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Neutron imaging

Source Sample Detector
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Neutron imaging

Introduction

One of the first X-ray experiments late in
1895 performed by Konrad Rontgen was a
film of a hand.

The bones and also finger rings deliver
much higher contrast than the soft
tissue.
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Neutron imaging

Introduction
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Photo of experimenters taking an X-ray with an early Crookes tube apparatus, from the late 1800s.
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Neutron imaging

Roots of neutron radiography

Comparison between x-ray
and neutron images

)

Berlin, 1935 — 1938
H. Kallmann & Kuhn with Ra-Be
and neutron generator

Berlin until Dec. 1944
O. Peter with an
accelerator neutron source

neutrons x-rays

But the real programs with neutrons started after World War Il at research reactors
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Neutron imaging

Introduction

Sample image: X-ray showing frontal view of both hands.
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Neutron imaging

Neutron interaction with matter

X-rays (100 keV)
= Thermal neutrons

Gd

113
N

light
elementg %

heavy
metals :

absorption

Mass attenuation coefficient, (cmz/g)

Atomic number

scattering

ts
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Neutron imaging

Neutron interaction with matter

Attenuation coefficients with X-ray [cm?']
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Neutron imaging

Neutron radioagraphyv - examples

;

The example for a camera helps to explain differences in
neutron (left) and X-ray (right) radiography. 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)
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Neutron imaging

Observation of a lead container. The neutron image on the left
was obtained after 20 s. On the right, the gamma radiography
with Co-60 (1100 keV) needed 120 minutes of exposure.

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

Beam optimisation

CONRAD-2
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CONRAD-2

Cold neutrons

Wavelength range: 1.5 A — 10 A
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Neutron imaging

Contrast Resolution

 Bea
 Dete
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Neutron imaging

Beam optimisation

Source Collimator  Object Detegtor

......

Jua

X — propagation direction I0 — primary beam

>(X) — attenuation coefficient

N. Kardjilov, Oxford School on Neutron Scattering, 13. September 2017



Neutron imaging

Beam optimisation

Source Collimator Object _ Detector

Yy

D — Collimator aperture d = |
L — Distance Collimator-Object | / D
| — Distance Object-Detector
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Neutron imaging

™

Rdiographs of a 3,5" fldppy d'rive in 0 cm, 10 crfﬂi'a'nd 20 cm distance
from a film + Gd sandwich taken at a cold neutron guide with L/D=71.

B. Schillinger, Estimation and measurement of L/D on a cold and thermal neutron guide, in: Nondestructive Testing and Evaluation, World Conference on
Neutron Radiography, vol. 16, Osaka, 1999, pp. 141-150
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Neutron imaging ‘

L/D=71 L/D=115 L/D=320 L/D>500.
Radiographs of a small motor taken at different beam positions
with different L/D ratios.

B. Schillinger, Estimation and measurement of L/D on a cold and thermal neutron guide, in: Nondestructive Testing and Evaluation, World Conference on
Neutron Radiography, vol. 16, Osaka, 1999, pp. 141-150
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Neutron imaging

Beam optimisation
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CONRAD-2

Cold neutrons

Wavelength range: 1.5 A — 10 A
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Neutron imaging

Resolution
* Beam optimisation
* Detector development <=

Contrast

* Neutron interaction with matter
- absorption
- Incoherent scattering
- coherent scattering
- magnetic interaction
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Neutron imaging

Detector development

Standard setup

Detector system Scintillator: 200 um 6LiF
Lens system: 50 mm
Pixel size: 100 ym
Exposure time: 20 s

-

500 400 300 200 100 MM

N. Kardjilov, Oxford School on Neutron Scattering, 13. September 2017



Neutron imaging

Detector development

neutron detection for imaging

= no direct neutron detection possible

= a secondary nuclear process is needed
(capture, fission, collision)

main neutron imaging processes are using:

scintillation

photo-luminiscence by secondary particles + 3, y
nuclear track detection

chemical excitation

collection of charge in semiconductors from Gd conversion

vV V Vv V¥V V¥V
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Neutron imaging

Capture reactions for thermal / cold neutrons

SHe + In = 3He + 1Ip + 0.77 MeV
=  5Li+1n 2 3H +%He +4.79 MeV

UB+n=Li +%He+ 278 MeV (7%)
= ‘Li* + “He + 2.30 MeV (93%)

155Gd + In = 156Gd + y’s + CE’s (7.9 MeV)
157Gd + In = 158Gd + y's + CEs (8.5 MeV)

235U, 239Pu 'n = fission products + 80 MeV
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The ZnS+5LiF scintillation screen is the limit of resolution.

