calculations and measurements presented in
Ref. 27. For that purpose the data presented in Fig. 3a (from Fig. 4 in
Ref. 27) is extracted and sorted by sample, i.e. different radii r of
spherical SiO2 particles measured in a dispersion of H2O, and by
autocorrelation lengths used for the specific measurements like given
in Ref. 27. This data27 md9(r,jGI) is multiplied by the autocorrelation
length jGI in order to get a correspondence with the function
2r(G(jGI)-1) in the description derived here. Fig. 3a also demon-
strates, that the calculation and data presented in Ref. 27 corresponds
to 2rjG(jGI)-1j/jGI. In the presented theory the factor r is an integral
part of the macroscopic scattering cross section S for spherical part-
icles which is defined as

X
~ 3=2ð ÞwVDp2l2r: ð17Þ

Other parts of S like the scattering length density contrast Dr, wave-
length l and volume fraction wV on the other hand are not taken into
account as they have been normalized with in Ref. 27 according to
equ. d71 ibid. With these values a normalized visibility correspond-
ing between the theory here and the data extracted from Ref. 27 is
achieved with

V ’s
V0

~e{md’jGI~e2r G jGIð Þ{1ð Þ ð8Þ

and the results of both are plotted in Fig. 2b as a function of jGI. A
very good agreement is found, which proves that the theory very well
describes the measurements. Furthermore, it is clearly visualized that
important sample characteristics can not only be quantified, but
easily be read from the data in particular for such kind of structure.
The autocorrelation value at the saturation point, i.e. where the vis-
ibility does not decrease anymore with increasing autocorrelation
length, directly provides the diameter of the hard spheres responsible
for the scattering signal. This can already be seen from the trans-
formation performed in Fig. 3a as compared to the representation in
Ref. 27. At 2r/jGI # 1, jG(jGI $ 2r)-1j51. On the other hand it is
obvious, that the visibility value of the saturation is directly related to
the macroscopic scattering cross section S of the system, i.e. to the
volume fraction of the particles and the scattering length density
contrast. That means at jGI 5 2r the visibility value stabilizes
atVs jGI§2rð Þ=V0 jGI§2rð Þ~e{St . The information content of such
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extracted, but also the means of the measurement strategy suited to
do so and to achieve such fully SAS-equivalent information.

Results
As the principles of measurements with neutrons and x-rays are
equivalent related to this technique, no distinction shall be made
between those here.

Due to the modulation geometry a grating set-up is sensitive to
SAS in one dimension only. That makes it equivalent to other tech-
niques in this angular regime such as slit collimated SAS instru-
ments2, Bonse Hart cameras33 but also spin-echo small angle
neutron scattering (SESANS)34 measuring what is referred to as
slit-smeared SAS2,34. Hence, the well-known limitations of modeling
and data analyses apply2. This is characteristic of the technique itself
and implies, that scattering systems, which display ordering of aniso-
tropic structures, i.e. which produce asymmetric scattering patterns
in 2D, require special attention concerning sample orientation and
might limit the ability of structural analyses especially without rotat-
ing the sample2,24,34. Note that this by no means implies that the
method(s) are limited to isotropic particle or structure shapes2.
However, it also implies that the scattering geometry that has to be
taken into account here can be restricted to one dimension and
corresponding scattering and correlation functions represent projec-
tions of the 2D functions onto a single axis (perpendicular to the
beam and in modulation direction) as is described in detail in2,34.

In order to derive a general solution, a relation between conven-
tional scattering theory and dark-field contrast imaging parameters
can be found when describing the scattering angle h, for which in the
SAS approximation sinh,h,tanh, as
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x
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and h*
ql
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, ð2Þ

respectively. Consequently one can express the scattering vector q
not only in terms of the scattering angle h but also in terms of the
position-shift x of the interference pattern at a specific sample to
detector distance Ls in a grating measurement as
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The position shift x corresponds to a phase shift Dv of the modu-
lation function of
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where first x is substituted by Lsh, then 2ph by ql and finally
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Consequently we find what has earlier been referred to as the

autocorrelation length of a grating set-up27

jGI~
lLs

p
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as simply defined by geometric considerations. Note that that is
hence a general case and not limited to spatial beam modulation
by a grating interferometer set-up. Note that L’s given by the relation
L’s5(L1 1 L2-Ls)L2/L1 is required for calculating jGI in case the
sample is positioned between source (grating) and phase grating,
with the distances between those given by L1 and between phase
grating and analyser grating (detector) by L2. This corresponds to
the findings by Donath et al.35 for the sensitivity of the grating inter-
ferometer in different geometries. When the sample is placed
upstream the phase grating in the plane wave case, where no source
grating is used, L’s is simply replaced by the distance L2 between
phase and analyser grating because for limL1??L’s~L2 and with

the definition L25mp2/l follows that jGI~
lLs

p
~mp with m being

the Talbot order21 just like applied in Ref. 21,24. This way, however,
only discrete values of Ls can be probed and an intrinsic connection
with the Talbot effect rather than a dependence on geometric con-
ditions only is implied.

