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This module’s important concepts

Instrumentation

Radiography (2D)

Tomography (3D)

In situ/In operando

1 . . = (o) “
Virtual Imaging experiment o Ve il
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Image and contrast formation

neutrons

absorption

scattering
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Image and contrast formation
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Summary

Standard techniques
e ST P - Frame N-1
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Radiography Computed tomography

Advanced techniques
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Neutron grating interferometry

Energy selective imaging
Under development
&

e
S e |
/

L. Ll
.\ \ ‘ & X 3 /‘
L \\\,\. 1‘. ) / 3 J/
s i <
I '\_‘/ v‘ \.. ',

a3
o
High resolution imaging

Imaging with polarized neutrons

DTU Energy
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time

Time-series imaging

Stroboscopic imaging

Diffraction imaging

Lehmann, E. et al. (2017). Phys. Proc. 88, 5.
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Radiography

Source Collimator Object Detector

— | H(x)dx
Beer-Lambert law:  ~ ]0(3 j

X — propagation direction I{J_ primary beam

M(X) — attenuation coefficient
“totaI:ua'i' p-s

Strobl, M. et al. (2009). J. Phys. D. Appl. Phys. 42, 243001.
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= Neutron imaging

Total neutron scattering

Object Detector
Cross section

Source Collimator

Beer-Lambert law:

- D i })t_.‘ MZOE—Ju(X)dx

I,— primary beam

L | U(X) — attenuation coefficient
D — Collimator aperture, pinhole Spa“al I’eSO|UtI0n p‘totalzua+ U'S
L — Distance Collimator-Object |
| — Distance Object-Detector d = —
L/D

Strobl, M. et al. (2009). J. Phys. D. Appl. Phys. 42, 243001.
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Spallation source

4 2 1. Pinhole
6 2. Flight tube
’I"l_l__.—:";'a 3. Beam limiters
[ w—— s g § 4. Flight tube
,,---s‘#"“ 2 t 4 =Y 5. Sample stage for small samples
6. Sample stage for large samples
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Detectors

Charged Coupled Device Multi Channel Plate
S
"g % (a) Neutron (b)
IR
Zm
__________________ . s Neutron-
. . X . } sensitive
Sample or process ,: -------- ‘ O' O multichannel
-~ LiF/ZnS or ol — plate
Scintillator screen R h
~ Gd0.5 heiiiel charnel e
emerge into multipliers
\ Power channels v
\\ > I Supply Captunng Multlplled -
N > 2t MO ) e
.g. B- R d
\\ » Co.ntrOI particle tracks, (anode)
/ unit on PC ions, electrons
Mirror Light tight box ~ CCD camera http://www.novascientific.com/technology/
Field of view: 0.5x0.5 m? to 5x5 mm?

Pixel size: 500x500 um? to 1.5x1.5 um?
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Spatial resolution - Siemens star

Neutron Microscope T Ik

H\\\\\&\\\ \ae

Trtik, P. et al. (2015). Physics Procedia. 69, 169.
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Neutron microscope with neutron optics
Objective _
Feed guide
[ -/
Source Collimator Object Detector Working distance Wolter optics with neutron mirrors
Guide to condenser P
distance
. D f f L
- P —)
L I
D — Collimator aperture, pinhole d = L/LD

L — Distance Collimator-Object

[ — Distance Object-Detector

M. Abir et al. (2020). Journal of Imaging. 6, 100.
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Principle for data acquisition in imaging

experiment

1. Raw image, I,

2. Dark field image (no beam), correct for
dark-current in detector system, DF

3. Flat-field image (open beam), correct
for inhomogeneities in beam-profile and
in detector screen, FF

4. Image, Ty

T g — DF
.EI .
FF—DF
Source Collimator Object Detector

$ o (€
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0.12

0.08 -

0.25h 0.5h 6h 12h

Image intensity (relative change)

0 10 20 30 40 50 60

Strobl, M. et al. (2009). J. Phys. D. Appl. Phys. 42, 243001.
Time since water pulse (min)
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Cases: Cultural heritage

Stovringgard
Norred 4 o (Randers)
(Viborg)
M()ssm*

(Skanderborg)

ANTARES (FRM 11, DE)
WB-T
ER-T
% D2335

% C6375

% C6871

A. Fedrigo et al, Archaeol Anthropol Sci (2018) 10,1249-1263
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Tomography

£

P“(x’l

2D sample Projection image T,

27 October 2021 DTU Energy

113 141 169

Sinogram

no. of projections n with
resolution d of object with size R

TR

n=3d
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Tomographic reconstruction — Radon transform

}[ I\ | |
\
\>/ v
- \ i
\\ SNEE SEENEEENE
R R s REERRRRRE Backprojection

'ﬁ.I%.i.I:IIZZ of profile at 0
. amm :}[ ......... across image
= matrix
,.,,._1 .........
.............

