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 Articles to read (in this order is recommended)

 Strobl, M. (2009). Future prospects of imaging at spallation neutron sources. Nuclear Instruments and Methods in Physics 

Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 604(3), 646-652.

 Note that this article is from 2009 (the very beginning of ToF imaging), but it summarizes all considerations and the 

motivations for installating an imaging beamline at a spallation source.

 Kockelmann, W., Minniti, T., Pooley, D. E., Burca, G., Ramadhan, R., Akeroyd, F. A., ... & Kabra, S. (2018). Time-of-Flight 

Neutron Imaging on IMAT@ ISIS: A New User Facility for Materials Science. Journal of Imaging, 4(3), 47.

 Description of one of the two ToF imaging beamlines operational worldwide. The article summarizes all important 

aspects (basics of ToF, basic instrumentation, detectors) as well as a detailed application example.

 Woracek, R., Santisteban, J., Fedrigo, A., & Strobl, M. (2018). Diffraction in neutron imaging—A review. Nuclear Instruments 

and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 878, 141-

158.

 Neutron imaging contrast based on diffraction (often called ‘Bragg edge imaging’) is the most common application for 

ToF imaging (as of now). This article gives a comprehensive overview of the principles and shows several examples.

Reading list & useful references

Energy (wavelength) selective imaging 2 

3

https://www.sciencedirect.com/science/article/pii/S0168900209005300?via%3Dihub
http://www.mdpi.com/2313-433X/4/3/47
https://www.sciencedirect.com/science/article/pii/S0168900217307817


Woracek, SWEDNESS/LINXS Neutron Imaging

AGENDA
 Part 1: Introduction to ToF imaging

 Basics (neutron energy, wavelength, velocity)

 The ToF concept 

 ToF vs steady state instruments

 Part 2: What do we need for a ToF neutron imaging instrument?

 ToF Neutron Source

 Examples of of ToF imaging beamlines 

 ToF Detectors

 Part 3: ToF Imaging methods

 The bigger picture: overview and comparison to other neutron techniques

 ‘Attenuation’: Monochromatic, ‘white-beam’ and ‘pink-beam’ (narrow wavelength) applications

 Diffraction Contrast / Bragg edge imaging (including diffraction basics)

 Other methods to profit from ToF: Polarized, phase and dark field, 3DND, resonance absorption

 Part 4: Hands on example (please install https://imagej.net/Fiji/Downloads or  https://imagej.nih.gov/ij/download.html)

AGENDA

Wavelength selective imaging 2 - ToF
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• So….. : One can determine the wavelength of neutron by knowing its 
velocity!

• How can one determine a neutrons velocity?

Part 1: Basics

Energy (wavelength) selective imaging 2 

• The neutron can be described as a classical particle with mass m but it 
shows wave character too, which can be described with the deBroglie
wavelength λ. 

• neutron energy <-> neutron wavelength <-> neutron velocity
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• So….. : One can determine the wavelength of neutron by knowing its

Part 1: Basics

Energy (wavelength) selective imaging 2 

• The neutron can be described as a classical particle with mass m but it 
shows wave character too, which can be described with the deBroglie
wavelength λ. 

• neutron energy <-> neutron wavelength <-> neutron velocity

• How can one determine a neutrons velocity?
• By starting a (many) neutron(s) at a time t0 and stop the time it needs 

to travel a distance L
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• How can one determine a neutrons velocity?
• By starting a (many) neutron(s) at a time t0 and stop the time it needs 

to travel a distance L

Part 1: Basics

Energy (wavelength) selective imaging 2 

𝑡𝑇𝑜𝐹 =
λ ∙ 𝑚 ∙ 𝐿𝐷𝑒𝑡

ℎ
=

λ ∙ 𝐿𝐷𝑒𝑡

3956

(Å𝑚/𝑠)

• How can one run a ToF experiment?
• Use a high intensity neutron source with a ‘pulsed beam’
• A reactor is a ‘steady state’ source, but one can use choppers
• A spallation source is pulsed be design

• So far, two dedicated neutron time of flight imaging beamlines are in 
operation:

• RADEN (J-PARC, Japan) and IMAT (ISIS, UK). Also tof beamlines used 
for imaging at LANSCE (USA) and ORNL-SNS (USA). ODIN at ESS will 
start user operation in 2023.

• Wavelength selection allows for maximizing image contrasts…

𝐿𝐷𝑒𝑡 = distance from source to detector
m = mass of the neutron
h = Planck's constant
λ = neutron wavelength 
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Part 1: Basics

Energy (wavelength) selective imaging 2 
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Part 1: Terminology

Energy (wavelength) selective imaging 2 

Terminology in this quickly developing field is still a source of confusion. Therefore the following terminology is 
proposed and used herein:

• Because in elastic scattering, and meanwhile also largely in imaging, neutrons are characterized and described 
with their wavelengths, we predominantly use of wavelength instead of energy.

• Wavelength resolved measurements are all measurements in which the wavelength of the detected neutron is 
well defined within the limits of resolution.

• Wavelength selective should be the term for monochromatic measurements or series of discrete 
monochromatic measurements.

• Wavelength dispersive should be the term are wavelength resolved measurements that continuously cover a 
certain wavelength bandwidth.

• Bragg edge imaging describes spatially resolved wavelength resolved transmission measurements, which take 
advantage of the elastic coherent scattering signature of a polycrystalline sample in the attenuation spectrum, 
i.e. the wavelength dependent cross section. 

