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* Wave number: k =2n/\, k= ——.
* Momentum: p=hk
* Momentum operator: p = —thV
* Kinetic energy: . h2k?
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Wave—particle duality is the concept in qguantum mechanics that every
particle or quantum entity may be partly described in terms not only of
particles, but also of waves.

Hence the material particles like neutrons, also have wave properties

such as wavelength and frequency.




Phase and dark-field contrast

neutrons
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The wave nature of the neutron can also be utilized for
phase contrast imaging. For this purpose, a coherent beam
of neutrons is needed in order to describe wave
propagation through a sample.




Phase and dark-field contrast

neutrons
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refractlve mdex
n=1-86+Iip

As the coherent wave front interacts with the sample, the refractive
Index of the material describes the change of the amplitude of the
wave (absorption) or the shift of the phase (refraction).




Phase and dark-field contrast
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n=1-86+Iip
As the coherent wave front interacts with the sample, the refractive

Index of the material describes the change of the amplitude of the
wave (absorption) or the shift of the phase (refraction).




Phase and dark-field contrast

neutrons
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wave function

refractive index
n=1-6+Iip
As the coherent wave front interacts with the sample, the refractive

Index of the material describes the change of the amplitude of the
wave (absorption) or the shift of the phase (refraction).




Phase and dark-field contrast
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As the coherent wave front interacts with the sample, the refractive
Index of the material describes the change of the amplitude of the
wave (absorption) or the shift of the phase (refraction).




Phase and dark-field contre

In case of a point-like source as
defined by a small pinhole (d), the
emanating spherical wave exhibits

J ahigh degree of transverse spatial

/ L coherence In area D, even when
@ a polychromatic source is used.
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Phase and dark-field contrast
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Spatial coherence
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Example: Thermal neutrons
A=0.2nm Wavelength

L=5m Distance

s=1lmm Source size

= D, ~ 1um  Coherence length




Phase and dark-field contrast
Spatial coherence
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The lateral coherence length is d = Al/s.

Thus high spatial coherence may be achieved by using a
source of small effective size or by observing the beam at a
large distance from the source.
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Phase and dark-field contrast

Connection between phase and intensity variation

The surfaces where ¢(r) is Screen
constant are represented as Vo)
wavefronts.
Normal to the wavefront:
s(x,y,2) ~| - 22 —a—¢
ox oy
21

Angular deviation
of the normal:

1 o .
~ —|VLg0(X, Y, Z)| Refractive index:

phase absorption

nx,y,z, A)=1-dx,vy,z, A)-16X,Y, z, 1)




Phase and dark-field contrast
Angular deviation of the normal to the wave front

Normal to the wavefront: Angular deviation of the normal:

op O 1
s(X,Y,2) = (_6—3’_5’ kJ —_— Ao = EWL(D(X’ Y, Z)|
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Phase and dark-field contrast

Phase-contrast radiography with thermal neutrons
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Phase and dark-field contrast
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In classical radiography the distance between
sample and detector is set as small as possible.

N\

CCD camera view

The contrast is absorption based and it is weak
for low attenuating materials like aluminum.

Aluminum

step wedge g




Phase and dark-field contrast
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Source //// source-to-sample distance

In phase-contrast radiography the distance CCD camera view
between sample and detector is set to be large. -

The small source produces spatial coherent beam.
At large source-sample distance the wave front is
distorted by the sample due to refraction. The
obtained contrast shows edge-enhancement at

large distance to detector. B
Aluminum

stepwedge N N
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Phase and dark-field contrast

Pinhole 1mm, exp. time 60 min, white beam

Distance, z: 0 cm 10 cm 25 cm 50 cm 70 cm

to detector

Pinhole 5mm, exp. time 3 min, white beam

LL 1L

Distance, z: 0 cm 10 cm
to detector




Phase and dark-field contrast

Pinhole 1mm, exp. time 60 min, white beam

—

20% magnificatior
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Distance, z: 0 cm 10 cm 25 cm 50 cm 70 cm
to detector

Pinhole 5mm, exp. time 3 min, white beam

LL 1L

Distance, z: 0 cm 10 cm 25 cm

to detector The phase-contrast effect is seen at large distances z
as intensity variation at the edges — edge enhancement.

50 cm 70 cm



Vorführender
Präsentationsnotizen
Due to the beam divergence the beam has a cone shape which leads to magnification of the sample picture at large distances from the detector.


