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Abstract: One of the most important parameters characterizing imaging systems (neutrons, X-rays,
etc.) is their spatial resolution. In magnetic field imaging, the spatial resolution depends on the
(magnetic) resolution of the depolarization of spin-polarized neutrons. This should be realized by
different methods, but they all have in common that a spin-polarizing and spin-analyzing system
is part of the resolution function. First a simple and useful method for determining the spatial
resolution for unpolarized neutrons is presented, and then methods in the case of imaging with
polarized neutrons. Spatial resolution in the case of polarized neutron imaging is fundamentally
different from ‘classical’ spatial resolution. Because of π-periodicity, the shortest path along which a
spin-flip can occur is a measure of ‘magnetic’ spatial resolution. Conversely, the largest detectable
magnetic field (B-field) within a given path length is also a measure of magnetic spatial resolution.
This refers to the spatial resolution in the flight direction of the neutrons (∆y). The ∆x and ∆z
refers to the spatial resolution in x- or z-direction; however, in these cases a different method must
be used. Therefore, two independent methods are used to distinguish longitudinal and lateral
spatial resolution, one method to determine the modulation transfer function (MTF) by recording
the frequency-dependent fringe contrast of magnetic field images of a coil (longitudinal spatial
resolution), and the second method, to observe the fringe displacement at the detector as a function of
magnetic motion, provided that the accuracy of the motion is much better than the pixel size (at least
half the pixel size) of the detector (lateral spatial resolution). The second method is a convolution of
the fringe pattern with the pixel array of the detector.

Keywords: neutron imaging; polarized neutrons; magnetic fields; spatial resolution

1. Introduction

To recognize and distinguish small structures, inhomogeneities, defects, etc. in mat-
ter, it is necessary to know some basic conditions in neutron imaging regarding spatial
resolution, beam divergence, contrast, etc. The theory to this subject is well established
and described in detail in [1–5]. The spatial resolution of a neutron imaging system can be
measured by several methods, two of them are frequently used and commonly accepted.
The first one uses a so-called “Siemens star” and the second method by determining the
modulation transfer function (MTF) of the imaging system. The determination with the
“Siemens star” is simple because one can directly read the resolution from an image of the
Siemens star. The disadvantage is that it does not cover the frequency range continuously.

Other methods use (absorbing) grids with different line pairs (LP) per unit length and
plot the image contrast as a function of LP/unit length or calculate the MTF from the image
of an edge. The more common method uses opaque edges, because absorbing grids with
different line pairs (LP) per unit length yield only a discrete Fourier spectrum, different
to an absorbing edge. There is a large number of publications showing up all advantages
and disadvantages of this method, but using an edge is a simple but very straightforward

Appl. Sci. 2021, 11, 6973. https://doi.org/10.3390/app11156973 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app11156973
https://doi.org/10.3390/app11156973
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11156973
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11156973?type=check_update&version=1


Appl. Sci. 2021, 11, 6973 2 of 16

method to derive the modulation transfer function of a digital radiography system from an
edge image. The image examined with the point spread function (PSF) method must have
a high contrast-to-noise ratio, so it is (for clinical studies) often inappropriate for describing
the MTF as well as with the edge spread function (ESF) method [6,7]. A technique for
rendering the ESF method robust to image noise is presented where the noisy ESF is
smoothed out through multiple stages of filtering [8]. The MTF can be also measured
directly as the image contrast as a function of the spatial frequency of absorbing gratings
with increasing number of line pairs/unit length [9].

The spatial detector resolution approaches the 1 µm size, driven by different tech-
niques such as micro-channel plate (MCP), microscope-like devices, gadolinium oxysulfide
scintillators, absorbing grids, observing tracks from neutron capture events, hybrid pixel
detector (Medipix [10]), coded source imaging (CSI) system [11], fiber optics taper (FOT),
etc. [8,12–21], and inaccuracies associated with use of precision test objects, such as a
slit or an edge can be reduced [22,23] and misalignment of an edge with respect to de-
tector pixel columns or rows can be taken into account [6]. A collection of test devices
was developed for neutron imaging that can be used to quantify pixel and voxel size,
resolution of the imaging system, and beam divergence. [24]. In 2014 the spatial resolution
in neutron imaging reached with 7.8 µm = 63.2 line pairs/mm a level, which is compa-
rable with X-ray imaging, [25]; however, today already a resolution of X-ray imaging is
obtained [15,20,21,26–28].

For radiography (and tomography) using polarized neutrons the magnetic spatial
resolution is always associated with change of the neutron spin orientation due to a
magnetic field. Polarized neutron imaging is used in many experiments and has been
published, e.g., [29–40], but all have in common a spin analysis system which determines
the resolution of the imaging system.

In this paper, first a simple and powerful method is proposed to determine the spatial
resolution in the case of imaging with un-polarized neutrons. Then we describe how
to determine the spatial resolution in the case of imaging with polarized neutrons. We
use the image of de-polarized neutrons by special magnetic fields that produces fringe
structures with different frequencies in the space domain and additionally the shift of a
given pattern with respect to detector pixel array. However, first, some mathematical basics
about conventional spatial resolution are summarized.

2. Some Mathematics on Spatial Resolution
2.1. Spatial Resolution for Unpolarized Neutrons

Spatial resolution principally depends on the incident beam divergence φ, in neutron
radiography and tomography it is called L/D ratio, the inverse number of ∼ φ. There are
different definitions of the L/D ratio (see [4]); however, here we use the most common
accepted one, depicted in Figure 1. Conventional neutron imaging instruments use a
pinhole aperture (size D) as source, which together with the distance L from the object
determines the divergence φ of the incident beam. Depending on the size of the source D,
or on the mosaic spread of a crystal source Dmosaic a point in a sample is magnified on a
screen as d = ldD/L (Figure 1).

Figure 1. To distinguish two points in a sample, L, D, ld must be matched to each other.

In the case of a crystal monochromator, D must be replaced by dmosaic, dmoasic = mean
grain size of the crystal monochromator and L/D then becomes L/dmosaic [41]. One can
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pay attention to the refraction of the beam at edges that causes additional tiny blurring
in the image, but refraction is indeed used as well as an imaging signal. This is not to
be confused with the additional blur caused by refraction. Here, edge diffraction can be
neglected, details on this subject are given in [42–47].