• While this is clearly an attenuation based approach, due to the nature of the specific exploited contrast 
originating in diffraction, the term diffraction contrast for this kind of wavelength dependent attenuation is 
certainly eligible. 

• For imaging methods working in diffraction instead of transmission geometry we propose the term diffractive 
imaging with potential sub-categories for topology and others. 8
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AGENDA
 Part 1: Introduction to ToF imaging

 Basics (neutron energy, wavelength, velocity)

 The ToF concept 

 ToF vs steady state instruments

 Part 2: What do we need for a ToF neutron imaging instrument?

 ToF Neutron Source

 Examples of of ToF imaging beamlines 

 ToF Detectors

 Part 3: ToF Imaging methods

 The bigger picture: overview and comparison to other neutron techniques

 ‘Attenuation’: Monochromatic, ‘white-beam’ and ‘pink-beam’ (narrow wavelength) applications

 Diffraction Contrast / Bragg edge imaging (including diffraction basics)

 Other methods to profit from ToF: Polarized, phase and dark field, 3DND, resonance absorption

 Part 4: Hands on example (please install https://imagej.net/Fiji/Downloads or  https://imagej.nih.gov/ij/download.html)

AGENDA

Wavelength selective imaging 2 - ToF
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Part 1: The ToF concept

Wavelength selective imaging 2 

• A generic pulsed source instrument
• Introducing choppers

Neutron Source:
Spallation Target

Bandwith Limiting 
choppers

Neutron Guide
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Part 1: The ToF concept

Wavelength selective imaging 2 

• A generic pulsed source instrument
• Introducing choppers

Neutron Source:
Spallation Target

Bandwith Limiting 
choppers

Neutron Guide

Everything needs to be synchronized to the source
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Part 1: The ToF concept

Wavelength selective imaging 2 

• A generic pulsed source instrument
• Introducing choppers
• Can also be implemented at a steady state 

source

Neutron Source:
Reactor

Bandwith Limiting 
choppers

Neutron Guide

Everything needs to be synchronized to the source

Pulsed Source:
Chopper
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram

Source
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𝑣 =
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑡𝑖𝑚𝑒 𝑣[2Å] =
3956

λ
=

3956

2Å
=1978 m/sec
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram
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to use a band from 
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Wavelength 
band chopper
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram

Source

D
is

ta
n

ce
 (

m
)

Time (milisec)

0
0 16.7 33.3 50.0 66.7

2ÅLet‘s assume we 
want to use a band 

from 2Å − 7Å.
Where do we need to 

put our detector?

7Å

12max LDet

But, what about the wavelength resolution?

𝑡𝑇𝑜𝐹 =
λ ∙ 𝑚 ∙ 𝐿𝐷𝑒𝑡

ℎ
τ= Pulse width of source

Δλ

λ
=

τ

𝑡𝑇𝑜𝐹

=
ℎ ∙ τ

λ ∙ 𝑚 ∙ 𝐿𝐷𝑒𝑡

Better 
resolution for 

longer 
wavelength!
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram
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2ÅLet‘s assume we 
want to use a band 

from 2Å − 7Å.
Where do we need to 

put our detector?

7Å

12max LDet

Δλ

λ
=

3956 ∙ τ

λ ∙ 𝐿𝐷𝑒𝑡

=
3956 ∙ 0.0002

λ ∙ 12

• Let’s assume a short pulsed source with τ= 200μsec

Δλ

λ
[2Å] =3.3%

Δλ

λ
[7Å] =1%

But, what about the wavelength resolution?
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram
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7Å
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What if we aim for better wavelength resolution?
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram

Source
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2ÅLet‘s assume we 
want to use a band 

from 2Å − 7Å.
Where do we need to 

put our detector?

7Å

What if we aim for better wavelength resolution?

• Increase the flight path

25LDet
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram
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What if we aim for better wavelength resolution?

• Increase the flight path
• Adjust the wavelength band choppers
• -> Both options could be realized in the same 

instrument

Δλ

λ
[2.5Å] = 1.3%

Δλ

λ
[5Å] = 0.6%

2.5Å 5Å

12LDet

Δλ

λ
[2Å] = 1.6%
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram
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Some applications need even higher resolution....

• Increase the flight path further...

12LDet

LDet 75
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram
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Part 1: The ToF concept

Wavelength selective imaging 2 

• The ToF diagram

Source

LDet

D
is

ta
n

ce
 (

m
)

Time (milisec)

25

12

0

75

0 16.6 40 75

LDet

LDet

• -> difficult to host all 
options in the same 
instrument

• 75m option needs 
neutron guide, Frame 
overlap choppers...

Δλ

λ
[2Å] = 0.53%

Δλ

λ
[2Å] = 1.6%

Δλ

λ
[2Å] =3.3%

high wavelength 
resolution

High flux position

Strobl, M. (2009). Future prospects of imaging 
at spallation neutron sources. NIMA 604

Δλ=5A˚

Δλ=2.5A˚

Δλ=0.8A˚

High spatial and moderate
wavelength resolution
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AGENDA
 Part 1: Introduction to ToF imaging

 Basics (neutron energy, wavelength, velocity)

 The ToF concept 

 ToF vs steady state instruments

 Part 2: What do we need for a ToF neutron imaging instrument?