Having established a correlation between the induced phase shift
Dv of scattering to a specific angle h, the auto-correlation length and
the modulus of the scattering vector q, it is important to understand
how scattering and a specific scattering function impact the visibility
measured with a grating interferometer set-up. The visibility V is
defined as V5(Imax-Imin)/(Imax 1 Imin) of the measured intensity I,
which is spatially modulated corresponding to the interference pat-
tern introduced by the phase grating at a specific Talbot distance at
which it is detected5. While radiation which is not scattered (h0 5 0)
and therefore arrives with Dv 5 0 contributes at a maximum to the
visibility V, as its particular visibility V5V0, radiation which is scat-
tered to a specific angle h, i.e. with a specific q and hence a specific
phase shift Dv~jGIq obviously contributes less. Consequently a
degradation of the visibility is introduced, by scattered radiation
producing a visibility V,V0. Given that the scattering function is
symmetric around its center at q0505h0, which is a general assump-
tion of SAS, i.e. scattering to h means equal scattering to -h or S(q) 5
S(-q), and with the basic relation

(cosDvzcos({Dv ))=2~cosDv ð6Þ

that is valid for all points of the modulation function (Fig. 2) as

(cos(vzDv )zcos(v{Dv ))=2~cosv cosDv ð7Þ

the visibility can be expressed as

Vs jGI,qð Þ~V0 jGIð Þcos Dvð Þ~V0 jGIð Þcos jGIqð Þ: ð8Þ

Taking into account the whole scattering function S(q) and that the
final visibility is a result of the convolution of the scattering function
with the modulation function7,26,29 of the grating interferometer this
transforms into

Vs jGI,qð Þ~V0 jGIð Þ
ð?

{?
dq S qð Þcos jGIqð Þ: ð9Þ

Given the fact that the scattering function S(q) is a kind of Fourier
transform of the real space correlation function,

Figure 2 | Illustration of the modulation term and the basic cosine
relations by an undisturbed modulation term of the instrument response
function like in an ideal empty beam measurement (blue line), a
modulation term according to equ. (7) like assuming scattering causing a
phase shift Dv of 1/- p/5 (orange line) coinciding with the sum (dots) of
half ‘‘intensity’’ modulations shifted in phase to p/5 and -p/5 like
illustrated by gray dashed lines.
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Figure 4: Comparison between experimental and simulation results
for selected wavelengths in fig. 2 and 3. The data has been fitted
with sine curves, and as shown, the experimental period is reproduced
well by simulation. The experimental amplitudes are matched in sim-
ulations by using an initial polarisation of 80% as an approximatiion
to the non-perfect initial polarisation as well as depolarising e↵ects
caused by non-perfect fields and alignments in the experiment.
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Figure 5: Simulation with a x-position sensitive ToF monitor at the
’focus’ position. Left is when the spin-echo condition is met and right
is o↵ echo. Top is wavelength vs x-position at the detector and the
intensity is polarisation. Bottom is polarisation vs x-axis for selected
wavelengths. It can be seen that an asymmetry is introduced when
the spin-echo condition is not met (e.g. by adjusting the position of
the spin-flipper composed of the middle V-coil pair). Colour version
online.

sample. All these figures exhibit an asymmetry of the
beam profile where the modulation amplitude is drop-
ping from one side of the beam to the other. Fig. 5
shows simulated outputs of an x-position and ToF sensi-
tive detector in and out of echo. It is evident that a more
easily analysable modulation is obtained when the spin-
echo condition is met, and the simulation results suggest
that the spin-echo not being met is the reason for the
asymmetry found in [8, fig. 2-3]. The only di↵erence
between the two simulations in fig. 5 is the position of
the flipper (middle V-coils pair).

4. Conclusion

Our experiments backed up by simulations show that
the theoretically expected spatial modulation is present
when triangular field coils are used. The results sup-
port the usability of SEMSANS – a technique that is
uniquely useful for measurements of magnetic struc-
tures up to µm range with or without depolarising sam-
ple environment. The combination of real and virtual
investigations of a SEMSANS instrument has allowed
us to gain insightful knowledge on the modulation pat-
terns dependency of the field settings. Specifically the
importance of tuning the set-up to keep the signal in
the spin-echo condition has been shown as an important
factor in avoiding asymmetries and less than optimal
modulation amplitudes in obtained signal. The devel-
opment of Monte Carlo ray-tracing simulation counter-
parts to real instruments could help deconvoluting the
instrument signal from the one created by an investi-
gated sample. It has also been shown that SEMSANS
experiments can be performed by using gratings and
a ToF detector without the need for a more complex
and expensive position sensitive time resolved detector,
though there is a loss of intensity in the grating.

5. Outlook

In future SEMSANS experiments it will be important
to know the influences of being out of echo, for example
in cases where a wavelength independent static mod-
ulation pattern can be obtained, through neutron pulse
synched ramping of triangular coils, only if an extra
precession field field is ramped accordingly to bring the
system back in echo. Such a set-up could be used in e.g
spatially resolved SEMSANS or energy resolved dark
field imaging Reference?, and could be modelled in
simulation by expanding on the investigation presented
here.
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1.3. FERROMAGNETIC QUANTUM CRITICALITY? 23

Figure 1.3.2: Concentration dependence of the ordering temperature for Pd1�xNix taken from [36]. Most
of the published experimental data available up to the year 1999 has been compiled in this diagram.
Nicklas proposed a critical concentration xc = 0.026.

ferromagnets. Historically Pd1�xNix has been extensively studied, and we will now give an overview of
the experimental results on the material.

First measurements on Pd1�xNix were reported by Gerstenberg [37] in 1958 who performed suscepti-
bility measurements on Pd doped with various transition metals and found an effective moment µeff =

4.79 µB for a Ni concentration of x = 0.03. These measurements were extended to temperatures as low
as 1.4K by Shaltiel et al. [38] in 1964 who investigated the susceptibility of various Pd1�xNix crystals
with x = 0.002 to x = 0.035 and found an effective moment of µeff = 7.0±0.3 µB for x = 0.035, with a
Curie temperature of TC = 45K. However, these authors admit that their samples might have contained
impurities.