A finite L/D ratio is always linked with beam divergence φ and ∆λ/λ > 0. Further-
more, a finite precision of scanning and detection (pixel size) contribute as well to smearing
effects. To briefly recapitulate the mathematics of spatial resolution, divergence and blur,
one considers a perfect straight edge, which is represented by the Heaviside step function
h(x). If an edge is illuminated by divergent radiation, given by r = r(x), the geometrical
image (shadow) is the convolution of h(x)⊗ r(x). The function r(x) includes divergence
and all other blurring effects and can be best represented by a Gauß function g(x),

g(x) = exp

(
−
[

x− x0

2 · σ

]2
)

(1)

The convolution h(x)⊗ g(x) is given as

h(x)⊗ g(x) =
∞∫
−∞

(
1
2
+

1
2
· sgn(x)

)
exp

(
−
[
(x− x′)− x0

2 · σ

]2
)

dx′ (2)

The question to be answered is the “correct” scanning (sampling) of the image of
the edge, which requires that the sampling frequency fs must be twice as high as the
highest occurring frequency fmax in the corresponding frequency spectrum, i.e., fs = 2 fmax
(Shannon theorem [48]). The scanning frequency is usually the number of detector pixels
per unit length.

The highest occurring frequency fmax in the corresponding frequency spectrum is
obtained from the Fourier TransformFT of the convolution h(x)⊗ g(x), C(f) =FT {h(x)⊗
g(x)}. If H( f ) and G( f ) are the Fourier Transforms of h(x) and g(x) and using the
convolution theorem

FT {h(x)⊗ g(x)} = H( f ) · G( f ), H( f ) = FT {h(x)}, G( f ) = FT {g(x)} (3)

and with

FT{h(x)} = 1
π
· δ( f )− 1i

2π f
,

FT{g(x)} =
√

2 · π · σ · exp

(
−

f ·
(

f · σ2 + fk· · 2i
)

2

) (4)

one obtains the Fourier transform of the convolution H( f ) ·G( f ). Please note that H( f ) ' δ( f )
function. The normalized absolute value of ‖G( f )‖ yields the modulation transfer function
(MTF) or frequency contrast function C( f ). The frequency at 10% contrast gives the spatial
resolution in the image. Please note that vice versa the integration of the Gauß function
yields the error function erf(x) which perfectly can fit to an image of an edge .∫

G(x)dx =
∫

e−((x−x0)/σ)2
dx = erf(x) (5)

Some further remarks: Any measurement of the spatial resolution of an instrument or
experiment must clearly state how far the sample is from the detector, its thickness/size
and what ’source’ is used (pinhole, monochromator), and what collimation. If the distance
of the sample to the detector is large compared to its thickness/size (extension in neutron
flight direction), one can assume a uniform spatial resolution. In the other case, the largest
distance should be used to calculate the spatial resolution.
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2.2. Longitudinal Spatial Resolution of a Magnetic Field

Regarding the spatial resolution dx, dy and dz in x-, y- and z-direction one can assume
dx = dy = dz if no asymmetry of the imaging system is evident. The detection of the size of
a magnetic field or to determine the magnitude of a magnetic field in a polarized neutron
imaging depend on the number of spin rotations in the field. This measurement is based
on the interaction of the neutron spin with B and provides information from B in only
one direction, e.g., in the y-direction (neutron flight direction) in a {x, y, z} coordinate
system. The neutron spin in a magnetic field B behaves like a classical particle, since
the neutron velocity v � c and its spin vector~s rotates (classically seen) around ~B with
the Larmor frequency ωl = γL · B, where γL is the gyromagnetic ratio of the neutron
(γL = −1.83247× 108 rad· s−1·T−1). From ωL = γL · B one obtains the rotation angle φ, if t
is the transit time of the neutron through the magnetic field B. With λ = h/p, p = mn · v
and the neutron mass mn = 1.67493 × 10−27 kg [49] , φ is

φ = ωL · t = γL · B · t → φ =
γL
v

∫
path

B · ds =
γL ·m

h
B · s · λ (6)

One realizes, only |~B| = B is important, not the orientation of~s with respect to ~B, i.e.,
ωL is independent of the angle between~s and ~B. The factor γL ·m

h is constant = −4.6321×
1014 [T−1 m−2], so a spin rotation φ around 180◦ (spin-flip) for a neutron wavelength
λ = 0.32 nm = 3.2 and B = 1 mT would occur for a path length ∼21.2 mm. From
Equation (6), φ = φ(B, s, λ) is a function of magnetic field, path length s and wavelength λ.
The total differential of φ, is

∆φ =
∂φ

∂B
· ∆B +

∂φ

∂λ
· ∆λ +

∂φ

∂s
· ∆s (7)

and yields only a dependence on the path length ’s’, because in the sample B is constant,
thus ∂φ

∂B ·∆B = 0, and the term ∂φ
∂λ ·∆λ can be considered to be small (∼0.06 rad for B = 4 mT,

s = 10 mm, λ = 0.32 nm and ∆λ = 1% see Figure 2). Thus, the longitudinal spatial resolution
of a B field is coupled to the magnitude of B, to the wavelength and wavelength spread
∆λ/λ used. Figure 2 shows the path length dependence of a spin-flip on magnetic field for
three wavelengths. One sees, the larger λ the smaller the path length for a spin-flip.

Figure 2. Dependence of path length for a spin flip as a function of magnetic field strength for three
different wavelengths. If a neutron moves slower through B (large λ), the larger will be the spin
rotation angle φ and therefore the shorter is the path for a spin-flip.

Therefore, a thin sample containing a magnetic field preferably requires a longer wave-
length for the detection and determination of B and allows for a large ∆λ/λ ≈ 10% (thin in
the sense of spin flips/sample thickness ≤ 6 spin flips, see Figure 3). ∆λ/λ determines the
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contrast in polarized neutron images and one sees in Figure 3 that with increasing B the
contrast of spin flips decreases. However it can happen, for the determination of B, that for
a given wavelength different B-fields produce nearly the same gray values in an image,
as shown in the 90◦ sample orientation in Figure 4, where a polarized neutron image of
a coil shows for two different B-fields nearly the same gray values. On the other hand
for λ = 0.32 nm the difference are 5.5 gray values on a gray scale of 0–127, a small change
of the wavelength to λ = 0.34 nm increases the difference to 32 gray values as shown in
Figure 5. The longitudinal spatial magnetic resolution ∆y is mainly a function of the path
length s, s = s(sspin− f lip), the size of B in the sample, on λ and the wavelength spread ∆λ

λ .

Figure 3. Contrast reduction of spin flips (minima and maxima in plot) due to a wavelength spread
±∆λ/λ∼10% (mean λ = 0.32 nm), red and blue line corresponds to magnetic fields B = 4 mT and
7 mT. The larger ∆λ/λ and B the shorter the path length for a number (6) of spin flips.