 ToF Neutron Source

 Examples of of ToF imaging beamlines 

 ToF Detectors

 Part 3: ToF Imaging methods

 The bigger picture: overview and comparison to other neutron techniques

 ‘Attenuation’: Monochromatic, ‘white-beam’ and ‘pink-beam’ (narrow wavelength) applications

 Diffraction Contrast / Bragg edge imaging (including diffraction basics)

 Other methods to profit from ToF: Polarized, phase and dark field, 3DND, resonance absorption

 Part 4: Hands on example (please install https://imagej.net/Fiji/Downloads or  https://imagej.nih.gov/ij/download.html)

AGENDA

Wavelength selective imaging 2 - ToF
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Part 1: ToF vs steady state

Wavelength selective imaging 2 

Imaging: We only have one angle! -> need to tune the monochromator!
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Part 1: ToF vs steady state

Wavelength selective imaging 2 

Imaging: We only have one angle! -> need to tune the monochromator!

Advantage for Imaging
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Part 1: ToF vs steady state

Wavelength selective imaging 2 
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recap

Part 1: ToF vs steady state

Wavelength selective imaging 2 
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Part 1: ToF vs steady state

Wavelength selective imaging 2 
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Part 1: ToF vs steady state

Wavelength selective imaging 2 

The wavelength resolution
• Remember (for same instrument): Higher resolution <-> lower flux 

Lower resolution <-> higher flux : typically scales with each other

• Steady state source

see next chapter

• ToF

~0.2%-3% (short pulse)

~0.5%-10% (long pulse)
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AGENDA
 Part 1: Introduction to ToF imaging

 Basics (neutron energy, wavelength, velocity)

 The ToF concept 

 ToF vs steady state instruments

 Part 2: What do we need for a ToF neutron imaging instrument?

 ToF Neutron Source

 Examples of of ToF imaging beamlines 

 ToF Detectors

 Part 3: ToF Imaging methods

 The bigger picture: overview and comparison to other neutron techniques

 ‘Attenuation’: Monochromatic, ‘white-beam’ and ‘pink-beam’ (narrow wavelength) applications

 Diffraction Contrast / Bragg edge imaging (including diffraction basics)

 Other methods to profit from ToF: Polarized, phase and dark field, 3DND, resonance absorption

 Part 4: Hands on example (please install https://imagej.net/Fiji/Downloads or  https://imagej.nih.gov/ij/download.html)

AGENDA

Wavelength selective imaging 2 - ToF
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Part 2: ToF neutron sources

Time of flight 
concept 
inherent

(Exception: SINQ 
at PSI is a 
continous 
spallation 

source)

Time of flight 
can be achieved 

by choppers

Wavelength selective imaging 2 
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Part 2: ToF neutron sources

Wavelength selective imaging 2 
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Part 2: ToF neutron sources

Time of flight 
can be achieved 

by choppers

Wavelength selective imaging 2 
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Part 2: ToF neutron sources

Wavelength selective imaging 2 
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Part 2: ToF neutron sources

Wavelength selective imaging 2 
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Part 2: ToF neutron sources

ODIN
contruction

Venus 
PLANNING

RADENIMAT

Rotating 
tungsten

14

Wavelength selective imaging 2 
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Part 2: ToF neutron sources

• Example of a Spallation Source: SNS

Wavelength selective imaging 2 
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• Example of a Spallation Source: SNS

Part 2: ToF neutron sources

Wavelength selective imaging 2 
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Part 2: ToF neutron sources

• Example of a Spallation Source: SNS

Wavelength selective imaging 2 
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• Example of a Spallation Source: SNS

Part 2: ToF neutron sources

Wavelength selective imaging 2 
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Part 2: ToF neutron sources

• Example of a Spallation Source: ESS

Target Wheel

Wavelength selective imaging 2 
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• Example of a Spallation Source: ESS

Part 2: ToF neutron sources

Wavelength selective imaging 2 
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• Example of a Spallation Source: ESS

Part 2: ToF neutron sources

Wavelength selective imaging 2 

ODIN
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• The ToF diagram

Source
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2ÅLet‘s assume we 
want to use a band 

from 2Å − 7Å.
Where do we need to 

put our detector?

7Å

12max LDet

Δλ

λ
=

3956 ∙ τ

λ ∙ 𝐿𝐷𝑒𝑡

=
3956 ∙ 0.0002

λ ∙ 12

• Let’s assume a short pulsed source with τ= 200μsec

Δλ

λ
[2Å] =3.3%

Δλ

λ
[7Å] =1%

But, what about the wavelength resolution?

Let‘s go back to the pulse 
width

Part 2: ToF neutron sources

Wavelength selective imaging 2 
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Part 2: ToF neutron sources

Wavelength selective imaging 2 

• At short pulsed spallation source, the pulse width depends stronly on the 
moderator and wavelength.
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• At short pulsed spallation source, the pulse width depends stronly on the 
moderator and wavelength.

• The pulse width is a key parameter for short-pulse spallation sources and is directly 
influential on neutron beam instrument performance. 

• It is almost proportional to the neutron wavelength in the 1/E region of flux, is 
broadened in the thermal equilibrium region, and then saturates in the very low-
energy region. 

• The broadening starts to occur at about 300 meV (neutron wavelength of 0.5A˚) for 
an ambient-temperature moderator and at about 15 meV (2.5A˚) for a methane 
moderator at 20 K (see figure).

• In the 1/E region for each moderator, the pulse width is proportional to wavelength.