For this reason Chouteau et al. [39] in 1968 reinvestigated samples in a very wide concentration range
from x = 0.002 to x = 0.1. Their susceptibility measurements show a maximum in the ratio of the
susceptibility of the alloy to the susceptibility of pure Pd at a Ni concentration of x = 0.025. An increase
of the saturation magnetisation is already found to take place from x > 0.015. In 1970 Aldred et al. [40]
used diffuse magnetic neutron scattering to determine the polarisation effect of various Ni concentrations
on the Pd matrix. The experiments were carried out at a temperature of T = 4.2K and revealed a long-
range polarisation of the Pd matrix by the Ni atoms. However only the excess amount of Ni above the
critical concentration seemed to contribute to this polarisation. The authors discussed the possibilities
that either a large distance between single Ni atoms prevents ferromagnetic ordering or that the Pd matrix
could only be polarised by clusters of Ni atoms.

Electrical resistivity measurements on samples close to the critical concentration were performed in
1974 by Tari et al. [41]. The temperature dependent resistivity was fit to the function

r (T ) = r0 +AT n (1.3.1)

and a deviation of the exponent from n = 2 was found. The critical concentration xc was determined

4.1. MEASUREMENT PROCEDURE 75

tion of temperature in Fig 4.1.2. Two methods were used to determine the temperature where the sample
starts to depolarise the beam.

Figure 4.1.2: Typical temperature dependence of the beam polarisation after transmission of a ferroma-
gnetic sample. Different methods of finding the Curie temperature of the sample are discussed in the
text and indicated by the fit and the dashed lines.

The first method is based on fitting the polarisation P(T ) for each pixel with an appropriate function and
finding the Curie temperature from this fit. As an advantage, this method is not so sensitive to statistical
errors in single data points. However, if the polarisation has not been measured over a sufficiently large
temperature interval, it is often difficult to find a good fit. Good agreement of the observed temperature
dependence of the beam polarisation was found with a step function. The data was fitted making use of
an error function as shown by the blue line in Fig. 4.1.2

P(T ) = P(0)+
A
2
(erf(s (T �T10))+1) . (4.1.7)

Here, P(0) is the beam polarisation extrapolated to zero temperature, A the amplitude, s a measure
for the steepness of the step function and T10 is the temperature at which the polarisation is reduced by
10%. These parameters were determined from a Levenberg-Marquardt least squares fit of the measured
temperature dependence of the depolarisation data for each pixel. The Curie temperature was defined
as the temperature at which the beam polarisation is reduced by 5% (i.e P = 0.95) as shown by the
dashed red lines in Fig. 4.1.2. This temperature is actually a little lower than the true Curie temperature,
however the fit function is very flat in the range between 90% and 100% and the uncertainty in the Curie
temperature by imperfect fits would be drastically increased by using a higher threshold for the Curie
temperature.

As a second and very simple method, the measured data was compared with a threshold value. The Curie
temperature was defined as the highest temperature at which the measured beam polarisation sinks below
a certain threshold value. This method is, however, sensitive to noise in single data points, but yields
more stable results if the beam polarisation is only measured in a small temperature interval around TC.
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Next, the configuration of the sample coil was changed by
rotating it slightly in the plane perpendicular to the direction of
the neutron beam, and measurements were performed with an
applied current of 2.5 A. The typical image of polarization dis-
tribution and the wavelength dependence of the normalized
polarization calculated at the center of the coil with an area of
2.5!2.5 mm2 are shown in Fig. 5. While we can distinguish the
position of the sample coil from the polarization image shown in

this figure, we cannot determine the direction the magnetic field
only from this image. Owing to the precession process around the
magnetic field tilted from the quantized axis of the incident
neutron spin, a shift in the axis, around which polarization
oscillates, will occur according to the tilt angle. In fact, this shift
in the axis was confirmed by the wavelength dependence of
polarization, as shown in Fig. 5(b). By fitting the results of
wavelength-dependent polarization with the sinusoidal function
in a manner similar to that used in the previous analysis, we
evaluated the amount of shift observed in the polarization
oscillation to be 0.3870.02. From this value, we calculated the
direction of the magnetic field relative to the quantized axis to be
49731. Because the inclination of the coil’s central axis from the
vertical axis was estimated to be 47.21 from the polarization
image, the magnetic field was confirmed to align with the center
axis of the coil.

On the basis of the simple analysis of wavelength-dependent
polarization imaging data using a sinusoidal function, we could
successfully quantify both the magnetic field strength and the
direction relative to the incident neutron spin of the sample coil.
By performing this analysis for each pixel of the image, we can
reconstruct the intensity or the direction map of the magnetic
field. Results of this analysis indicate that polarized pulsed
neutrons are suitable for the quantitative magnetic field imaging
experiment. However, this simple oscillation analysis cannot
determine each element of the three-dimensional magnetic field
vector. Therefore, it becomes indispensable to use a three-dimen-
sional polarization analysis technique similar to a neutron polari-
metry technique [15,16] for advanced polarized pulsed neutron
imaging. Moreover, the application of a depolarization analysis
method [14,17], which is commonly used for the study of
magnetic properties inside materials, such as their magnetic
domain structures or magnetization processes, to polarized
pulsed neutron imaging will enable us to study more complicated
magnetic systems.

