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Free neutrons have high penetration power.
They are able to penetrate matter of relevant thickness (several pm to dm).
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Attenuation contrast

N — numerical density of sample atoms per cm?
|, - incident neutrons per second per cm?

G - heutron cross section in ~ 1024 cm?

d - sample thickness

Transmission
(Beer-Lambert’s law)
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* Neutrons can be detected with suitable devices (neutron imaging detectors)

» The distribution of the neutrons without a sample (unperturbed, «open» beam) I,
and after interaction within the sample | are measured.

* The ratio of the two images gives
the neutron transmission in the How an image is
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* Neutrons can be detected with suitable devices (neutron imaging detectors)

» The distribution of the neutrons without a sample (unperturbed, «open» beam) I,
and after interaction within the sample | are measured.

* The ratio of the two images gives
the neutron transmission in the
beam direction T(i,))

Iy(ij) I(,))

EEEE:. . unEEEEE
EEmE T EEEEE
...........

CamEEl

EEEEE. GEEEEE
EEEEE. o EEEEEEE
llllllllllllllllllllll
llllllllllllllllllll
llllllllllllllllllll
llllllllllllllllllll

https://www.physics.nist.gov/MajResFac/NIF/radiography.htmi



Source Collimator Object __ Detector

Axis of rotation I

—jZ(x)dx

=~ Ioe

X — propagation direction |o— primary beam

>(X) — attenuation coefficient
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Tomography

Example: Alkaline battery
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Obiject's slice

L

For tomography measurements, projections of the sample at
different angles are recorded. Here we show the projection of
one verticle slice from the sample.
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\ Obiject's slice

Projections of this slice are
measured at different angles.
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bjects slic

For the projections either
 the source and detector or
the sample are rotated.
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Obiject's slice
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After collecting the projections at different angles a
backprojection procedure can be performed. The signal

obtained at a certain angle is backprojected in the sample

lice.
slice H7B



Obiject's slice

The backprojections are
performed at the certain angles.
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Object's slice
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Object's slice Reconstruction

Principles of Computerized Tomographic Imaging

Avinash C. Kak, Malcolm Slaney
Society for Industrial and Applied Mathematics, 2001 - 327 Seiten

Principles of Computerized Tomographic Imaging provides a comprehensive, tutorial-style introduction to the algorithms for
reconstructing cross-sectional images from projection data and contains a complete overview of the engineering and signal
processing algorithms necessary for tomographic imaging. In addition to the purely mathematical and algorithmic aspects of

these algorithms, the book also discusses the artifacts caused by the nature of the various forms of energy sources that can
Mehr »

Principles of Computerized
Tomographic Imaging
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Radiography
(2D image of the
transmission~e-29)

Tomography
(3D matrix of the attenuation
coefficients 2)
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neutrons

absorption

scattering

Attenuation coefficients with X-ray [cm?']
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Attenuation coefficients with X-ray [cm?']
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Attenuation coefficients with X-ray [cm?']
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Complementary radiography of a camera using neutrons (left) and X-rays (right).
Whereas the hydrogen containing parts can be visualised with neutron even at thin
layers, thicker metallic components are hard to penetrate with X-rays.

Images courtesy: Dr. Eberhard Lehmann (Paul-Scherrer-Institute, Switzerland) HZB



https://commons.wikimedia.org/wiki/File:Europe_180ad_roman_trade_map.png
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Cost of the Empire

Revenue in 180AD 74,500,000 denarii
Entertainment 26,250,000 denarii

per year
Roman Army 37,500,000 denarii
per year

Infrastructure 43,525,000 denarii
per year

Balance in 180AD 32,775,000 denarii

All routes lead to Rome: A map of Roman ports and trade routes
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Lead blocks recovered near the UNESCO World Heritage Site Syracuse. Presumably | century B.C.
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Triolo, R. et al. Anal. Methods 6 (2014) 2390-2394 HZB S



Lead blocks recovered near the UNESCO World Heritage Site Syracuse Presumably | century B.C.

Triolo, R. et al. Anal. Methods 6 (2014) 2390-239/ HZB ‘i
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Cantini, Francesco, et al, Archaeological and Anthropological Sciences 16.3 (2024): 45.,



Particle

de-Broglie wavelength: A= %
Wave number: k =2n/A, k= mf';v
Momentum: p=hk

Momentum operator: p = —thV

Kinetic energy: & h2k?

2my

Wave—particle duality is the concept in quantum mechanics that every particle or
guantum 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.

Diffraction

“possible
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https://nmi3.eu/neutron-research/techniques-for-/structural-research.html
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Diffraction based imaging

Research reactor

(5 )

Zentrum Berlin



Cantini, Francesco, et al, Archaeological and Anthropological Sciences 16.3 (2024)
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Diffraction based imaging

Research reactor

(5 )
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Neutron imaging in archaeology

(Tamil, Nadu AK-MAK-1291, c. 1000-1200 AD)
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Cantini, Francesco, et al, Archaeological and Anthropological Sciences 16.3 (2024): 45.,
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f . A=3.55 A

20 mm

HZB 00k
Cantini, Francesco, et al, Archaeological and Anthropological Sciences 16.3 (2024): 45.,
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| Bragg's law
polychromatic polycrystalline _
neutron beam material 2dhk|S| n@:k
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polychromatic
neutron beam

polycrystalline
material

Bragg's law
2d,,,SIN90°=)\

Cross-sections of iron per atom

25 1

2d, =% (110)

wavelength [A]
—el coh —inel coh =—el inc ~—inel inc — abs =tot
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R. Woracek et al., Advanced Materials 26 (2014)
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Tensile sample

Torsion sample
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Line profile through
cross-section

140 .40 Tomography: Diffraction:
VIRGIN sample
120 -20
100 0 ~—
—-— X
‘35. St
5 80 20 g
= 2
S 60 40 g
L
§ 40 Neutron 60 ch
Diffraction
20 T h 80
omosgra
5 grapny -
e < & o * 8 s Line profile through 2x2x2mm? gauge volume:
Position along height from sample center [mm] T 21 measwementpolnts
i s Tomography: Diffraction:
Neutron VIRGIN sample :
120 | piffraction -20
100 0 = e
I3 =
o 80 20 g
= 2
S 60 0 g
[ -
3 L {60 s
20 80
Olson-Cohen model
0 100

2x2x2mm? gauge volume:
13 measurement points

HZB

Helmholtz
Zentrum Berlin



Courtesy of

K. Oikawa (J-PARC, JAEA)
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Inline (sequential)

.. X beam N beam
Across (quasi-simultaneously)
.'

N beam

Across-shifted (sequential with 90 ° rotation)

*'

X HZB ;‘:rI]Tl'ngltéerlin



PAUL SCHERRER INSTITUT

=]

Photo: front view

Photo: back view
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Analysis of
corrosion vs. solid metal

Heavily corroded
nails from the
Roman period
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Neutron-CT X-ray-CT
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* Similar length scale as X-rays (cm to um)

* High sensitivity to hydrogenous (H)
components
* Good penetration of metals X-rays

Information about structural changes
* Different attenuation coefficient for

Isotopes Neutrons
H D 6§ Li 7Li Information about contrast changes
® ‘ e Useful in a broad field of applications:

* Li Batteries

e imaging * Fuel Cells

» diffraction * Electrolysers

* Bragg-edge mapping e H-Storage
e Material research
* Geology

] o * Biology
* Instruments and Detector getting more optimised « Cultural heritage 7R

- Higher spatial and temporal resolution
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Knowledge isn‘t free

You have to pay attention

Richard P. Feynman