Part 2: ToF neutron sources

Wavelength selective imaging 2 
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Part 2: ToF neutron sources

Wavelength selective imaging 2 
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AGENDA
 Part 1: Introduction to ToF imaging

 Basics (neutron energy, wavelength, velocity)

 The ToF concept 

 ToF vs steady state instruments

 Part 2: What do we need for a ToF neutron imaging instrument?

 ToF Neutron Source

 Examples of of ToF imaging beamlines 

 ToF Detectors

 Part 3: ToF Imaging methods

 The bigger picture: overview and comparison to other neutron techniques

 ‘Attenuation’: Monochromatic, ‘white-beam’ and ‘pink-beam’ (narrow wavelength) applications

 Diffraction Contrast / Bragg edge imaging (including diffraction basics)

 Other methods to profit from ToF: Polarized, phase and dark field, 3DND, resonance absorption

 Part 4: Hands on example (please install https://imagej.net/Fiji/Downloads or  https://imagej.nih.gov/ij/download.html)

AGENDA

Wavelength selective imaging 2 - ToF
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Part 2: Overview of ToF imaging beamlines

Wavelength selective imaging 2 

RADEN
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Part 2: Overview of ToF imaging beamlines

Wavelength selective imaging 2 

RADEN
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Part 2: Overview of ToF imaging beamlines

Wavelength selective imaging 2 

RADEN
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Part 2: Overview of ToF imaging beamlines

Wavelength selective imaging 2 

IMAT
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Part 2: Overview of ToF imaging beamlines

Wavelength selective imaging 2 

IMAT
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Part 2: Overview of ToF imaging beamlines

Wavelength selective imaging 2 

IMAT
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Wavelength selective imaging 2 

• The ToF diagram
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• -> difficult to host all 
options in the same 
instrument

• 75m option needs 
neutron guide, Frame 
overlap choppers...

Δλ

λ
[2Å] = 0.53%

Δλ

λ
[2Å] = 1.6%

Δλ

λ
[2Å] =3.3%

high wavelength 
resolution

High flux position

Strobl, M. (2009). Future prospects of imaging 
at spallation neutron sources. NIMA 604

Δλ=5A˚

Δλ=2.5A˚

Δλ=0.8A˚

High spatial and moderate
wavelength resolution

Remember form earlier:
At short pulsed source....

61



Woracek, SWEDNESS/LINXS Neutron Imaging

Part 2: Overview of ToF imaging beamlines

Wavelength selective imaging 2 

• ESS will be the first Long Pulse Spallation Source 

10Hz 25Hz

14Hz

60Hz50Hz
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ODIN Overview

Overview Chopper Cascade

Wavelength Frame Multiplication Chopper 1+2

Frame Overlap Chopper 1

FOC 2 + Band Pass

FOC 3

FOC 4
FOC 5

T0

Control Hutch

Beam
Stop

Control Racks

Control RacksDoor

Cave

experimentaloptical

Collimator

Detectors
Diffraction - Imaging

User
(for scale)

60m

• source-sample distance of 60m will give a 
natural resolution of 10%

• complex chopper system will provide 
wavelength resolution of 0.3-1% 

• large experimental station this will offer 
unprecedented versatility

Part 2: Overview of ToF imaging beamlines

Wavelength selective imaging 2 

ODIN
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Every 2nd Pulse

Every Pulse

Spectrum and Field of View Chopper System: flexible resolution

Large, homogenous FoV for large samples in 
e.g. Geology and Engineering.

11

Part 2: Overview of ToF imaging beamlines

Wavelength selective imaging 2 

ODIN

64
Credit: M. Lerche, M. Morgano
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Every 2nd Pulse

Every Pulse

Spectrum and Field of View Chopper System: flexible resolution

Large, homogenous FoV for large samples in 
e.g. Geology and Engineering.

(WFM)

(WFM)

12

Part 2: Overview of ToF imaging beamlines

Wavelength selective imaging 2 

ODIN

65
Credit: M. Lerche, M. Morgano



Wavelength resolutions: 4%-23%

Source 
Chopper

WB
Chopper

Repetition: 14 Hz

Integr. Flux: 

3 x 106 n/cm2/sec

Example ESS testbeamline: ESS mockup

WAVELENGTH SELECTIVE IMAGING 2 



Tunable (but constant) 
Wavelength resolutions: 0.5%-2%

Source 
Chopper

WFM
Chopper

FOL
Chopper

FOL
Chopper

WB
Chopper

Optical Blind Mode

Example ESS testbeamline: WFM

WAVELENGTH SELECTIVE IMAGING 2 
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 WFM data reduction in NOW implemented in MANTID

 Data reudction of 1 image stack requires >20GB RAM

Offset frames
Stitch &

Convert to λ

T = Sample/OpenBeam

Example ESS testbeamline: WFM

Wavelength selective imaging 2 
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Part 2: Overview of ToF imaging beamlines

Energy (wavelength) selective imaging 2 

IMAT RADEN ODIN

Repition 10Hz 5Hz
(skipping)

25Hz
(12.5Hz possible)

14Hz 7Hz 
(skipping)

Bandwith 6A 14A 8.8A 6.9A 4.5A 9A

Flightpath 56m 18m 23m 60m

Max flux
[n/cm2/sec]

3.8x10^7 9.8x10^7 5.8x10^7 1.2x10^9 (at 
2MW, no 

WFM)

Resolution (at 2A) 0.5%-0.8% 0.26 0.2 No WFM: 10%
WFM: 0.3-0.8

L/D ratios 245 - 1150 180-5000 230-7500 Up to 10000

SUMMARY

69



Woracek, SWEDNESS/LINXS Neutron Imaging

AGENDA
 Part 1: Introduction to ToF imaging

 Basics (neutron energy, wavelength, velocity)

 The ToF concept 

 ToF vs steady state instruments

 Part 2: What do we need for a ToF neutron imaging instrument?