2-D representation of thermal neutron
interaction with ND screen

thermal

nevlrons W

\ MND screen

visible ||gh!

Key

SLiF

InS:Ag

Ho
"is photon

Slide courtesy: Dr. Burkhard Schillinger (FRM-II, Munich, Germany)

The reaction products of
6Li(n,a) -=>3H + “He + 4.7 MeV

have to be stopped in the ZnS
scintillation screen.
Their average range is in the order of
50-80 um.

About 177,000 photons are
generated per detected neutron.

With thinned scintillation screens, we
can achieve resolution in the order of
20-30 pum.
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Neutron imaging

Nikkor Makro-Objektiv - 105 mm - F/2.8

FOV,_ ... 10 cm x 10 cm, pixel size: 50 pm

max-*

FOV,,,: 6 cm x 6 cm, pixel size: 30 ym

1:1 imaging
FOV, ... 2.8 cm x 2.8 cm, pixel size: 13.5 ym

max*
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Neutron imaging

Detector development

Standard setup Improved lenses+ Improved screen

Scintillator: 200 um 6LiF Scintillator: 200 ym 6LiF  Scintillator: 5 pym Gadox
Pixel size: 100 um Pixel size: 30 um Pixel size: 30 um
Exposure time: 20 s Exposure time: 20 s Exposure time: 120 s

500 400 300 200 100 MM

Kardjilov, N., et al. "A highly adaptive detector system for high resolution neutron imaging." Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment 651.1 (2011): 95-99.
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Neutron imaging

SiO, particles in water

1 mm
X-rays, 120 kV cold neutrons o
: L Pixel size: 13.5 ym (resolution: 30 um)
Pixel size: 15 uym
Gadox 10 uym

Lens system: 200mm

Kim, F., et al. "High Resolution Neutron and X-Ray Imaging of Granular Materials." Journal of Geotechnical and Geoenvironmental Engineering (2012).
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Neutron imaging

Resolution
* Beam optimisation
» Detector development

Contrast

* Neutron interaction with matter
@, - absorption ¢==

/\/\/ - scattering

;” - magnetic interaction
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Attenuation Contrast

O

1cm
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Neutron imaging

Application — fuel cells

ELECTRIC CIRCUIT
(40% - 60% Efficiency)

Fuel H2

02 (Oxygen)
ysrogen from Air

Heat (85°C)

Water or Air Cooled
Used Fuel Air + Water Vapor
Recirculates
Flow Field Flow Field
Plate Plate
Gas Diffusion Gas Diffusion
Electrode (Anode) Electrode (Cathode)
Catalyst Catalyst

Proton Exchange Membrane

The basic elements of an
individual PEM fuel cell:

Composites are used in
flow field plates and gas
diffusion layers that
control the mix of
hydrogen and oxygen in
the electrochemical
reaction.

Source: Ballard Power Systems
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Neutron imaging

Application — fuel cells

Flow Channel

Membrane
Gas Diffusion Layer

End Plate
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Attenuation Contrast

Fuel cells

current density water volume

Current density
(Alcm?)
- 1.0
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time (s)

water amount (a. u.)

H,/D, contrast radiography "' thicknes;

1 I. Manke et al., APL 90, 174105 (2007)
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Neutron imaging

Application - plants

1.om
HZO//DZO

Tomato Seedling Matsushima, U., et al. "Application potential of cold neutron radiography in plant science research."
Journal of applied botany and food quality 82.1 (2008): 90-98.
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Neutron imaging

Absorption tomography

Source Collimator Object

Axis of rotation |

Detect
tz 11%%%

Ol'

T

X Tomography
- j > (x)dx
~ Ioe

X — propagation direction I0 — primary beam

>(X) — attenuation coefficient
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Neutron imaging
Single tomographic projections
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Neutron imaging

Tomographic reconstruction
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Attenuation Contrast

Lead blocks recovered near the UNESCO World Heritage Site Syracuse.
Presumably | century A.D. (Roman Imperial Age).