Figure 4. Calculated polarized neutron images: magnetized coil (red) with B-fields = 4 mT and 7 mT,
four image projections due to polarized neutron imaging (λ = 0.32 × 10−9 m) for sample orientations
0◦ (2) and 90◦ (2) with respect to neutron flight direction = y-axis, and the corresponding line plots
illustrating the effect of position-dependent

∫
B · ds. Please note that the B-field is homogeneously

distributed in the coil and therefore produces a homogeneous image at the 90◦ projections. The
4 mT B-field produces 5.3 spin flips, the 7 mT B-field 9.2 spin flips, so the gray values for the 90◦

orientations are very similar, gray scale = 0–127.
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Figure 5. Two magnetic fields (4 mT and 7 mT) show nearly the same gray value for λ = 0.32 nm
and a path length = 28 mm, a small change of λ = 0.34 nm increases the difference from 5 to 32 gray
values, i.e., if the B-field in a sample is unknown, changing the wavelength may help identify B.

A longitudinal magnetic transfer function can be achieved by measuring the image
fringe contrast as a function of different B with decreasing path length s. A fringe pattern
is obtained by a proper coil operated with different currents, and measured by polarized
neutron imaging (see Figure 6). The longitudinal spatial B resolution refers to the path
length in the direction of the neutron trajectory through B. A fraction of this path length
correlates with a fraction of the spin-flip and results in a different gray value in the image
than a full spin-flip.

Figure 6. Calculated polarized neutron images: different fringe patterns due to different
∫

B.ds in a
coil, left: fringe pattern with a square coil, right: fringe pattern with a cylindrical coil.

For the {x, z}-plane (and any other plane), one obtains a frequency-dependent contrast
function of different fringe patterns with a coil and imaged with polarized neutrons. The
magnetic field in a coil of finite length L and radius R, B is given by [50]

B(x) = B0 ·

 x + L
2√

R2 +
(

x + L
2

)2
−

x− L
2√

R2 +
(

x− L
2

)2

; B0 =
µ0 · n · I

2
(8)

where the axis of the coil is parallel to ~B = [B(x), 0, 0]. For L � R one obtains for B(0) ≈
µ0 · n · I, and B(±L/2) ≈ 1/2 · B(0) (see Figure 7).
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Figure 7. Calculated magnetic field in a coil, length = 150 mm, radius = 9 mm, windings = 614,
current = 1 Ampere, B = 5.1 mT inside the coil.

The B-field in a coil with a length L much greater than the radius R, is known to be
µ0 · N · I/L, µ0 = 4π · 10−7, N = number of winding, I = current and L = length. Figure 4
shows the calculated 2D polarized neutron images of a coil due to position-dependent
depolarization of a polarized neutron beam, using the Radon Transform of the B-field of the
sample. Such calculations (using the Radon Transform of a B-field) give perfect agreement
with experimental results [36], even for rather complicated samples [51]. The images in
Figure 4 were calculated with B = µ0 · N · I/L. For a coil, µo, N and L are given device
parameters, the current I and thus also B can be varied.

2.3. Lateral Spatial Resolution of a Magnetic Field

To acquire information about the lateral resolution one must use a different method.
The lateral spatial resolution relates to the spatial symmetry mentioned above (Section 2.2).
The divergence of B is zero, ∇~B = 0, so B is constant in any volume element ∆V = ∆x×
∆y× ∆z, (∆y ∼= ∆s in Equation (7)), one can further assume that the spatial resolution is
∆x = ∆z, i.e., if the horizontal and vertical divergence (φhor, φvert) are equal, otherwise,
∆z 6= ∆x because the vertical divergence is φvert 6= φhor. The lateral spatial resolution is
directly measured from moving a defined fringe pattern across the detector array, i.e., one
measures the convolution of the pattern with the detector array. If p = p(x, z) is the fringe
pattern function and D = D(x, z) the detector function, and one moves the pattern across
the detector D, one measures the I = I(x, z),

I(x, z) =
∞∫
−∞

D(x, z′) · p(x, z− z′) · dz′ (9)

where x means one detector row. The convolution is described experimentally below
(Section 3.3). Other considerations given Section 2.2 can be adopted for lateral magnetic
resolution, too.

3. Experiments
3.1. Determination of the Spatial Resolution for Unpolarized Neutrons

The following experiments were performed at PONTO II, an instrument of the Univer-
sity of Applied Sciences, Beuth Hochschule Berlin, dedicated to polarized neutron imaging
at the BER II reactor of the Helmholtz-Zentrum für Materialien und Energie. The first
experiments with edge measurements were performed to determine the MTF of the system
and thus the spatial resolution for unpolarized neutron imaging. A Cd edge (Figure 8) was
placed in a cold neutron beam (λ = 0.32 nm) and an image taken at a distance of 60 mm
from the 2D detector, which had a pixel size = 13.5 µm (Figure 8). From the fitted shape
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of the smeared grid e.g., by a Gauß function, the Fourier Transform of the Gauß function,
FT {G}, yields the modulation transfer function MTF, the frequency-dependent contrast
function C(f) of the edge image.

Figure 8. Image of a Cd edge, thickness 0.5 mm, neutron wavelength λ = 0.32 nm, exposure time =
1800 s, beam divergence φ = 0.1◦ ∼ L/D = 573, [52].

Figure 9 shows steps (a)–(d) to obtain the MTF of the edge image and thus the spatial
resolution of the instrument (see also Section 2.1). First the theory (a) is fitted to the
experimental edge data (b), then this fit is adjusted to the error function by varying the
FWHM of the Gauß function (c). This works better than using the error function itself,
and above this, the Gauß function is fitted at the same time. The Fourier transform of the
(fitted) Gauß function is then used to calculate the MTF = (FT (G(x)) of the edge profile
and to determine the 10% contrast fmax and thus the spatial resolution of the instrument.
The correct scanning frequency fscan is given by fscan = 2 · fmax. The detector pixel size was
13.5 µm but due to binning = 27 µm. The best spatial resolution is found at 54 µm (∼ fmax),
which agrees perfectly with 2 × 27 µm (∼ fscan) for ld = 5 mm. The spatial resolution also
depends on the distance ld of the object to the detector (see Figure 1). The larger ld the
worse is the spatial resolution. This was measured for ld = 5, 60, 100, 120, 140 and 200 [mm].
If one plots the particular spatial resolution as a function of ld one obtains the principal
limit of the imaging system of ∼13 µm for ld = 0, i.e., the pixel size of the detector 13.5 µm,
which agrees perfectly with the data fit line for ld = 0 mm (see Figure 10). Comparing the
results in Figure 10 one sees the discrepancy between theory based on the 1/r2 law if a
pin hole source is used and measured data. The measured data show an entirely different
behavior. The explanation is given in [41], there already could be measured that using a
mosaic crystal as monochromator the pin hole as source diameter must be replaced by the
mosaic structure of the monochromator yielding an improvement of the L/D ratio of a
factor ∼2.7, here a factor 2.2 (Figure 10).