 ToF Neutron Source

 Examples of of ToF imaging beamlines 

 ToF Detectors

 Part 3: ToF Imaging methods

 The bigger picture: overview and comparison to other neutron techniques

 ‘Attenuation’: Monochromatic, ‘white-beam’ and ‘pink-beam’ (narrow wavelength) applications

 Diffraction Contrast / Bragg edge imaging (including diffraction basics)

 Other methods to profit from ToF: Polarized, phase and dark field, 3DND, resonance absorption

 Part 4: Hands on example (please install https://imagej.net/Fiji/Downloads or  https://imagej.nih.gov/ij/download.html)

AGENDA

Wavelength selective imaging 2 - ToF

70
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Part 2: Detectors

Energy (wavelength) selective imaging 2 

71
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A common method for detecting neutrons involves converting the energy released 

from neutron capture reactions into electrical signals. Certain nuclides have a high 

neutron capture cross section, which is the probability of absorbing a neutron. Upon 

neutron capture, the compound nucleus emits more easily detectable radiation, for 

example an alpha particle, which is then detected. 

Part 2: Detectors

Energy (wavelength) selective imaging 2 

72

https://en.wikipedia.org/wiki/Neutron_capture
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Part 2: Detectors

Energy (wavelength) selective imaging 2 
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Cross Sections for Neutron Detection

Courtesy: D. Pooley

Part 2: Detectors

Energy (wavelength) selective imaging 2 
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Common ToF detectors for scattering instruments

Part 2: Detectors

Energy (wavelength) selective imaging 2 
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Gas Detectors

n + 3He  3H + p + 0.764 MeV

Ionization of gas

e- drift to high voltage anode

High efficiency

Beam monitors

Low efficiency detectors for
measuring beam flux

Part 2: Detectors

Energy (wavelength) selective imaging 2 

Also used at 
imaging 

beamlines

Common ToF detectors for scattering instruments
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Part 2: Detectors

Energy (wavelength) selective imaging 2 

Common ToF detectors for scattering instruments
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Part 2: Detectors

Energy (wavelength) selective imaging 2 

• Very coarse 
resolution for 

imaging
• Also: count rates 

for imaging 
different than for 

scattering

Common ToF detectors for scattering instruments
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Part 2: Detectors

Energy (wavelength) selective imaging 2 

ToF detectors for imaging: developing field

• Let us briefly 
remind 

ourselves how a 
ToF imaging 
experiment 

works

‚stacks‘ of 
images as a 

result

Courtesy: A. Tremsin
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Part 2: Detectors

Energy (wavelength) selective imaging 2 

ToF detectors for imaging: developing field

MicroChannel Plates (MCP’s)

Different readouts 
can be used, 
optimized for

particular 
application

Courtesy: D. Hussey
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Part 2: Detectors

Wavelength selective imaging 2 - ToF

ToF detectors for imaging: developing field

MicroChannel Plates (MCP’s)

Readout types

Courtesy: A. Tremsin

1x10^6 5x10^6 2x10^8

but events 
(not neutrons)
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Part 2: Detectors

Wavelength selective imaging 2 - ToF2 

ToF detectors for imaging: developing field

MicroChannel Plates (MCP’s)

Readout types

Courtesy: A. Tremsin
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Part 2: Detectors

Wavelength selective imaging 2 - ToF

ToF detectors for imaging: developing field

MicroChannel Plates (MCP’s): Timepix readout
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Part 2: Detectors

Wavelength selective imaging 2 - ToF

ToF detectors for imaging: developing field

MicroChannel Plates (MCP’s): Timepix readout

Courtesy: A. Tremsin

Small FoV

High count 
rate

Best spatial 
resultion of 

any ToF 
detector

Better than 
needed for 

most 
applications

Leads to 
gaps
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Part 2: Detectors

Wavelength selective imaging 2 - ToF

ToF detectors for imaging: developing field

MicroChannel Plates (MCP’s): Timepix readout

Courtesy: A. Tremsin
85



Woracek, SWEDNESS/LINXS Neutron Imaging

Detectors at RADEN

Part 2: Detectors

Wavelength selective imaging 2 - ToF

ToF detectors for imaging: developing field

Courtesy: J. Parker
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Part 2: Detectors

Wavelength selective imaging 2 - ToF

Detectors at RADEN

ToF detectors for imaging: developing field

Courtesy: J. Parker
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Part 2: Detectors

Wavelength selective imaging 2 - ToF

Detectors at RADEN

ToF detectors for imaging: developing field

Courtesy: J. Parker
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Part 2: Detectors

Wavelength selective imaging 2 - ToF

Detectors at RADEN

ToF detectors for imaging: developing field

Courtesy: J. Parker
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GP2
GP2 [1] is a 100k pixel time-of-flight neutron camera, 

[1] D. E. Pooley, et al., IEEE TNS, vol. 64, no. 12, p. 2970, 2017

[2] I. Sedgwick, et al., IEEE NEWCAS, 2012

which combines a gadolinium 

converter film and a CMOS 

readout sensor [2]. 