X
f6y) (/ \ Backprojection after
To Obiject 2 angles 8 angles 256 angles
X ) . g
/ \
real domain é / »

WV
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Principle for tomographic reconstruction

Collect projections, Py(x’), for several angles
Calculate the Fourier transform of each projection

Apply the Fourier filter to approximate the ideal case

AR W N -

Find the inverse Fourier transformation of the filtered
projection

5. Sum over all angles to make the reconstruction

4 projections 8 projections 32 projections 128 projections
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Cases:
Soot in particulate filter for diesel engine
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https://www.psi.ch/media/distribution-of-soot-particles-in-particulate-filters-of-diesel-vehicles

27 October 2021 DTU Energy Neutron PhD school - Imaging



Al Cases: Aging of Li-ion rechargeable battery |j—_‘

NEUTRA@PSI Charged Discharged

M harond | 120
‘—Cl'm.rgcd —oan ]
s | Discharged| sl — Discharged|
) \ J -~ H()fv
P = 10|
2 S |
E 2 100
<« Cell can g g
;J .\ =< < s
3.8V / \ Separator
15A o,/ CUNA P | C LiFeFO,
’ arbon i > i S
Hi£eP0s o | v il LiiCs | Lii.FePO,
Separator 8’65 70 75 30 35 % 95 85 9 %5 91 915 92 925

Distance (mm) Distance (mm)
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Break — 10 min

Clipartpng.com
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Total neutron cross section for different polycrystalline
materials

= Energy-resolved neutron imaging
Bragg-edge imaging
2d,,,,Sin6=A
Bragg's law: 2d;4sin =
2d,,,SinB< A
'ﬁ*:u?:‘fn? o)

I ©

(fast) neutrons

neutron pulses
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Josic, L. et al (2011). Nucl. Instruments Methods Phys. Res. 651, 166.
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= Energy-resolved neutron imaging M
Case: welding of steel P R
’ 10-2/"-’ li’i:% ]

0 1 2 3 4 5 6 7 8 9 10
A[A1

3.4 A 4.0 A 4.4 R
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Solid Oxide Electrochemical Cell (SOFC/SOEC)

Fuel
H, + CO H,O + CO,
— CO + H,0 — H, + CO, heat
H,O H,O H,O H,O

Permeable 1 RO R O G

ek H, 2H, + 20~ - 4e™ + 2H,0 3 e

Impermeable | O~ o (on (on

electrolyte (@F MO {oF (O e B

Permeable O, +4e™ > 20" <

cathode

0, 0, O, O,
Air Depleted O,
Oxidant fea

PsoE M

UR BUSINESS

(a) As-sintered state

N i +YS Z (b) Short-term reduced state (c) Long-term reduced state (d) First re-oxidized state
support
Ni+YSZ
YSZ
LSM+YSZ
10um
—
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strain and NIO reduction in Solid Oxide Fuel/
Electrolysis Cell electrodes

Cases: In-situ Bragg-edge imaging linking @
>

0 m|n

r,-.——yy—or b “ i i LTS R R
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: X
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................................. ) ‘@)
- LAY foa ray s et B
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2 15 min (D
1 == l—‘%‘ Y Uq
L B I R LR T o'
; 25 min o)
’v r&‘ » ‘-_'f
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0
M. Makowska et al, J.Appl.Cryst. 48, 401(2015)
- :’750 oC f M. Makowska et al, J. Appl. Cryst. 49, 1674 (2016)

27 October 2021 DTU Energy Neutron PhD school - Imaging 25



Neutron Bragg-edge tomography of crack
evolution after 5x red-ox cycling

HE

M. Makowska et al, Physica B: Cond. Matter 551, 24-28 (2018)
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Degradation of batteries - a multi-scale challenge

Battery Layers Grains Grain orientations Fine structur Defects
lcm Imm 100pum 10pm lpm 100nm 10nm 1nm
3DXRD X-ray microscopy Scanning electron microscopy Transmission electron microscopy

<€ ><€ >

Neutron imaging today European Spallation Source (2024-)

< >
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Multi-modal neutron 3D imaging and diffraction

Imaging detector: Diffraction detector:

e 55x55 pum? & 512x512 pixel array o 256x256 mm? & 64x64 pixels
1774 wavelength resolved images o 90° detector range: 1.7 A-44 A
Adapted range: 2.0 A-6.4 A

e 20.48 us temporal binning

90° diffraction detectors

A

’n' ;'p J‘ -i

U ¥ Imaging detector

» Mapping phase, shape, orientation and
position of individual detectable grains

» Strain tensor determination for individual
R grains -> 3D strain tensor field

Neutron source

%, \

Neutron pulses

Sample
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Charge-discharge of Li-ion battery — the electrodes

e
)
~
5 delithiation ik
= = g Crystallographic phase changes: Li,C, ~— th'iaﬁ;m = zLi" + ze + yC
= s n
E B 83 AL *‘ﬁ
0
N R L T S s‘“
:o a a » 2
e ¢ I o SRR aud ‘s “% S 33“&3:%‘ »
i [ ° F) a <J
| $ad o0 PP Bik T °
2 .0 R I I S XA A 3,335:%% 3
g e 2 ' @ T a [3] Matsunaga et al., Carbon,
:'_' =~ EF ') Agraphile LiCy, LiCg 142, 513-517 (2019)
45} = E- E 0.4 v T T T T T
%3 E
-l
E:l ‘;’ 04 stage 1
5 5
'E-_I' % [4] M. Hess, PhD thesis,
= g N ETH Zirich (2013)
0.0 : : . : )
0 93 186 279 372

specific charge [mAh/g]