The spatial resolution can be well derived by plotting the value of the modulation
transfer function MTF at 10% contrast as function of the distance of the edge from the
detector. For pin hole geometry on observes a 1/r2 behavior, any other geometry, such
as using a mosaic crystal as source or a collimator system yields different results (see
Figure 10).
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(a)
Theory

(b)
fit data to
get smooth

curve

(c)
fit to g(x)
↔ ∫

g(x)dx

(d)
FT [g(x]=

MTF(edge)
→ spatial 
resolution 

Figure 8: Fitting procedure and evaluation of the spatial resolution. The spatial resolution can
be directly read from the 10% contrast at 17.4 LP/mm (appr. 57µm). 17.4 LP/mm are the
maximum frequency fmax that appears in the image with 10% contrast.

edge data (b), then this fit is adjusted to the error function by varying the FWHM of the Gauß1

function (c). This works better than using the error function itself, and above this, the Gauß2

function is fitted at the same time. The Fourier transform of the (fitted) Gauß function is then3

used to calculate the MTF = (FT (G(x)) of the edge profile and to determine the 10% contrast4

fmax and thus the spatial resolution of the instrument. The correct scanning frequency fscan5

is given by fscan = 2 · fmax. The detector pixel size was 13.5µm but due to binning = 27µm.6

The best spatial resolution is found at 54µm (∼ fmax), which agrees perfectly with 2× 27µm7

(∼ fscan) for ld = 5mm. The spatial resolution also depends on the distance ld of the object to8

the detector (see Fig.1). The larger ld the worse is the spatial resolution. This was measured9

for ld = 5, 60, 100, 120, 140 and 200 [mm]. If one plots the particular spatial resolution as a10

function of ld one obtains the principal limit of the imaging system of ∼ 13µm for ld = 0, i.e.11

the pixel size of the detector 13.5µm, which agrees perfectly with the data fit line for ld = 0mm12

(see Fig.9). Comparing the results in Fig.9 one sees the discrepancy between theory based on13

the 1/r2 law if a pin hole source is used and measured data. The measured data show an entirely14

different behavior. The explanation is given in [40], there already could be measured that using15

a mosaic crystal as monochromator the pin hole as source diameter must be replaced by the16

9

Figure 9. Fitting procedure and evaluation of the spatial resolution. The spatial resolution can be
directly read from the 10% contrast at 17.4 LP/mm (appr. 57 µm). 17.4 LP/mm are the maximum
frequency fmax that appears in the image with 10% contrast.

Figure 10. Spatial resolution as a function of distance of the edge from detector ld. Note the difference
between the measured and calculated resolution, the latter using the 1/r2 law and when the source
geometry is assumed to be a pinhole rather than a mosaic crystal. φgeom = 0.1◦ means the geometric
collimation obtained with a solid-state collimator and φmosaic = 0.045◦ the measured beam collimation
due to the mosaic crystal monochromator, see also [41].

3.2. Longitudinal Magnetic Spatial Resolution

In polarized neutron imaging, the magnetic modulation transfer function (mMTF) is
the contrast function that depends on the number of neutron spin flips per path length
in a magnetic field. It was determined as frequency-dependent fringe contrast function
of neutron spin-depolarizing magnetic fields from a magnetized coil. The neutrons were
spin-polarized and spin-analyzed by so-called solid-state benders (m = 2.5 and m = 3),
length = 40 mm, cross section 30 mm × 30 mm [53], the neutron detector was 4k × 4k CCD
camera. The fringe function as a 2D image of a pattern was generated by a magnetized coil
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as calculated with Equation (6) and with the Radon Transform of the magnetic field [40].
Figure 6 shows the fringe pattern of coil with a quadratic and a cylindrical shape. A
quadratic shaped coil creates equidistant fringe patterns different to a cylindrical shaped
one and the fringe pattern is much easier to measure.

For the measurements we used a quadratic shaped coil (Al body 11 mm × 11 mm
× 150 mm, width × height × length), Copper wire (� = 0.90(1) mm, resistance = 1.2 Ω)
and currents up to 6 Ampere. The coil was placed 100 mm in front of the spin analyzer,
which itself was directly in front of the 2D detector device (a CCD camera, 2k × 2k, pixel
size 13.5 µm × 13.5 µm). The neutron beam (λ = 0.32 nm) was collimated (φhor = 0.1◦,
φvert = 0.2◦, φhor, φvert are the horizontal and vertical divergences) and polarized and
analyzed with Swiss Neutronics supermirror benders (m = 2.5 and m = 3, each 40 mm ×
40 mm × 40 mm, the polarization P(λ = 0.32 nm) was > 96%, waver thicknesses of both
supermirrors were 110 µm.

The spatial resolution was therefore limited to 110 µm in the {x, y} plane and concern-
ing the vertical divergence (φvert = 0.2◦) in the {x, z} plane, respectively (compare Figure 4).
This geometry involved a vertical geometric smearing of 0.340 mm.

For each current I[A] a radiography with polarized neutrons was recorded as seen
in Figure 11, exposure time was 5400 s. From each reduced image (size = 566 × 296 pixel
∼= 15.28 mm × 7.99 mm) the background was subtracted, and outlier data removed by a
[5 × 5] median filter. Then a 150 pixel ( 4.05 mm) broad and 296 pixel (7.99 mm) high area
was selected from the image and the contrast C = (Imax − Imin)/(Imax + Imin) calculated
as a function of fringes/7.99 mm. Figure 12 shows the result. The MTF function was fitted
to an error function, yielding a vertical spatial resolution of 343 µm, which agrees well with
the theoretical value of 0.340 mm Figure 12).

The fringe pattern at current I = 6A in Figure 11 is shown enlarged in Figure 13 which
is under-laid with the corresponding line graph. It can be seen that the contrast of the
fringes within the plot varies, mainly caused by small stray fields and imperfections of the
neutron polarizer and the neutron analyzer, but the fringes are still well separated. The
magnetic modulation transfer function was obtained by fitting the contrast values from the
I = 3A, 3.5A ... 6A images with an error function and plotting the corresponding contrast
as function of the frequency (Figure 12. Despite the rather small number of points (due to
a limited coil current), a quite reliable value of 2.9 line pairs/8 mm at 10% contrast was
obtained, corresponding to a resolution of 345(20) µm. The error can be derived from the
different number of observed fringes (±1).