4. Conclusion

In this study, we have performed magnetic field imaging
experiments using polarized pulsed neutrons at J-PARC, and we
have successfully observed the magnetic field inside a solenoid
coil and quantified the strength of the magnetic field by analyzing
the wavelength dependence of polarization. Moreover, we have
evaluated the direction of the magnetic field relative to the
quantized axis from the oscillation profiles of neutron polariza-
tion as a function of the wavelength. These results indicate that it
is possible to quantitatively evaluate both the strength and the
direction of the magnetic field with spatial resolution by analyz-
ing the wavelength dependence of polarization using polarized
pulsed neutron imaging.
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Next, the configuration of the sample coil was changed by
rotating it slightly in the plane perpendicular to the direction of
the neutron beam, and measurements were performed with an
applied current of 2.5 A. The typical image of polarization dis-
tribution and the wavelength dependence of the normalized
polarization calculated at the center of the coil with an area of
2.5!2.5 mm2 are shown in Fig. 5. While we can distinguish the
position of the sample coil from the polarization image shown in

this figure, we cannot determine the direction the magnetic field
only from this image. Owing to the precession process around the
magnetic field tilted from the quantized axis of the incident
neutron spin, a shift in the axis, around which polarization
oscillates, will occur according to the tilt angle. In fact, this shift
in the axis was confirmed by the wavelength dependence of
polarization, as shown in Fig. 5(b). By fitting the results of
wavelength-dependent polarization with the sinusoidal function
in a manner similar to that used in the previous analysis, we
evaluated the amount of shift observed in the polarization
oscillation to be 0.3870.02. From this value, we calculated the
direction of the magnetic field relative to the quantized axis to be
49731. Because the inclination of the coil’s central axis from the
vertical axis was estimated to be 47.21 from the polarization
image, the magnetic field was confirmed to align with the center
axis of the coil.

On the basis of the simple analysis of wavelength-dependent
polarization imaging data using a sinusoidal function, we could
successfully quantify both the magnetic field strength and the
direction relative to the incident neutron spin of the sample coil.
By performing this analysis for each pixel of the image, we can
reconstruct the intensity or the direction map of the magnetic
field. Results of this analysis indicate that polarized pulsed
neutrons are suitable for the quantitative magnetic field imaging
experiment. However, this simple oscillation analysis cannot
determine each element of the three-dimensional magnetic field
vector. Therefore, it becomes indispensable to use a three-dimen-
sional polarization analysis technique similar to a neutron polari-
metry technique [15,16] for advanced polarized pulsed neutron
imaging. Moreover, the application of a depolarization analysis
method [14,17], which is commonly used for the study of
magnetic properties inside materials, such as their magnetic
domain structures or magnetization processes, to polarized
pulsed neutron imaging will enable us to study more complicated
magnetic systems.

4. Conclusion

In this study, we have performed magnetic field imaging
experiments using polarized pulsed neutrons at J-PARC, and we
have successfully observed the magnetic field inside a solenoid
coil and quantified the strength of the magnetic field by analyzing
the wavelength dependence of polarization. Moreover, we have
evaluated the direction of the magnetic field relative to the
quantized axis from the oscillation profiles of neutron polariza-
tion as a function of the wavelength. These results indicate that it
is possible to quantitatively evaluate both the strength and the
direction of the magnetic field with spatial resolution by analyz-
ing the wavelength dependence of polarization using polarized
pulsed neutron imaging.

Acknowledgments

The authors would like to thank Dr. M. Matsubayashi of JAEA
for his contribution to our pulsed neutron imaging project. This
work was partially supported by a Grant-in-Aid for Scientific
Research (C) from the Japan Society for the Promotion of Science
(No. 22604009).

References

[1] Y. Kiyanagi, H. Sato, O. Takada, N. Ayukawa, T. Kamiyama, in: AccApp09
Proceedings AP/AM-07.

[2] H. Sato, T. Kamiyama, Y. Kiyanagi, Nucl. Instr. and Meth. A 605 (2009) 36.

Fig. 4. Wavelength dependence of normalized polarization obtained at various
applied current conditions. The lines indicate the results of fitting of wavelength-
dependent polarization with a sinusoidal function.

Fig. 5. (a) Polarization distribution image and (b) wavelength dependence of
normalized polarization. The polarization shown in (b) was obtained by averaging
the neutron intensity of the central 2.5!2.5 mm2 area of the coil. The line in
(b) indicates the result of fitting of wavelength-dependent polarization with a
sinusoidal function.

T. Shinohara et al. / Nuclear Instruments and Methods in Physics Research A ] (]]]]) ]]]–]]]4

Please cite this article as: T. Shinohara, et al., Nucl. Instr. and Meth. A (2011), doi:10.1016/j.nima.2011.01.099

T.	Shinohara	et	al.(2011)

Imaging	with	polarized	neutrons



B
!

Lw L Bw g=

81.83 10 rad
s Tg = × ×

Larmor frequency:

Gyromagnetic ratio:

S
!

( , )D t J( , )B m n
!

inS
!

outS
!