N. Kardjilov, Oxford School on Neutron Scattering, 13. September 2017



Attenuation Contrast

Lead blocks recovered near the UNESCO World Heritage Site Syracuse.
Presumably | century A.D. (Roman Imperial Age).
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Attenuation Contrast

http://mapsontheweb.zoom-maps.com/image/64197912527
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Neutron imaging

Resolution
* Beam optimisation
» Detector development

Contrast
 Neutron interaction with matter
@, -absorption

/\/\| -scattering ¢mm
;” - magnetic interaction
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Diffraction Contrast

A=4.0A

MV

1cm
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Neutron imaging

Beam monochromatisation

Double crystal monochromator:
PCG crystals (mosaicity of 0.8°)

Range: 2.0 - 6.5 A
Resolution (AMA): ~ 3%

Neutron flux: ~ 4x10%n/cm?2s
(at A=3.0 A)

Beam size: 5 x 20 cm? o s B% B

Kardjilov, Nikolay, et al. "New trends in neutron imaging." Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers,

Detectors and Associated Equipment 605.1 (2009): 13-15. . _E# L
N. Kardjilov, Oxford School on Neutron Scattering, 13. September 2017



Neutron imaging

2.0

1.8 -

1.6 -

1 tabulated

1.4 1
1.2
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Fe
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Neutron imaging

Coherent scattering — Bragg edges
| Bragg‘s law
polychromatic polycrystalline

wneutron beam material Zdhk|Sin9=7»
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Neutron imaging
Coherent scattering — Bragg edges
| Bragg‘s law
polychromatic polycrystalline

wneutron beam material 2d hkls i ng °=K

Cross-sections of iron per ator
2d,=h  (110)

25

wavelength [A]
—el coh —inel coh ==&l inc ~—inel inc — abs ==tot
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Neutron imaging

Energy-selective radiography

2.0
18] Fe

- 1.6

Attenuation coefficient, £ [cm™]
' o
\'*:'
-

Lehmann, E. H., et al. "The ener nd Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 603.3 (2009): 429-438.

ctive option in neutron imaging." Nuclear Instru
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Neutron imaging

20

18] Fe

(110)

Attenuation coefficient, £ [cm™]

I/I
A
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Attenuation coeff. [cm-1]

R. Woracek et al., Advanced Materials 26 (2014)
N. Kardjilov, Oxford School on Neutron Scattering, 13.
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Diffraction Contrast
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Neutron imaging

Resolution
* Beam optimisation
» Detector development

Contrast

* Neutron interaction with matter
@, -absorption
/\/\/ - scattering
(o”7 - magnetic interaction <=

N. Kardjilov, Oxford School on Neutron Scattering, 13. September 2017



Magnetic Contrast
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Neutron imaging

Principle

2D-d§tector

Spin B-field Spin \
rotation
Neutrons 9
o It 4 2
y : : .
IY’Z Spin polariser Magnet Spin analyser \

VL
=w, t=%2= | Hds
@ L v j

path

Experimental parameters

* Solid state polarazing benders

« Beam size (WxH): 20 x 4 cm?

 Exposure times: ~10 min / image
permanent magnet

N. Kardjilov et al, Three-dimensional imaging of magnetic fields with polarized neutrons, Nature Physics 4, 399, 2008
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Neutron imaging

Principle 2D-detector
N

Spin B-field Spin

rotation
Neutrons -0
e it 4t > 4t
y . .
IY’Z Spin polariser Manet

Spin analyser

Experimental parameters

* Solid state polarazing benders
« Beam size (WxH): 20 x 4 cm?

» Exposure times: ~10 min / image

N. Kardjilov, Oxford School on Neutron Scattering, 13. September 217



Neutron imaging

Principle
2D-d§tector
Spin B-field Spin
rotation
Neutrons - ¢
oy |t 4t > 4
y . . .
IY’Z Spin polariser Magnet Spin analyser

Experimental parameters

* Solid state polarazing benders

« Beam size (WxH): 20 x 4 cm?

1cm

» Exposure times: ~10 min / image _ R
non-dipole magnets

N. Kardjilov et al, Three-dimensional imaging of magnetic fields with polarized neutrons, Nature Physics 4, 399, 2008
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Neutron imaqing

Principle B-field of ZD-thectDr
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Neutron imaging

Example: Flux pinning

Pb cylinder Tomography
(polycrystalline) T
2 + 7196 K (T,)
i | 7-0 K *
1cm

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, Oxford School on Neutron Scattering, 13. September 2017



" Thank you !

https://www.helmholtz-berlin.de/user/user-info/user-offices/neutrons/index_en.html
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