Figure 11. Radiography images of a magnetized coil due to path dependent depolarization of polarized neutrons. Fringe
pattern occurs due to different path length in the quadratic coil, size = 566 × 296 pixel = 15.28 mm × 7.99 mm, exposure
time = 5400 s, B = magnetic field in the coil, see fringe pattern of Figure 6.
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Figure 12. The “magnetic MTF” shows 2.9 Line pairs/8 mmv∆y = 345 µm, red line is fit with
error function.

Figure 13. Part of Figure 11, image I = 6[A], under-laid by the line plot showing the varying contrast
in the image.

3.3. Lateral Magnetic Spatial Resolution

The spatial magnetic resolution in the case of polarized neutron imaging was also
investigated in the case of lateral spatial resolution. In the coil experiment of Figure 11,
the B-field increased and the number of spin rotations (spin flips) along the flight path
(y-direction) determined. One measures the number of spin flips (number of fringes) as a
function of the B-field for a given distance. So one acquires information about the shortest
path length a spin-flip can occur (longitudinal magnetic spatial resolution).

This experiment determines the largest B-field that can be measured with a certain
spatial instrumental resolution. However, both the largest and the smallest B-field to
be detected depend on the wavelength of the neutron. B and thus the path length for a
spin-flip are inverse functions to the neutron wavelength, as given by Equation (6) and
seen in Figure 2. Due to knowledge of horizontal and vertical divergences φhor as described
in Section 2.3 the fringe pattern must be adapted to the expected resolution. The detector
pixel size (also known) must much smaller than the produced fringe pattern, so that the
measured convolution provides useful results.

To determine the lateral spatial resolution, one must measure the spatial resolution
with respect to ∆x and ∆z, varying only the position of a fringe pattern on the 2D detector.
This was done by a magnetized quadratic coil (I = 3A) placed on a µm precise stage
and moving it up by 50 steps each of one 50 µm, so that the pattern, generated by the
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magnetized coil and the spin analyzer, is shifted 2.5 mm above the 2D pixel array of
the detector. For each step, an image was taken with polarized neutrons. If the fringe
pattern moves perpendicular to the detector (horizontal) lines, the movement of the pattern
produces different gray values in the detector lines, which can be plotted as a line graph
(Figure 14).

Figure 14. Vertical movement of the fringe pattern, each step = 50 µm, total shift = 2.5 mm.

Figure 15 shows five fringe patterns from the radiography image I = 3A, B = 16 mT
(Figure 11), four images each shifted by 3 pixel = 81 µm, showing a change from maximum
intensity to minimum intensity (spin-flip) for a shift of 12 pixel = 324 µm. A detailed look
at different vertical shifts also shows that the distance for a spin-flip varies remarkably.
Depending on which part of the image is used, one counts 10 fringes (line pairs, maximum-
maximum distance) within 7.6 mm corresponding to 2∆z = 0.76 µm or 380 µm path length
for a spin-flip or five fringes within 616 µm or 308 µm for a spin-flip.

Figure 15. Five fringe pattern produced with of quadratic coil (from Figure 11, I = 3.5A) shifted
by 3...18 pixel, pattern and fringes rotated by 90◦, length of the coil = 150 mm, inner Al block =
11 mm× 11 mm, outer diameter = 35 mm, wire = Cu,� = 0.90(1) mm, resistance = 1.2 Ω, 614 windings.

If one plots two different shift positions of the fringe pattern, one obtains Figure 16.
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Figure 16. Line plot from image 10 and 25, mean distance maximum-maximum = 381(46) µm, see
also Table 1.

This was checked in detail with the result that the periodicity of the measured patterns
varies from position to position: Table 1 shows mean spin-flip distances for different shift
positions. Positions no. 0 and no. 50 show the largest values for a spin-flip and deviations
(396(87) µm and 415(73) µm, respectively.

Table 1. Fringe pattern.

Shift Nr. Spin-Flip Distance [µm] Standard Dev. [µm]

0 396 87
10 381 51
25 381 46
30 380 48
50 415 73

The experimental results of the lateral spatial resolution ∆z (380(48) µm) agree well
with the (vertical) geometric spatial resolution (350 µm) and with the calculated result of
the convolution of the fringe pattern with the 2D detector (pixel array) (376 µm). Due to
the vertical beam divergence φvert = 2φhoriz, ∆x can be given as 1

2 ∆z = 190 µm.

4. Summary
In this paper, at first some basics on spatial resolution and modulation transfer function

determination are given and it is proposed to obtain the modulation transfer function from
edge image experiments. The edge data are fit to the convolution of a Gauß function with a
step function, resulting in a smooth function for the edge image (and for the Gauß function)
the Fourier transform is then applied to the (already smoothed) Gauß function, yielding the
corresponding modulation transfer function and thus the spatial resolution at 10% contrast.

In this setup (PONTO II) the spatial resolution as a function of the distance of the edge
from the detector differs significantly from the pin hole—source geometry. The use of a
mosaic monochromator increased the L/D ratio by a factor of 2.2 from L/D(pin hole) = 573
to L/D (mosaic monochromator) = 1270, which has already been demonstrated with
another instrument [41]. The spatial resolution for unpolarized neutrons at PONTO II was
determined to be 57(3) µm for an object at a distance of 5 mm from the detector, which is
an improvement from earlier measurements (80 µm) [35].

When determining spatial resolution in the case of polarized neutron imaging, it is
necessary to distinguish longitudinal and lateral resolution. The spin depolarization was
measured using a special neutron supermirror device (SwissNeutronics) as polarizer and
analyzer elements. The measurement is governed by the Larmor precession ωL resp. by
the spin rotation angle φ (see Equation (6)).