Detectors at IMAT

ToF detectors for imaging: developing field

Part 2: Detectors

Courtesy: D. Pooley
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1. Active Area: Continuous, without gaps. 
2. Compact, robust & free of moving parts.
3. Standardized and reliable connectivity.

Philosophy: Provide an independent solution for the requirements of ToF imaging

Detectors at IMAT

ToF detectors for imaging: developing field

Wavelength selective imaging 2 - ToF

Part 2: Detectors

Courtesy: D. Pooley
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GP2 RUNS IN EVENT MODE

Gd converter

Low to high energy

One neutron pulse 

delivered at source 

repetition rate

...010101…

...100011…

...001111…

...110001…

...100001…

PImMS sensor

PCB

GP2 Detector

Neutron Pulse 

#

Energy Pixel 

x  y

1 1 10 80

2 1 13 2

3 1 7 212

4 2 20 324

Energy dependent 

attenuation

12
3

Digitised

time of 

arrival

Sample with 

energy 

dependent 

features

4
Example Data

USB readout

Camera body

Courtesy: D. Pooley
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Part 2: Detectors

Wavelength selective imaging 2 - ToF

Step Measurement Raw data 

produced (GB)

exposure time 

(h)

average data rate 

(GB/h)

Resulting ‘raw’ 

data after 

detector

‘correction’ (GB)

1 Test Radiographs of a few 

samples (overnight run after 

initial setup)

22.0 14.5 1.5 65.9

2 In-situ Furnace test 5.2 1 5.2 15.6

3 Sample alignment 0.5 0.5 1.0 1.5

4 Measurement sample 1-3 33.0 17 1.9 99.0

5 Radiographs 20.0 8 2.5 60.0

6 Alignment 1.0 0.5 2.0 3.0

7 Tomography ( 63.0 24 2.6 189.0

8 Measurement sample 4-6 49.0 14.5 3.4 147.0

9 Calibration sample 0.5 0.5 1.0 1.5

total 194.1 80.5 2.4 582.4

512x512 pixels 16-bit images per time/wavelength bin. The time bin position and width can 
be freely chosen (to a certain extent) with a small text configuration file that has to be 
included in the data folder for reference purposes. 

Courtesy: M. Morgano
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AGENDA
 Part 1: Introduction to ToF imaging

 Basics (neutron energy, wavelength, velocity)

 The ToF concept 

 ToF vs steady state instruments

 Part 2: What do we need for a ToF neutron imaging instrument?

 ToF Neutron Source

 Examples of of ToF imaging beamlines 

 ToF Detectors

 Part 3: ToF Imaging methods

 The bigger picture: overview and comparison to other neutron techniques

 ‘Attenuation’: Monochromatic, ‘white-beam’ and ‘pink-beam’ (narrow wavelength) applications

 Diffraction Contrast / Bragg edge imaging (including diffraction basics)

 Other methods to profit from ToF: Polarized, phase and dark field, 3DND, resonance absorption

 Part 4: Hands on example (please install https://imagej.net/Fiji/Downloads or  https://imagej.nih.gov/ij/download.html)

AGENDA

Wavelength selective imaging 2 - ToF
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Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

Essentially, there were 2 types of neutron instruments:

Diffractometers: -measure Elastic Scattering

Structure

Neutrons as waves 

Based on Bragg’s Law

No change of energy detected

Spectrometers: -measure Inelastic Scattering

Dynamics

Neutrons as particles 

Based upon Newton’s laws

Change of energy detected
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Part 3: ToF Imaging methods

Essentially, there are 3 types of neutron instruments:

Diffractometers: -measure Elastic Scattering

Structure

Neutrons as waves 

Based on Bragg’s Law

No change of energy detected

Spectrometers: -measure Inelastic Scattering

Dynamics

Neutrons as particles 

Based upon Newton’s laws

Change of energy detected

Imaging –measure the overall attenuation

Structure

The total cross section is essentially probed

Based on Lambert Beer law

Novel methods exploit a lot more…

Wavelength selective imaging 2 - ToF
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Device inspection: 
particle filters
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Corrosion

Li transport 
in batteries

Hydrogen 
in metals

Water 
uptake in 

plants

AttenuationMagneticPhaseDiffraction

Bone Structures 
+ implants

Imaging regime

Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

Traditionally not wavelength 
resolved.  But could also 
greatly benefit from ToF: 

• thermal spectrum: may 
improve transmission and 
decrease beam hardening 
• Cold spectrum: may 

increase contrast
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Magnetic 
fields

Device inspection: 
particle filters
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Internal
defects

Corrosion

Li transport 
in batteries

Hydrogen 
in metals

Water 
uptake in 

plants

AttenuationMagneticPhaseDiffraction

Bone Structures 
+ implants

engineering

SOFC’s

Imaging regime

Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

Wavelength 
dependent 

properties, hence 
benefit from ToF

Based on diffraction, so 
wavelength selectivity 

crucial.
Biggest benefit from ToF.
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Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

99
Credit: M. Sales and all….
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AGENDA
 Part 1: Introduction to ToF imaging

 Basics (neutron energy, wavelength, velocity)

 The ToF concept 

 ToF vs steady state instruments

 Part 2: What do we need for a ToF neutron imaging instrument?