G.-L. Xu et al., J. Mater. Chem. A, 2(47), 19941-19962 (2014)
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Battery cell for operando neutron tomography — #Zemac

Working Electrode = graphite:carbon PVDF (8:1:1) (740 um)
Counter Electrode = metallic lithium (760 pm)
Electrolyte: 1 M LiPF6 in EC/DMC: 50/50
Seperator (fiberglas, 50 um)
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HE

Discharge — charge of model Li-ion battery ey
15 "Z/—PHHL‘
.| © O0h ——Graphite
35 -V curve y| 7 8h —HCy,
» OCV — . R
e = » discharge g 1_. e 16h _LIC6 #
. —C(graphite) * charge = $ B,
Sasi|— — S :
= %
¢ 2 £
- n
Pl L So0s
& . . IC12 I—
I Lici, LiCs
05f N\ © i
U — 1 I 1
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Time (h)

Wavelength (A)

Counter
Electrode,

: | . ' WL Y . Li
I m~m{rxﬂfﬁabWAWWﬁm-‘ N

Working
Electrode
Graphite peflet
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Distribution of Li and transformation C—-Li1C12-LI1Cs
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3D neutron diffraction

Reflaction

002 3.355 A Graphite
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Distribution of Li and transformation C = LiICi12- LICs

I 1

* Rest |
« Lithiation \
* Delithiation

&

Voltage/V vs. Li/Li*

p— b
W — U N W

S

=

Diffraction data

Imaging data

Att. coef. (cm™)

[
(W |

10 20 30 40 50
Time (h)
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Enhanci ng contrast: object transmission a
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= Neutron grating interferometry
(a) detector
‘ ’ z Gl
GO nmplc :
Ill “ J’ WF“
l
neutron
s B L - object phase shift ® [x]
400
(b)
200
0
D -200
Grunzweig, C. et al. (2006). Phys. Rev. Lett. 96, 215505. x' Grinzweig, C. et al. (2008). Appl. Phys. Lett. 93, 112504.
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3D polarimetric neutron tomography of magnetic
flelds and current distributions @RADEN
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Polariser T-spin n/2spin ~ Magnetic shielding  7/2 spin
flipper rotator rotator Analyser Detector

Sample Inside

M. Sales et al, Scientific Reports, vol: 8, issue: 1, pages: 1-6, 2018
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3D polarimetric neutron tomography of magnetics
fields and current distributions @RADEN

(a) B B [mT]

i

M. Sales et al, Scientific Reports, vol: 8, issue: 1, pages: 1-6, 2018
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3D polarimetric neutron tomography of magnetic"f"’”’””f
fields and current distributions @RADEN
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Work in progress:

Link current distribution to
Bragg-edge data in each
pixel

Link to diffraction in 3D
Map in 3D
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B-field component around electrode
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2D 3D aD +

N eu t ron | m ag | N g | spétial | spatial | spatiotemporal spaltioteimp?rall +

Sta‘ngard techniques P attenuation
— : PO (
5l &k | S . contrast

A\ N
- [ ) Frame 1 - -
-z , " WP
-\l b Al

Radiography Computed tomography Time-series imaging Stroboscopic imaging dark-field
_ contrast
Advanced techniques
W '
If L = \W |||| k .
7 \ diffraction
= contrast
Energy selective imaging Neutron grating interferometry Diffraction imaging
Under development
- '
/ N |
‘\. / > - N \ ‘/ .
X . I .
s )/ % polarisation
3 / "N\ \ % contrast
>
[ ) L
Imaging with polarized neutrons High resolution imaging
multimodal
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= ESS: ODIN and BEER

EUROPEAN
SPALLATION
SOURCE

Beamline for European materials Engineering Research - BEER
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Cases:
Polymer Electrolyte Membrane Fuel Cell (PEMFC)

Out: -
unused H, N K N air, H,O

Mischler, J. et al. (2010). Electrochimica Acta. 75, 1.
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Cases: In-situ study of water in PEMFC

(d) 24./5 min

5
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0 100 200 300 400 S00 600
ume {8)
D, Result: a new model for two-phase flow

Manke, I. et al. (2009). Appl. Phys. Lett. 92, 244101.
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