Imaging	with	polarized	neutrons



M. Strobl et al. Phys B (2009)

yx yy yz

zx zy zz

xx       xy xz

Imaging	with	polarized	neutrons



xx       xy xz yx yy yz zx zy zz

M. Strobl et al. Phys B (2009)

Imaging	with	polarized	neutrons



Polarisation Contrast

3D



Neutron	Imaging

Conventional	(white	beam)	Imaging

- White	beam	

- Attenuation	contrast

Advanced	(wavelength	resolved)	Imaging

- Wavelength	resolved	imaging	

- Attenuation	contrast
- Dark-field	contrast
- Polarized	neutron	imaging

- White	beam	polarized	neutron	imaging
- White	beam	diffraction	imaging



Advanced	Imaging

traversed thickness. Thermal‡ neutrons can e.g. penetrate over
20 cm of aluminium at 10% transmission (I/I0), 1.2 cm of iron or
6 cm of lead, whereas for 40 keV photons (a typical number in
Syn-DCT), these values lie at 1.5 cm, 800 mm and 140 mm
respectively.

The feasibility of neutron diffraction contrast tomography
(nDCT) has already been demonstrated in ref. 19, analyzing and
reconstructing the diffraction projections from an 4 ! 4 ! 4
mm3 cubic iron single crystal in a polychromatic neutron beam.
In this work, nDCT is now extended to polycrystalline material.
Aer a description of the analysis method and set-up, the
characterization of grain size, shape and orientation of a poly-
crystalline aluminium test sample is presented and compared
to measurements with the well-established Syn-DCT.

2. Properties of a cold neutron
imaging beam for DCT
Neutron imaging studies the spatial variation in the attenuation
of the neutron beam across a sample of interest, which depends
on the traversed material and path length. By recording such
projections or radiographs under different sample rotation
angles, one can retrieve the three-dimensional material distri-
bution through tomographic reconstruction.

The attenuation originates from the removal of neutrons
from the beam through absorption and scattering, coherent or
incoherent, elastic or inelastic. Many metals feature dominant
coherent elastic scattering or diffraction, occurring when Bragg's
law is fullled:

2dhkl sin qB ¼ lB (2)

when a neutron beam of wavelength lB is incident under an
angle qB relative to the (hkl) crystal/crystallite lattice planes of
spacing dhkl. The neutrons are diffracted in a direction 2qB w.r.t.
the transmitted beam direction. With the whole sample illu-
minated by the neutron beam, they form a projection of the
crystallite volume in that direction.

Neutron imaging makes use of large 2D position sensitive
detection systems with high spatial resolution and a linear
response with high dynamic range, qualifying it to be extended
towards imaging diffracted neutron projections. Driven by
neutron imaging beam properties, the developed nDCTmethod
has many traits in common with either Syn-DCT or Lab-DCT,
the principal set-up sketched in Fig. 1a and reected upon
further below.

2.1 Parallel beam

The neutron imaging beam is kept as parallel as reasonably
possible, as any divergence would lead to image blurring.20 A
typical number is about 100 divergence. Given the nature of
neutron sources and lack of neutron optics, a cone beam

Fig. 1 (a) Sketch of the set-up for cold neutron diffraction contrast
tomography (see Section 3 for the detailed experimental realization).
(b) Illustration of diffraction projections from an aluminium sample
captured in back reflection. The dashed line marks the region where
the beam passed through the detector. (c) Maximum intensity
projection rotating the sample over 20# showing the curved spot
trajectories. (d) Transmission projection captured on an in-line
detector.

‡ Neutron cross-sections are typically tabulated at thermal energies (i.e. 25 meV or
1.8 Å). For colder neutrons these values will differ slightly and can be calculated
explicitly (ref. 18), though the typically involved material penetration depths
remain of the same order of magnitude.
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traversed thickness. Thermal‡ neutrons can e.g. penetrate over
20 cm of aluminium at 10% transmission (I/I0), 1.2 cm of iron or
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Syn-DCT), these values lie at 1.5 cm, 800 mm and 140 mm
respectively.
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response with high dynamic range, qualifying it to be extended
towards imaging diffracted neutron projections. Driven by
neutron imaging beam properties, the developed nDCTmethod
has many traits in common with either Syn-DCT or Lab-DCT,
the principal set-up sketched in Fig. 1a and reected upon
further below.
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The neutron imaging beam is kept as parallel as reasonably
possible, as any divergence would lead to image blurring.20 A
typical number is about 100 divergence. Given the nature of
neutron sources and lack of neutron optics, a cone beam

Fig. 1 (a) Sketch of the set-up for cold neutron diffraction contrast
tomography (see Section 3 for the detailed experimental realization).
(b) Illustration of diffraction projections from an aluminium sample
captured in back reflection. The dashed line marks the region where
the beam passed through the detector. (c) Maximum intensity
projection rotating the sample over 20# showing the curved spot
trajectories. (d) Transmission projection captured on an in-line
detector.

‡ Neutron cross-sections are typically tabulated at thermal energies (i.e. 25 meV or
1.8 Å). For colder neutrons these values will differ slightly and can be calculated
explicitly (ref. 18), though the typically involved material penetration depths
remain of the same order of magnitude.
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5. Results and discussion
5.1 Neutron DCT results

The nal reconstructed grain volume is rendered in Fig. 3, with
an animation available in the online version of this article.
Orthogonal slices through the volume showing the grains color-
coded by their orientation are shown in Fig. 4. In total, 1895
(111) and 1504 (002) diffraction spots were identied from the
two pink beam scans. Pair matching was performed on the two
sets of spots, yielding 457 and 372 pairs respectively (approxi-
mately 50% matching). The datasets were merged, to create a
single pool of data from which to index and reconstruct grains.
The Indexter algorithm identied 12 grains, using 633 spot
pairs (76% of those available). A forward simulation step (using
the grain orientations and positions from indexing to simulate
diffraction spot positions on the detector) was used to add
remaining unassigned spots to grains. In total, 1492 diffraction
spots were used for grain reconstructions (44%). Unused
diffraction spots tend to be smaller, weaker spots, oen affected
by overlap with other spots or with the insensitive central region
or edges of the detector.