Phase and dark-field con

The phase-contrast
effect is seen at

>
large distances :?_%
between sample =
and detector as o
intensity variation g
at the edges — G
-
edge o
enhancement. =
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Smaller pinhole
provides better
resolution

pinhole: 5 mm
distance: O mm

5 mm
700 mm

0.5 mm

1 mm
700 mm

phase-contrast radiography



Phase and dark-field contrast

5mm

10 mm

15 mm l

20 mm

conventiona radiography

phase-contrast radiography

pinhole: 5 mm 5mm 1 mm
distance: 0 mm 700 mm 700 mm




Polychromatic Phase Contrast




Application: Hidden
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Williams, Alan, et al. Studies in Conservation 64.1 (2019): 10-15.



Application: Hidden marks

A fifteenth century Flemish
open-faced helmet (sallet)

Mark belongs to the
q Martin Rondel of Brussels

Williams, Alan, et al. Studies in Conservation 64.1 (2019): 10-15.



Application: Hidden marks

The right gauntlet

Vr}'.;'_ﬁh ,§;V'S'ble me}r‘k The left gauntlet with an erased mark
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A threelobed leaf
which is attributed
to the armourer
Konrad Treytz of
Innsbruck

Williams, Alan, et al. Studies in Conservation 64.1 (2019): 10-15.




Application: Hidden marks

Breastplate ¢.1600
originally from the
arsenal at Solothurn

St. Andrew’s cross

Williams, Alan, et al. Studies in Conservation 64.1 (2019): 10-15.



Phase and dark-field contrast
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interference pattern
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A source grating with stripes of a few hundred pum width
produces an array of multiple line sources that define a
spatially coherent beam illuminating a phase grating.




Phase and dark-field contrast

absorption
analyzer

source grating phase grating arating
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interference pattern

At a certain distance behind the phase grating, an interferential pattern can be
observed. The structure of this pattern, which is beyond the spatial resolution
of the imaging detectors, can be resolved by scanning an analyser grating
through the beam in a transverse direction.
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Image detector
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Grating interferometer

absorption
analyzer

source grating phase grating grating

Image detector

a~ Vb interference pattern

The presence of a sample distorts the interference pattern locally. Detection
and analysis of the pattern yields information about phase effects, small angle
scattering and attenuation introduced by the sample.




Phase and dark-fielc

When magnetic samples are Investigated by grating
Interferometry, neutrons are scattered by the volume between
two domains and in return cause a reduced amplitude of the
Interferential pattern. This change Iin the amplitude can be
detected for each pixel and a corresponding amplitude map can
be obtained. In this way the domain walls can be visualized.

Source Phase Analyser Detector Multiple refractions at the domain walls results in local

grating grating _ grating degradation of the beam coherence (decrease of the
amplitude in the interference pattern).
—I
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Neutrons |
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Phase and dark-field contrast

Source Phase Analyser Detector  magnetic domain
grating grating _ grating domaln wall
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Magnetic domains in
FeSi single crystal

Absorption contrast

Ch. Griinzweig, et al. Applied Physics Letters 93.11 (2008): 112504.

(conventional radiography)


Vorführender
Präsentationsnotizen
By applying the novel technique of Talbot-Lau neutron tomography with inverted geometry, it was possible to directly image the three-dimensional network of magnetic domains in the bulk of samples. In particular, the 3D shape and distribution of individual domains in a misoriented magnetic FeSi crystal were visualised and analysed quantitatively. A square-root dependence of the volume domain width on the sample thickness was found, which agrees with current theoretical predictions. 
 



Phase and dark-field contrast

Source Phase Analyser Detector Multiple refractions at the domain walls results in local

grating grating _ grating degradation of the beam coherence (decrease of the
amplitude in the interference pattern).
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Magnetic domains in

eti Dark-field contrast Absorption contrast
FeSi single crystal

(conventional radiography)

Magnetic domain structure in the
sample is obtained by analyzing
the amplitude of the oscillation.

>

Ch. Grinzweig, et al. Applied Physics Letters 93.11 (2008): 112504.


Vorführender
Präsentationsnotizen
By applying the novel technique of Talbot-Lau neutron tomography with inverted geometry, it was possible to directly image the three-dimensional network of magnetic domains in the bulk of samples. In particular, the 3D shape and distribution of individual domains in a misoriented magnetic FeSi crystal were visualised and analysed quantitatively. A square-root dependence of the volume domain width on the sample thickness was found, which agrees with current theoretical predictions. 
 



Phase and dark-

Source Phase Analyser Detector Multiple refractions at the domain walls results in local
grating grating _ grating degradation of the beam coherence (decrease of the
amplitude in the interference pattern).
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Magnetic domains in a 3D domain distribution

bulky FeSi single crystal

Magnetic domain structure can
be visualized in 3D by applying
tomographic reconstruction from
2D angular projections

|. Manke et al, Nature Communications 1 (8), p.125 (2010)



Imaging with polarized neutrons

Radiography image
of a bar magnet
taken with polarized
neutrons

N. Kardjilov, et al,
Nature Physics 4, 399-403, (2008)




Imaging with polari:

Polarized neutrons: a collection of neutrons whose spins have a
preferential orientation with respect to a particular direction in
space, usually the direction of a magnetic field.