The longitudinal resolution was determined by increasing the number of spin flips
(fringes) within a given path length. The measured spatial resolution by the modulation
transfer function (345(20) µm) agrees well with the calculated value (350 µm) and with the
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calculated convolution value (376 µm). The longitudinal resolution refers to the largest
B in the sample, the smallest B results from the minimum spin rotation which can still
be determined. In addition, the magnetic resolution depends on the incident beam polar-
ization P, and both the largest and smallest B to be detected also depend strongly on the
neutron wavelength used. Lateral spatial resolution (∆z) was measured by moving a given
fringe pattern, generated with a magnetized square coil, across the 2D detector in steps of
50 µm. The detector pixels are a known parameter, as is the fringe pattern, so experimental
convolution yields the correct values (380(48) µm for a spin-flip. Due to the vertical beam
divergence φvert = 2 φhoriz, ∆x can be given as 1

2 ∆z = 190 µm.
Finally, it can be stated that the wave nature of neutrons does not affect spatial

resolution in magnetic field imaging as described in this paper. The wave nature would
cause phase effects, i.e., refraction and diffraction (interference effects). Both interactions
require sharp phase transitions [42–46], or ordered structures, for example, in bodies with
magnetic domains [54] or in magnetic structures [55], which are not discussed here.

Author Contributions: Conceptualization, W.T.; methodology, W.T.; experiments, R.K.; validation,
W.T., R.K.; writing—review and editing, W.T., R.K. Both authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Federal Ministry of Eduction and Research - BMBF, project
05 K10FK1.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the Helmholtz-Zentrum Berlin für Materialien
und Energie (HZB) for strong support of the research work in the framework of the collaboration
with the Berlin Hochschule für Technik, University of Applied Sciences. The experiments were
performed with the PONTO II instrument at the HZB’s BER II research reactor, an instrument funded
by the German Federal Ministry of Education and Research (BMBF) and used for radiography and
tomography with polarized neutrons. It was installed and operated by the Berlin University of
Applied Sciences, Hochschule für Technik, and had to be dismantled at the end of 2019 due to the
shutdown of the BER II reactor.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Harms, A.A.; Zeilinger, A. A New Formulation of Total Unsharpness in Radiography. Phys. Med. Biol. 1977, 22, 70–80. [CrossRef]

[PubMed]
2. Harms, A.A.; Wyman, D.R. Mathematics and Physics of Neutron Radiography; D. Reidel Publishing Company: Dordrecht, The Netherlands,

1986.
3. Brenizer, J.S. Nondestructive Testing Standards—Present and Future; Berger, H., Mordfin, L., Eds.; ASTM Publication Code Number

(PCN) 04-011510-22; ASTM: West Conshohocken, PA, USA, 1992; p. 34.
4. ASTM Standards: Designation: E 803–91 (Re-Approved 1996) Standard Test Method for Determining the L/D Ratio of Neutron

Radiography Beams. Available online: https:astm.org/Standards/E803.htm (accessed on 16 July 2021).
5. Smith, S.W. Digital Signal Processing; California Technical Publishing: San Diego, CA, USA, 1997–2011; Chapter 25, pp. 423–450.
6. Buhr, E.; Günther-Kohfahl, S.; Neitzel, U. Accuracy of a simple method for deriving the presampled modulation transfer function

of a digital radiographic system from an edge image. Med. Phys. 2003, 30, 2323–2331. [CrossRef] [PubMed]
7. Samei, E.; Buhr, E.; Granfors, P.; Vandenbroucke, D.; Wang, X. Comparison of edge analysis techniques for the determination of

the MTF of digital radiographic systems. Phys. Med. Biol. 2005, 50, 3613–3625. [CrossRef] [PubMed]
8. Mori, I.; Machida, Y. Deriving the modulation transfer function of CT from extremely noisy edge profiles. Radiol. Phys. Technol.

2009, 2, 22–32. [CrossRef]
9. Staude, A.; Goebbels, J. Determining the Spatial Resolution in Computed Tomography—Comparison of MTF and Line-Pair

Structures. In Proceedings of the International Symposium on Digital Industrial Radiology and Computed Tomography, Berlin,
Germany, 20–22 June 2011.

10. Jakubek, J.; Holy, T.; Lehmann, E.; Pospisil, S.; Uher, J.; Vacik, J.; Vavrik, D. Neutron imaging with Medipix-2 chip and a coated
sensor. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2006, 560, 143–147. [CrossRef]

11. Baessler, S.; Gagarski, A.; Lychagin, E.; Mietke, A.; Muzychka, A.; Nesvizhevsky, V.; Pignol, G.; Strelkov, A.; Toperverg, B.;
Zhernenkov, K. New methodical developments for GRANIT. Comptes Rendus Phys. 2011, 12, 729–754. [CrossRef]

http://doi.org/10.1088/0031-9155/22/1/009
http://www.ncbi.nlm.nih.gov/pubmed/840899
https: astm.org/Standards/E803.htm
http://dx.doi.org/10.1118/1.1598673
http://www.ncbi.nlm.nih.gov/pubmed/14528954
http://dx.doi.org/10.1088/0031-9155/50/15/009
http://www.ncbi.nlm.nih.gov/pubmed/16030386
http://dx.doi.org/10.1007/s12194-008-0039-9
http://dx.doi.org/10.1016/j.nima.2005.11.243
http://dx.doi.org/10.1016/j.crhy.2011.04.014


Appl. Sci. 2021, 11, 6973 15 of 16

12. Lehmann, E.H.; Frei, G.; Kühne, G.; Boillat, P. The micro-setup for neutron imaging: A major step forward to improve the spatial
resolution. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2007, 576, 389–396. [CrossRef]

13. Tremsin, A.S.; Feller, W.B. The theory of compact and efficient circular-pore MCP neutron collimators. Nucl. Instrum. Methods
Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2006, 556, 556–564. [CrossRef]

14. Siegmund, O.H.; Vallerga, J.V.; Tremsin, A.S.; Mcphate, J.; Feller, B. High spatial resolution neutron sensing micro-channel plate
detectors. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2007, 576, 178–182. [CrossRef]

15. Williams, S.H.; Hilger, A.; Kardjilov, N.; Manke, I.; Strobl, M.; A Douissard, P.; Martin, T.; Riesemeier, H.; Banhart, J. Detection
System for Microimaging with Neutrons. J. Instrum. 2012, 7, P02014. Available online: http://iopscience.iop.org/1748-0221/7/
02/P02014 (accessed on 16 July 2021). [CrossRef]

16. Parker, J.D.; Harada, M.; Hattori, K.; Iwaki, S.; Kabuki, S.; Kishimoto, Y.; Kubo, H.; Kurosawa, S.; Matsuoka, Y.; Miuchi, K.; et al.
Spatial resolution of a µ PIC-based neutron imaging detector. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect.
Assoc. Equip. 2013, 726, 155–161. [CrossRef]

17. Trtik, P.; Hovind, J.; Grünzweig, C.; Bollhalder, A.; Thominet, V.; David, C.; Kaestner, A.; Lehmann, E.H. Improving the Spatial
Resolution of Neutron Imaging at Paul Scherrer Institut—The Neutron Microscope Project. Phys. Procedia 2015, 69, 169–176.
[CrossRef]

18. Bingham, P.; Santos-Villalobos, H.; Lavrika, N.; Gregorb, J.; Bilheux, H. Magnified neutron radiography with coded sources. Phys.
Procedia 2015, 69, 218–226. [CrossRef]

19. Naganawa, N.; Awano, S.; Hino, M.; Hirose, M.; Hirota, K.; Kawahara, H.; Kitaguchi, M.; Mishima, K.; Nagae, T.; Shimizu, H.M.;
et al. A neutron detector with spatial resolution of submicron using fine-grained nuclear emulsion. In Proceedings of the 8th
International Topical Meeting on Neutron Radiography, ITMNR-8, Beijing, China, 4–8 September 2016.