5.2 Comparison to synchrotron DCT

In order to conrm the 3D grain shapes and orientations
determined by nDCT the same sample was measured using the
standard synchrotron technique at beam line BM05 of the
ESRF. The validity of Syn-DCT in resolving grain boundary and
orientation has been conrmed repeatedly, e.g. using phase
contrast tomography27 or EBSD.28 A total of 3600 images were
acquired using a detector with a pixel size of 13 microns placed
32 mm behind the sample, and a monochromatic beam energy
of 30 keV and 0.01% monochromaticity. The volume scanned
was smaller than in the neutron case (7 mm diameter, 3.8 mm
vertically). Fig. 4 shows sections through the reconstruction for
comparison to nDCT results. With the beam energy used,
attenuation due to 7 mm of aluminium – corresponding to the

total traversed path length by photons diffracted in the center –
is almost 90% (compared to 5% for the neutronmeasurements).
As a result, this region hardly contributes to any of the recorded
grain projections, and the assumption that the diffraction spots
represent linear projections of the grain volumes is violated. As
a result, the quality of the reconstruction is degraded, and the
grain shapes are less accurate than would typically be the case.
In contrast, the weaker interacting neutrons encounter no such
problems, illustrating their potential for investigations of
coarse grained bulk metallic samples.

However, the reconstructed grain map and grain orienta-
tions are sufficient to conrm the validity of neutron DCT
result. To quantify the error in grain orientations, the seven
grains common to the two datasets were used. A global rotation
was applied to the synchrotron grain orientations in order to
minimize the difference with the neutron grain orientations
and allow for comparison between the two separate experi-
ments, though this procedure also eliminated possible
systematic orientation error. The remaining mean misorienta-
tion magnitude was 0.12!, representing the random part of the
combined orientation errors in the two datasets.

5.3 Discussion

It is useful to consider the potential scope of the nDCT tech-
nique compared to the established grain shape and orientation
mapping methods.

Fig. 3 nDCT reconstruction of the grain volume (random colors). An
animated version is available online.

Fig. 4 Ortho-slices through the neutron (left) and synchrotron (right)
DCT reconstruction of the same aluminium sample, with the location
of the cut planes clarified in the 3D legend. The crystallites are color
coded by their orientation based on the inverse pole figure color map
for a top view on the sample.

This journal is © The Royal Society of Chemistry 2014 Analyst, 2014, 139, 5765–5771 | 5769
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Conservatory treatment of corrosion in iron objects
Safekeeping, preservation, conservation and restoration are very 
important topics when dealing with cultural heritage objects. 
Here, not only the actual condition of an object is important but 
also the development of new techniques, allowing for better 
restoration or conservation of the objects. One still on-going study, 
which is being carried out by PSI in collaboration with the Swiss 
National Museum, is focusing on the improvement of conservation 
treatments for corroded iron objects.

Archaeological iron artefacts often build up high chloride 
contents, especially when they are buried in soil. One prominent 
chloride-containing corrosion product is akaganeite (beta-
FeO(OH,Cl)), which forms a very unstable corrosion layer. After 
excavation, the high concentration of chlorides in addition to the 
presence of humidity and oxygen can cause the complete decay 
of the iron objects. In order to stabilise the iron objects, either the 
chlorides, oxygen or water must be completely removed from the 
system. 

As storage in oxygen or humidity-free environments is not 
feasible under standard museum conditions, the aim of modern 
iron conservation is to remove the chlorides within the iron objects. 
This can be achieved using the method of iron desalinisation[18,19]. 
The impact of this treatment is nevertheless hard to validate, as the 
condition within the object has to be monitored before and after the 
treatment, which entails, with standard methods, the destruction of 
the sample. 

The goal of the joint project with the Swiss National Museum is 
to determine the impact of the desalinisation treatment on heavily-
corroded iron nails. In the preliminary investigation presented, 
the applicability of neutron imaging to discern and assess regions 
with differing corrosion products is demonstrated. Besides the 
akaganeite, other corrosion products can be present, such as 
magnetite (Fe3O4), maghemite (Fe2O3) or goethite (FeO(OH)). 
These iron compounds already show clear differences concerning 
their theoretical attenuation coefficients for neutrons (Table 1).
Table 1. Theoretical attenuation coefficients for different iron 
compounds for cold neutrons (9 meV)[20]

Compound Density ρ 
(g cm–3)

Attenuation coefficient Σ 
(for 9 meV) (cm–1)

Akaganeite 
(FeO(OH,Cl))

5.27 3.71

Magnetite (Fe3O4) 5.2 0.91

Maghemite (Fe2O3) 4.9 0.85

Goethite (FeO(OH)) 4.3 2.01

The test objects were examined by means of neutron 
microtomography[17]. The first results are shown in Figure 3. 
Here, regions with different grey levels and thus attenuation can 
be discerned. Although these regions could not yet be assigned to 
certain corrosion products, the results prove the suitability of the 
method for such an investigation. In the next step, the corroded 
objects will be desalinised and, after the treatment, re-examined by 
means of neutron imaging in order to assess the efficiency of the 

treatment. Together with the treated objects, material samples of 
different corrosion products will be examined in order to obtain a 
calibration for the different materials and to be able to confirm the 
identity of different regions. 