Since a neutron has a spin of 1/2, in a magnetic field H two
orientations of its spin are possible: parallel or antiparallel to H.

A neutron beam is polarized if it contains a different number N of

neutrons with spins oriented along (N,) and against (N_) the
field. The degree of polarization is characterized by the quantity

P= (N+ _ N—)/(N+ T N—)



Imaging with polarized neutrons

Why we use polarised neutron?
e It has a magnetic moment L =-1.913 y,
e It interacts with magnetic fields

e Its Larmor precession can be used as signal for imaging

Magnetic properties of materials can be investigated by
utilising the magnetic moment of the neutron.

35



Imaging with polarized neutrons

Interactions of neutron spin with magnetic fields

Spin precession arround external magnetic field

—>

4B Larmor precession with a frequency:

L
w =yB

y =1.83.108 ?—frj (gyromagnetic ratio)

wy

The magnetic moment is antiparallel to the internal angular momentum
of the neutron described by a spin S with the quantum number s = 1/2.




Imaging with polarized neutrc

2D-detector

Spin B-field Spin g
rotation

Neutrons -0

et 4o > 4t

1%,2 Spin polariser Magnet Spin analyser.
X

Principle
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path

For the imaging setup, a polariser and analyser are used to select a
defined neutron polarisation or orientation of the magnetic moment and
to convert the precession angle ¢ of the neutron spin after transmission
through the magnetic field or sample to imaging contrast, respectively.

N. Kardjilov, et al, Nature Physics 4, 399-403, (2008)



Imaging with polarized ne

Solid-state bender polarizer

Bending distance 0.25 mm

B®

—4$ 0.25 mm
The bent e ——
supermirror plates ey e
reflect onlyone  ® :
spin component. Gadolinium
The other {Silicon _
component is Supermirror

absorbed in a Gd
layer on the back.

+ >
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Imaging with polarized

Solid-state bender polarizer

Refractive index:n = 1 - A2 (N.bc T umB)
2T h?2

Bending distance 0.25 mm

The bent L
supermirror plates ~--:::;-_:i:::::::i:::::: ::: e
reflect only one

Spin component.
The other
component is
absorbed in a Gd
layer on the back.

Gadolinium
—Silicon
~Supermirror

R
75 mm

The magnetic field B provides different refractive indexes for
the spin components alligned parallel and antiparallel to it.
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Imaging with polarized neutrons

Example

Instrument: V7 (CONRAD) at HZB, Berlin
Monochromatic beam with wavelength of 4.2 A
Spatial resolution: 0.2 mm/pixel

Experimental sketch:

CCD detector

neutron beam

guide stopper
“ solid-state guiding field sample solid-state
polarizer analyzer

PCG monochromatic beam

crystals

rotation + tilt
power stage
® supply

40/1
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Imaging with p

Open beam (without sample)

Pixel counts

&0 2.000E4

70 1.500E4

60 10000
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£
= 40
X%
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20

0

10

10 20 30 40 50 60 70 80
X Axis, [mm]
Exposure time: 300 s
Binning: 2x2

Sample

Copper coll
Wire thickness: 2 mm

42/1



Imaging with polarized n

Radiography of magnetic field produced by a coper coll applying
different currents using polarised neutrons

e

current: 0 Amp

i

AAMD 8AMp 12Amp 15 Amp

For the imaging setup, a polariser and analyser are used to convert the
precession angle ¢ of the neutron spin after transmission through the
magnetic to imaging contrast, respectively.

43/1



Imaging with polarized neutrons

Radiography of magnetic field produced by permanent magnets
using polarised neutrons

non-dipole magnets

dipole magnets




Imaging with polarized neutrons

2D-Detector

Simulations B-field of 8
the coil Changed
. ) spin B
N AN direction
Neutrons lT ‘ t 1 / t '
i | —

Spin-Polariser Spin-Analyser \

Biot-Savart law

[

Simulation Experiment  Spin rotation, ¢

P o ([
E— — |



Vorführender
Präsentationsnotizen
The slide displays a quantitative comparison between radiographic images of an electric coil serving as an adjustable reference sample and images calculated by using Biot-Savart’s law. The coil, 88 windings of aluminium wire (1 mm) wound on an aluminium rod with 10 mm diameter and a length of 108 mm, was placed perpendicular to the incident beam between the polariser and the analyser. The current was varied from 0 A up to 5 A in steps of 1 A, and for each step an image was recorded. 
Simulation: The magnetic field produced by the coil was calculated in 3D by the Biot-Savart’s law for each point of the space and this magnetic field was used to calculate the spin precession angle φ which was converted to gray-level contrast.