20. Hussey, D.S.; LaManna, J.M.; Baltic, E.; Jacobson, D.L. Neutron imaging detector with 2 µm spatial resolution based on event
reconstruction of neutron capture in gadolinium oxysulfide scintillators. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom.
Detect. Assoc. Equip. 2017, 866, 9–12. [CrossRef]

21. Morgano, M.; Trtik, P.; Meyer, M.; Lehmann, E.H.; Hovind, J.; Strobl, M. Unlocking high spatial resolution in neutronimaging
through an add-on fibre optics taper. Opt. Express 2018, 26, 1809–1816. [CrossRef]

22. Cao, R.L.; Biegalski, S.R. The measurement of the presampled MTF of a high spatial resolution neutron imaging system.
Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2007, 582, 621–628. [CrossRef]

23. Kuhls-Gilcrist, A.; Jain, A.; Bednarek, D.R.; Hoffmann, K.R.; Rudin, S. Accurate MTF measurement in digital radiography using
noise response. Med. Phys. 2010, 37, 724–735. [CrossRef]

24. Kaestner, A.P.; ; Kis, Z.; Radebe, M.J.; Mannes, D.; Hovind, J.; Grünzweig, C.; Kardjilov, N.; Lehmann, E.H. Samples to determine
the resolution of neutron radiography and tomography. Phys. Procedia 2017, 88, 258–265. [CrossRef]

25. Rueckel, J.; Stockmar, M.; Pfeiffer, F.; Herzen, J. Spatial resolution characterization of a X-ray microCT system. Appl. Radiat. Isot.
2014, 94, 230–234. [CrossRef]

26. Trtik, P.; Lehmann, E.H. Progress in High-resolution Neutron Imaging at the Paul Scherrer Institut—The Neutron Microscope
Project. J. Phys. Conf. Ser. 2016, 746, 012004. [CrossRef]

27. Miller, S.R.; Marshall, M.S.J.; Wart, M.; Crha, J.; Trtik, P.; Nagarkar, V.V. High-Resolution Thermal Neutron Imaging With
10Boron/CsI:Tl Scintillator Screen. IEEE Trans. Nucl. Sci. 2020, 67, 1929–1933. [CrossRef]

28. Hirota, K.; Ariga, T.; Hino, M.; Ichikawa, G.; Kawasaki, S.; Kitaguchi, M.; Mishima, K.; Muto, N.; Naganawa, N.; Shimizu, H.M.
Neutron Imaging Using a Fine-Grained Nuclear Emulsion. Imaging 2021, 7, 4. [CrossRef]

29. Kardjilov, N.; Manke, I.; Strobl, M.; Hilger, A.; Treimer, W.; Meissner, M.; Krist, T.; Banhart, J. Three-dimensional imaging of
magnetic fields with polarized neutrons. Nat. Phys. 2008, 4, 399–403. [CrossRef]

30. Gruenzweig, C.; David, C.; Bunk, O.; Dierolf, M.; Frei, G.; Kühne, G.; Schäfer, R.; Pofahl, S.; Rønnow, H.M.R.; Pfeiffer, F. Bulk
magnetic domain structures visualized by neutron dark-field imaging. Appl. Phys. Lett. 2008, 93, 112504. [CrossRef]

31. Manke, I.; Kardjilov, N.; Hilger, A.; Strobl, M.; Dawson, M.; Banhart, J. Polarized neutron imaging at the CONRAD instrument
at Helmholtz Centre Berlin. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2009, 605, 26–29.
[CrossRef]

32. Manke, I.; Kardjilov, N.; Schäfer, R.; Hilger, A.; Strobl, M.; Dawson, M.; Grünzweig, C.; Behr, G.; Hentschel, M.; David, C.; et al.
Three-dimensional imaging of magnetic domains. Nat. Commun. 2010, 1, 125 [CrossRef]

33. Hilger, A. Charakterisierung Magnetischer Strukturen Durch Bildgebende Verfahren mit Kalten Neutronen. Ph.D. Thesis,
Technical University Berlin, Berlin, Germany, 2010.

34. Schulz, M.; Neubauer, A.; Masalovich, S.; Mühlbauer, M.; Calzada, E.; Schillinger, B.; Pfleiderer, C.; Böni, P. Towards a tomographic
reconstruction of neutron depolarization data. J. Phys. Conf. Ser. 2010, 211, 012025. [CrossRef]

35. Treimer, W.; Ebrahimi, O.; Karakas, N.; Seidel, S. PONTO—An instrument for imaging with polarized neutrons. Nucl. Instrum.
Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2011, 651, 53–56. [CrossRef]

36. Treimer, W.; Ebrahimi, O.; Karakas, N.; Prozorov, R. Polarized neutron imaging and three-dimensional calculation of magnetic
flux trapping in bulk of superconductors. Phys. Rev. B 2012, 85, 184522. [CrossRef]