Buddhist bronze sculptures
One field of research where neutron imaging proved to be especially 
useful is concerned with the examination of bronze sculptures[21,22]. 
Interesting here, for example, are Buddhist bronze figures, which 
often feature devotional objects placed within the sculpture. As 
shown before by Lehmann et al[23], neutrons are the only option for 
such investigations as X-rays fail due to a limited contrast and too 
low a transmission. 

The big advantage of neutron imaging in this example is the 
high penetrability of metal combined with a high sensitivity for 
hydrogen and hence organic material. This enables the metal of the 
sculpture to be penetrated and allows the devotional objects within 
the sculpture, which consist to a great extent of organic material, 
to be visualised and thus yield good contrast in the neutron image. 

Figure 4 shows a 15th century Bodhisattva Avaloktesvara 
from the collection of the Rietberg Museum in Zurich. In the 
frontal radiography of the sculpture, inner features can already be 
distinguished. Several shapes can be made out within the sculpture, 
but it is not possible to retrieve in-depth information on the exact 
position and shape of the objects. 

The reconstructed volume data allows for a closer inspection 
and description of the objects (Figure 5). Segmentation also allows 
the objects to be virtually retrieved and studied separately from all 
sides (Figure 5(c)). In the void within the sculpture, three major 
features are noticeable. One is a scroll tied up with cord. The scroll 
was inserted along the vertical axis of the inner void and probably 
contains some religious text (for example prayer, mantras, etc). 
Another feature is a small heart-shaped object in the chest of the 
sculpture. It appears to be a kind of small capsule tightly wrapped 
in a piece of cloth and tied up with string. The capsule itself features 
another void, which is partially filled with a less attenuating 
material than the capsule wall. The third object seems to be a small 
pouch containing a couple of smaller spherical objects. The pouch 
itself is convoluted and tied up with another piece of string.

Bronze knives
Besides standard transmission-based neutron imaging, more 
advanced imaging methods, such as the energy-selective neutron 
imaging or Bragg-edge imaging, can also be used successfully to 
investigate cultural heritage topics. 

In a joint research project with the University of Zurich and 
the Swiss National Museum, bronze blades found in Wollishofen, 
near Zurich, were studied with respect to their manufacturing 

Figure 3. Slices (left: slice along the rotation axis; and right: slice 
perpendicular to the rotation axis) through the reconstructed 
volume data of neutron microtomography of a heavily corroded 
iron nail – areas consisting of different corrosion products and 
iron compounds can be clearly discerned by their differing 
attenuation

Figure 4. A Bodhisattva Avaloktesvara from the 15th century 
(collection of Rietberg Museum, Zurich). Left: photograph; and 
right: neutron radiography showing devotional objects on the 
inside of the sculpture
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Figure 6. Reconstructed images with di◆erent methods showing the axial slices (1000⇥
1000 pixels) of one time frame from the set of motion incorporated projections. The recon-
structed time frame consists of 60 projections.
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Figure 7. Rendered volume of the stationary “dry” sample (sandstone) prior to water ingress.
Reconstruction from 150 projections using CGLS-TV algorithm.
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Figure 7.21: The final 3D reconstruction of the grains composing the sample combines
the four partial reconstructions obtained for extinction spots with area A 2 [100,500];
A 2 [100,1000], A 2 [100,2000] and A >1000. The final reconstruction consists of
119 individual grains, each represented in a different color. The grain numbering is the
same in Fig. 7.21 and Fig. 7.22.

Figure 7.22: Volume, in voxels, of the grains in the final reconstruction. Data relative
to different grains are shown in different colours. The grain numbering is the same in
Fig. 7.21 and Fig. 7.22.
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Figure 3 Visualization of magnetic fields with polarized neutrons.

a, Radiographic projections of trapped flux in a polycrystalline lead cylinder at
different temperatures below Tc = 7.2 K. b, Trapped flux at 7.0 K (yellow) visualized
in different tomographic views. The magnetic field strength in the sample can be
analysed to be about 1.0±0.2mT (yellow parts, see also Supplementary
Information, Fig. S5). This result corresponds well with values observed in the
reference coil in Fig. 2, which is of comparable size.

In summary, the introduced method of neutron polarization
imaging is superior to conventional techniques because neutrons
can penetrate thick layers of matter. For the first time, fields
of trapped magnetic flux in a bulk superconductor could
be measured, analysed quantitatively and visualized in three
dimensions. The method presented is a major step forward not
only in the field of neutron imaging but also for investigations
of magnetic phenomena in condensed matter. The prospects of
imaging with polarized neutrons are not limited to the physics
of superconductivity but can also be applied to many other
fields of science and technology. For example, eVects of bulk
magnetism, including magnetic domain distributions in crystals,
magnetoelastic and magnetostrictive stress and strains, or even
electrical current distributions in conductors (causing, for example,
the skin eVect) can be addressed. Hence, we predict manifold
application of our method in all areas where information about
magnetic fields in bulk materials is desirable but currently
not available.