Simulation process - results

Double rectangle coil

: Lsir:j%t]hj?:%r?]rrnn T e distance between the coils = 20 mm
3 e applied currents =0.0-9.0 A

e height = 21 mm _ 3 )
& windings = 30 e field strength B = 1.05 mT @ I=1A

K

i

0 mmmm;
L
% = //////W, 2%1
-20 X [ﬂ? ) 20 "?%'E
m 40 _§0
Neutron o

flight path direction
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Simulation process - results

1.0A

5.0A

9.0A

Simulated radiograms Measurements

47



Application: Meissner-Effect

Helmholtz
coil

T=75K,B=2mT T=5.5K, B=2 mT




Application: Melis




Magnetic Contrast
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96.40 K

98.55 K 99.10 K
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Magnetic Contrast

100 K

99.1 K

95K

—> | 908K
190K
Flux trapping in a 45x45x12 mm=< bulk YBCO sample.
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Magnetic Contrast

Flux pinning in superconductors

Pb cylinder
(polycrystalline)

1cm

trappe

Tomography
A T
+ 72K trapped flux B [mT]
1T 7.196 K (T,

)
.— 1.2
- 7.0K —lp f
‘ : [ 0.7
T 6.9K \ 0.2

lead cylinder
— 6.8K

Flux pinning at cooling down below Tc while applying a homogenous magnetic
field of 10 mT perpendicular to the beam.

The images were recorded after switching off the magnetic field.

N. Kardjilov, et al, Nature Physics 4, 399-403, (2008) I



Imaging with polari:

Quantification of the magnetic field in 3D is another task that can
be solved by using polarised neutrons.

The measurement of the precession angle for each of the three
orthogonal spin components X, Y and Z provides a set of
projections which allow for a tomographic reconstruction of the
magnetic field produced by a sample.

The method is applicable for the visualisation of small magnetic
fields (few mT) with a limited spatial resolution (500 um).

M. Sales, et al., Scientific reports 8.1 (2018): 2214
A. Hilger, et al. Nature communications 9.1 (2018): 4023.



Imaging with polarized neutrons

a Spin-flipper  Detector

Tensor tomography. a Schematic drawing of the setup used for tensor tomography
with spin-polarized neutrons, comprising spin polarizers (P), spin flippers (F) and a
detector (D). b Selected magnetic field lines around an electric coil (calculation)

M. Sales, et al., Scientific reports 8.1 (2018): 2214
A. Hilger, et al. Nature communications 9.1 (2018): 4023.
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Comparison between
calculation, simulation
and measurement of
the magnetic vector
field produced by a
sollenoid at 0.6 Amp.

Simulation Calculation

Measurement
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Quantitative magnetic to

0.10 0.14 0.18
Magnetic vector field inside a superconducting lead sample measured at T=4.3 K.

a) Some selected magnetic field lines show the location of the magnetic field inside
the sample indicated by the cuboid. b) Magnetic field lines in a selected xy plane
(silhouette of the lead sample marked by dotted lines). Scale bar, 5 mm. ¢)
Magnetic field lines in a selected xz plane. Scale bar, 5 mm.

A. Hilger, et al. Nature communications 9.1 (2018): 4023.
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Application: Skin-Effect

CCD detector

A —

spin spin
| scintillator analyzer polarizer
neutrons
electric <
current

lens systemSCree
mirror

Manke, I., et al. Journal of Applied Physics 104.7 (2008): 076109-076109.|



Application: Skin-Effect

a) no current ,_\150 ...............
- —— no current
................................... 8 —— 10 Hz
c — 100 Hz
5100 — 1000 Hz
(V)
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n
C
©

c) 100 Hz

o
®

d) 1000 Hz

spin polarization (x pi)

3 2 -1 0 1 2 3
lateral position [cm]

Manke, I., et al. Journal of Applied Physics 104.7 (2008): 076109-076109.|



Magnetic Contrast

Depolal’lsatlon analyS|S Transmission
36 K 40 K 44 K 45 K 49 K 53K 10
BREE 7 FE S FE RS AR _ R
ferromagnet paramagnet 1075
105
1 0.25
10 mm g
L2 L1
1.0 Curie
temperature
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= —s— 2
j=! . 55.00
= —— L1
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§ | 45.00
g 04 -
c 4000
(% 02 |3500

00 30.00

10 20 30 40 50 60
temperature [K]

PdNi crystal (3.24% Ni) imaged by polarised neutrons

Schulz, Michael, et al. Journal of Physics: Conference Series. 211 (2010) I



Thank you !
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