 ToF Neutron Source

 Examples of of ToF imaging beamlines 

 ToF Detectors

 Part 3: ToF Imaging methods

 The bigger picture: overview and comparison to other neutron techniques

 ‘Attenuation’: Monochromatic, ‘white-beam’ and ‘pink-beam’ (narrow wavelength) applications

 Diffraction Contrast / Bragg edge imaging (including diffraction basics)

 Other methods to profit from ToF: Polarized, phase and dark field, 3DND, resonance absorption

 Part 4: Hands on example (please install https://imagej.net/Fiji/Downloads or  https://imagej.nih.gov/ij/download.html)

AGENDA

Wavelength selective imaging 2 - ToF
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Magnetic 
fields

Device inspection: 
particle filters

M
et

al
s

A
p

p
lic

at
io

n
s

Contrast mechanisms length scales
μmÅ nm cmmm

C
u

lt
u

ra
l H

er
it

ag
e

Phase 
transitions

Strains

H
yd

ro
ge

n
M

ag
n

et
is

m

Magnetic 
domains

En
er

gy
 S

to
ra

ge

Microstructure in 
cultural heritage

Internal
defects

Corrosion

Li transport 
in batteries

Hydrogen 
in metals

Water 
uptake in 

plants

AttenuationMagneticPhaseDiffraction

Bone Structures 
+ implants

engineering

SOFC’s

Imaging regime

Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

Attenuation

101



Attenuation coefficients with neutrons [cm?¹] 
 

1a 2a 3b 4b 5b 6b 7b 8 1b 2b 3a 4a 5a 6a 7a 0 

H He 

3.44             0.02 

Li Be B C N O F Ne 

3.30 0.79 101.60 0.56 0.43 0.17 0.20 0.10 

Na Mg Al Si P S Cl Ar 

0.09 0.15   0.10 0.11 0.12 0.06 1.33 0.03 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr 

0.06 0.08 2.00 0.60 0.72 0.54 1.21 1.19 3.92 2.05 1.07 0.35 0.49 0.47 0.67 0.73 0.24 0.61 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 

0.08 0.14 0.27 0.29 0.40 0.52 1.76 0.58 10.88 0.78 4.04 115.11 7.58 0.21 0.30 0.25 0.23 0.43 

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn 

0.29 0.07 0.52 4.99 1.49 1.47 6.85 2.24 30.46 1.46 6.23 16.21 0.47 0.38 0.27       

Fr Ra Ac Rf Ha 

  0.34                                 

                   

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu    

*Lanthanides 0.14 0.41 1.87 5.72 171.47 94.58 1479.04 0.93 32.42 2.25 5.48 3.53 1.40 2.75    

Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr    

**Actinides 0.59 8.46 0.82 9.80 50.20 2.86               neut.    
 

Legend 
              -total * sp.gr. * 0.6023  

Attenuation coefficient [cm?¹]   =   
         at.wt. 

-total:  JEF Report 14,  TABLE OF SIMPLE INTEGRAL NEUTRON CROSS SECTION DATA FROM JEF-2.2, ENDF/B-VI, JENDL-3.2, BROND-2 AND CENDL-2, 

AEN NEA, 1994. 

 and Special Feature: Neutron scattering lengths and cross sections, Varley F. Sears, AECL Research, Chalk River Laboratories Chalk River, Ontario, Canada KOJ 

1JO, Neutron News, Vol. 3, 1992, http://www.ncnr.nist.gov/resources/n-lengths/list.html.  

sp.gr.: Handbook of Chemistry and Physics, 56th Edition 1975-1976. 

at.wt.: Handbook of Chemistry and Physics, 56th Edition 1975-1976. 

REF

Attenuation of different materials (at one wavelength) 

Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

See also: https://www.ncnr.nist.gov/instruments/bt1/neutron.html

Attenuation
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Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

0
.2

8
6

Å

9
Å

2
.8

6
Å

0
.9

Å

2
8

.6
Å

Cross section (attenuation) is wavelength dependent

Attenuation
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Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

6 samples

Example: Determination of very low concentrations of Hydrogen in 
Zirconium alloys

Wavelength dependent attenuation coefficients:

• Zirconium alloy

• Zirconium hydride

Buitrago, N. L., Santisteban, J. R., Tartaglione, A., Marín, J., Barrow, L., Daymond, M. R., ... & Kaestner, A. (2018). Determination of very low 
concentrations of hydrogen in zirconium alloys by neutron imaging. Journal of Nuclear Materials, 503, 98-109. 104



Woracek, SWEDNESS/LINXS Neutron Imaging

Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

1sample with 130 wt ppm H

• 2 orientations
• 11 wt ppm H

• 166 wt ppm H

• 366 wt ppm H

Example: Determination of very low concentrations of Hydrogen in 
Zirconium alloys

Buitrago, N. L., Santisteban, J. R., Tartaglione, A., Marín, J., Barrow, L., Daymond, M. R., ... & Kaestner, A. (2018). Determination of very low 
concentrations of hydrogen in zirconium alloys by neutron imaging. Journal of Nuclear Materials, 503, 98-109.

3 samples

Attenuation
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Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

Example: Determination of very low concentrations of Hydrogen in 
Zirconium alloys

Buitrago, N. L., Santisteban, J. R., Tartaglione, A., Marín, J., Barrow, L., Daymond, M. R., ... & Kaestner, A. (2018). Determination of very low 
concentrations of hydrogen in zirconium alloys by neutron imaging. Journal of Nuclear Materials, 503, 98-109.