37. Treimer, W. Radiography and tomography with polarized neutrons. J. Magn. Magn. Mater. 2014, 350, 188–198. [CrossRef]
38. Hilger, A.; Manke, I.; Kardjilov, N.; Osenberg, M.; Markötter, H.; Banhart, J. Tensorial neutron tomography of three dimensional

magnetic vector fields in bulk materials. Nat. Commun. 2018, 9, 4023. [CrossRef]

http://dx.doi.org/10.1016/j.nima.2007.03.017
http://dx.doi.org/10.1016/j.nima.2005.11.068
http://dx.doi.org/10.1016/j.nima.2007.01.148
http://iopscience.iop.org/1748-0221/7/02/P02014
http://iopscience.iop.org/1748-0221/7/02/P02014
http://dx.doi.org/10.1088/1748-0221/7/02/P02014
http://dx.doi.org/10.1016/j.nima.2013.06.001
http://dx.doi.org/10.1016/j.phpro.2015.07.024
http://dx.doi.org/10.1016/j.phpro.2015.07.031
http://dx.doi.org/10.1016/j.nima.2017.05.035
http://dx.doi.org/10.1364/OE.26.001809
http://dx.doi.org/10.1016/j.nima.2007.08.213
http://dx.doi.org/10.1118/1.3284376
http://dx.doi.org/10.1016/j.phpro.2017.06.036
http://dx.doi.org/10.1016/j.apradiso.2014.08.014
http://dx.doi.org/10.1088/1742-6596/746/1/012004
http://dx.doi.org/10.1109/TNS.2020.3006741
http://dx.doi.org/10.3390/jimaging7010004
http://dx.doi.org/10.1038/nphys912
http://dx.doi.org/10.1063/1.2975848
http://dx.doi.org/10.1016/j.nima.2009.01.121
http://dx.doi.org/10.1038/ncomms1125
http://dx.doi.org/10.1088/1742-6596/211/1/012025
http://dx.doi.org/10.1016/j.nima.2011.01.009
http://dx.doi.org/10.1103/PhysRevB.85.184522
http://dx.doi.org/10.1016/j.jmmm.2013.09.032
http://dx.doi.org/10.1038/s41467-018-06593-4


Appl. Sci. 2021, 11, 6973 16 of 16

39. Sales, M.; Strobl, M.; Shinohara, T.; Tremsin, A.; Kuhn, L.T.; Lionheart, W.R.B.; Desai, N.M.; Dahl, A.B.; Schmidt, S. Three
Dimensional Polarimetric Neutron Tomography of Magnetic Fields. Sci. Rep. 2018, 8, 2214. [CrossRef] [PubMed]

40. Treimer, W. Neutron Radiography and Tomography. In Handbook of Advanced Non-Destructive Evaluation; Ida, N., Meyendorf, N.,
Eds.; Springer Nature Switzerland AG: Cham, Switzerland, 2019; Chapter 34, pp. 1217–1299.

41. Treimer, W.; Seidel, S.O.; Ebrahimi, O. Neutron tomography using a crystal monochromator. Nucl. Instrum. Methods Phys. Res.
Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2010, 621, 502–505. [CrossRef]

42. Treimer, W.; Strobl, M.; Hilger, A. Observation of edge refraction in ultra small angle neutron scattering. Phys. Lett. A 2002, 305,
87–92. [CrossRef]

43. Strobl, M.; Treimer, W.; Kardjilov, N.; Hilger, A.; Zabler, S. On neutron phase contrast imaging. Nucl. Instrum. Methods Phys. Res.
Sect. B Beam Interact. Mater. Atoms 2008, 266, 181–186. [CrossRef]

44. Tremsin, A.; Lehmann, E.H.; Kardjilov, N.; Strobl, M.; Manke, I.; McPhate, J.; Vallerga, J.V.; Siegmund, O.H.W.; Feller, W.B.
Refraction contrast imaging and edge effects in neutron radiography. J. Instrum. 2012, 7, C02047. [CrossRef]

45. Strobl, M.; Treimer, W.; Walter, P.; Keil, S.; Manke, I. Magnetic field induced differential neutron phase contrast imaging. Appl. Phys.
Lett. 2007, 91, 254104. [CrossRef]

46. Treimer, W.; Strobl, M.; Hilger, A.; Seifert, C.; Feye-Treimer, U. Refraction as imaging signal for computerized (neutron)
tomography. Appl. Phys. Lett. 2003, 83, 398–400. [CrossRef]

47. Strobl, M.; Treimer, W.; Hilger, A. Small angle scattering signals for (neutron) computerized tomography. Appl. Phys. Lett. 2004,
85, 488–490. [CrossRef]

48. Shannon, C.E. Communication in the Presence of Noise. Proc. IEEE 1998, 86, 447–457. [CrossRef]
49. NIST Center for Neutron Research, CODATA Fundamental Constants. Available online: https://physics.nist.gov/cuu/Constants/

(accessed on 16 July 2021).
50. Walcher, W. Praktikum der Physik; Teubner Studienbücher Physik: Stuttgart, Germany, 1985; p. 266, ISBN 3-519-43016-9.
51. Treimer, W.; Ebrahimi, O.; Karakas, N. Observation of partial Meissner effect and flux pinning in superconducting lead containing

non-superconducting parts. Appl. Phys. Lett. 2012, 101, 162603. [CrossRef]
52. Köhler, R. Bestimmung der Modulationstransferfunktion für PONTO II im Falle Polarisierter Neutronen. (Determination of the

Modulation Transfer Function of PONTO II in the Case of Polarized Neutrons). Bachelor’s Thesis, University of Applied Sciences
Beuth Hochschule Berrlin, Department Mathematics-Physics-Chemistry, Berlin, Germany, 2013.

53. Both Benders Were fabricated by ‘SwissNeutronics’, Neutron Optical Components, CH-5313 Klingnau. 2012.
54. Hubert, A.; Schäfer, R. Magnetic Domains, The Analysis of Magnetic Microstructures; Springer: Berlin/Heidelberg, Germany, 1998.
55. Chatterji, T. (Ed.) Neutron Scattering from Magnetic Materials; Elsevier B. V.: Amsterdam, The Netherlands, 2006.

http://dx.doi.org/10.1038/s41598-018-20461-7
http://www.ncbi.nlm.nih.gov/pubmed/29396502
http://dx.doi.org/10.1016/j.nima.2010.06.256
http://dx.doi.org/10.1016/S0375-9601(02)01391-9
http://dx.doi.org/10.1016/j.nimb.2007.10.016
http://dx.doi.org/10.1088/1748-0221/7/02/C02047
http://dx.doi.org/10.1063/1.2825276
http://dx.doi.org/10.1063/1.1591066
http://dx.doi.org/10.1063/1.1774253
http://dx.doi.org/10.1109/JPROC.1998.659497
https://physics.nist.gov/cuu/Constants/
http://dx.doi.org/10.1063/1.4762860

	Introduction
	Some Mathematics on Spatial Resolution
	Spatial Resolution for Unpolarized Neutrons
	Longitudinal Spatial Resolution of a Magnetic Field
	Lateral Spatial Resolution of a Magnetic Field

	Experiments
	Determination of the Spatial Resolution for Unpolarized Neutrons
	Longitudinal Magnetic Spatial Resolution
	Lateral Magnetic Spatial Resolution

	Summary
	References