METHODS

NEUTRON IMAGING TECHNIQUE
The experiments were conducted at the Hahn–Meitner Institute using the cold
neutron radiography facility25. A double-crystal monochromator consisting of
two adjustable C(002) crystals with a mosaic spread of 3.5� was used to choose

a wavelength of l = 0.33 nm with a bandwidth 1l/l = 0.12 (ref. 26). The flux
density at the sample position for an unpolarized monochromatic beam was
about 5⇥105 neutrons cm�2 s�1. The 400-µm-thick scintillator screen used for
neutron detection was based on a powder mixture of 6Li and ZnS providing a
maximum light emission at 450 nm wavelength. The light was deflected by a
mirror into the 50-mm-focus Nikon camera lens and was recorded by an Andor
DW436N-BV CCD (charge-coupled device) camera with 2,048⇥2,048 pixels,
each 13.5⇥13.5 µm2 in size. The readout time of the chip was 2 µs per pixel.
The CCD was cooled down to �50 �C to minimize electronic noise. The spatial
resolution achieved was measured using a test pattern as described elsewhere27.
The obtained values were 300 µm in the vertical and 500 µm in the horizontal
direction for a sample-to-detector distance of 50 cm. Spatial resolution was
lowered by the polarizers and the large sample-to-detector distance and was
therefore below the achievable resolution of the instrument of about 100 µm. To
enable the investigation of samples wider than the beam width of 15 mm, a scan
technique was applied. The samples together with the detector were scanned
through the beam defined by the fixed polarizing benders. Exposure times of
the order of 15 min were necessary for a single image on a scan path of 6 cm.

NEUTRON POLARIZATION
Both solid-state polarizers used in the experiments consisted of several
250-µm-thick bent Si wafers coated on one side with FeCo polarizing
supermirrors and on the other side with Gd (strong neutron absorber). They
either deflect or absorb neutrons depending on their spin orientation relative
to the magnetic field of two permanent magnets situated on top of and
beneath the benders20. The curvature causes a displacement of 250 µm halfway
through the polarizer and thus avoids straight and undeflected beam paths. The
measured transmission was approximately 30% and the beam cross-section
15 mm ⇥ 40 mm (width ⇥ height). The measured degree of polarization
was �95%.

CRYOGENIC TECHNIQUE
For cooling the superconductor, a closed-cycle refrigerator was used that
enabled selection of a desired temperature from room temperature down to
5 K with an accuracy of 0.01 K. Magnetic fields were generated by a cylindrical
Helmholtz coil.

CALCULATION PROCEDURE
For the comparison presented in Fig. 2, the magnetic field induced by the
configuration of current elements with defined strengths and orientations
has been calculated as a three-dimensional array using Biot–Savart’s law.
The corresponding Larmor precession of the neutron spin was determined
recursively voxel by voxel along line trajectories through the field, thus yielding
the orientation of the final spin direction relative to the incident polarization.
This information was converted to transmission images by assigning grey values
between ‘white’ for parallel and ‘black’ for antiparallel spin orientation with
respect to the analyser. The calculated image was convoluted with the resolution
function of the instrument, an asymmetrical gaussian with a full-width at
half-maximum corresponding to the measured resolution in the vertical and
horizontal directions. The same procedure was used to compare calculated
dipole fields with the measurement presented in Fig. 1. By varying the strength
of the dipole field in the calculation, the measured values could be fitted and the
whole dipole field could be recovered three-dimensionally (see Supplementary
Information, Fig. S3a). The results could also be verified by measuring the
magnetic field of 120±5 mT at 4 mm distance from the surface of the dipole
(owing to the thickness of the probe and the experimental geometry) using a
Hall probe (LakeShore 421 Gaussmeter). The fact that the sample is a dipole as
well as the best orientation to simplify the quantification can easily be deduced
from various images recorded earlier (see Supplementary Information, Fig. S3).
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Figure 3: Reconstruction results. (a) shows the structural reconstruction from
the attenuation signal. (b)-(d) respectively shows the Bx, By, and Bz compo-
nents of the reconstructed magnetic field for field strengths above the threshold
indicated by the colorbars. (e)-(h) shows di↵erent slices through the recon-
structed 3D magnetic field volume, with the slice location indicated by the gray
planes in the above figures. (Supplementary animation online).

ancy between this and the reconstructed magnetic field from measurements can
be attributed to imperfections in the measured solenoid. Also small imperfec-
tions in the instrumental set-up are not taken into account.

Discussion

We have with our succesfull measurements demonstrated the capabilities of
a powerful technique for measuring three dimensional magnetic fields using
ToF 3DPNT. Using the neutron spin precession in a magnetic field as a probe
in combination with complicated reconstruction algorithms extracting informa-
tion from the recorded data output, our proof-of-principle results are in a good
agreement with calculations and serves as an initial demonstration of a novel
technique that can extract hitherto unattainable information non-destructively
from bulk samples.

In our FR correction we only corrected for the non-perfect polarisation char-
acteristics of the polariser, analyser and ⇡ spin flipper. It should be noted that in
order to take into account the comparatively much smaller [12] depolarisation in
the spin rotators, further open beam measurements could have been performed
at the expense of longer measurement time, or instead of using open beam mea-
surements a polar decomposition by scaled Newton iteration could have been
used to correct for small depolarisation e↵ects thereby reorthonormalising P0.

The current limitation of our technique is that the reconstruction relies on
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Figure 4. A) Root system of a Faba bean plant grown in sand measured by XCT and NT. The 
complementary 3D information on soil microstructure, root architecture and water distribution is co-
registered into a common coordinate system. Left: XCT image showing the plant container (virtually cut 
to reveal interior soil structure, note also the slit for tracer injection). Center: NT image showing root 
system and water distribution. Right: complementary XCT and NT data co-registered into a common 
coordinate system. B) Root development: root system captured by XCT (white) and three days later by 
NT (green). (Haber-Pohlmeier, Tötzke et al., publication under preparation) 
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