Attenuation coefficients vs H content

Attenuation
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AGENDA
 Part 1: Introduction to ToF imaging

 Basics (neutron energy, wavelength, velocity)

 The ToF concept 

 ToF vs steady state instruments

 Part 2: What do we need for a ToF neutron imaging instrument?

 ToF Neutron Source

 Examples of of ToF imaging beamlines 

 ToF Detectors

 Part 3: ToF Imaging methods

 The bigger picture: overview and comparison to other neutron techniques

 ‘Attenuation’: Monochromatic, ‘white-beam’ and ‘pink-beam’ (narrow wavelength) applications

 Diffraction Contrast / Bragg edge imaging (including diffraction basics)

 Other methods to profit from ToF: Polarized, phase and dark field, 3DND, resonance absorption

 Part 4: Hands on example (please install https://imagej.net/Fiji/Downloads or  https://imagej.nih.gov/ij/download.html)

AGENDA

Wavelength selective imaging 2 - ToF
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fields
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Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF
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B(a)

diffraction imaging

C(a)

diffraction contrast imaging

A(a)

Diffraction

powder
&
single crystal

strain mappingA(b)

B(b) (section)
topography

B(c)
diffraction
grain mapping

C(b) transmission
imaging
(grain mapping,
Bragg edge,…)

R. Woracek, J. Santisteban, A. Fedrigo, M. Strobl, M. Diffraction in neutron imaging—A review. NIMA (2018)

ODIN

BEER

13

Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

Diffraction Contrast
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nλ = 2dhklsinθB

Based on Bragg’s law

Diffraction Contract

Constructive interference only occurs for certain θ’s 
correlating to a (hkl) plane, specifically when the path 
difference is equal to n wavelengths.

Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

Diffraction Contrast
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Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

Diffraction Contrast
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Part 3: ToF Imaging methods

Wavelength selective imaging 2 - ToF

Diffraction Contrast
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2dhklsinθ=

neutron 

beam

polycrystalline

material



D
e
te

c
to

r

2dhklsin90°=

2dhklsinθ<

Fe powder
(Santisteban et. al)

Monochromatic

 Coh. elastic scattering 

 hkl spacing probed in beam direction (“averaged” through thickness)

Part 3: ToF Imaging methods
Wavelength selective imaging 2 - ToF
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 Coh. elastic scattering 

 hkl spacing probed in beam direction (“averaged” through thickness)
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Part 3: ToF Imaging methods
Wavelength selective imaging 2 - ToF
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• Transmission though crystalline samples
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Gd Pinholes (10mm)

PCG Monochromaor

3He Detector (4tubes)

• Measure the pulse shape at a beamline
• Use a diffraction set-up with a monochromator

Part 3: ToF Imaging methods
Let‘s go back a bit... 

What about the pulse 
shape of the source?

Wavelength selective imaging 2 - ToF
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Gd Pinholes (10mm)

PCG Monochromaor

3He Detector (4tubes)

• Measure the pulse shape at a beamline
• Use a diffraction set-up with a monochromator

Part 3: ToF Imaging methods
Let‘s go back a bit... 

What about the pulse 
shape of the source?

Wavelength selective imaging 2 - ToF
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The short pulsed neutron source leads to specific Bragg peak shapes (due to the 

moderator properties; non-Gaussian)

Part 3: ToF Imaging methods

Bragg edges of course also influenced 

Wavelength selective imaging 2 - ToF

Diffraction Contrast
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 Phase imaging: Austenite vs Martensite

1.4

0.6

• M.A.M. Bourke, J.G. Maldonado, D. Masters, K. Meggers, H.G. Priesmeyer, “Real time measurement by Bragg edge diffraction 

of the reverse (α′ → γ) transformation in a deformed 304 stainless steel”, Materials Science and Engineering: A, Vol 221 (1996).

heat

FCC(220)BCC(211)
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Reverse (α′ → γ) transformation 

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Diffraction Contrast
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Example from IMAT: Acquire a spectrum

• with sample

• without sample (Open Beam)

Nuts on a bold
FFC/BBC Fe

Steel Weld

Stainless

Ferrite

Ferrite

Stainless

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Diffraction Contrast
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Example: Dissimilar welds investigated at RADEN

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods
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Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Diffraction ContrastDiffraction Contrast
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Spatially resolved strain maps

• Fit the Bragg edge position

• Calculate the strain

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Diffraction Contrast
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Spatially resolved strain maps

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Diffraction Contrast
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A few words about strain….

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Diffraction Contrast
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 Sample (low carb steel) with stress concentration: Demonstrate high 

spatial resolution at TOF source using novel Imaging detector

 2 thicknesses considered

-

- -

+

Bragg Edge Imaging: Strain Radiography

6

Wavelength selective imaging 2 - ToF
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Digital Image Correlation (VIC 3-D): Surface strains

Bragg Edge Imaging: Strain Radiography

7

Wavelength selective imaging 2 - ToF
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Sample

MCP 

detector

Transmission Measurements at ENGIN-X MCP detector (UC Berkeley)

• 28mm FOV, 55um pixels, 

(i) A. Tremsin, UC Berkeley

Bragg Edge Imaging: Strain Radiography

8

Wavelength selective imaging 2 - ToF
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 Record data at few loads

 Pixels are spatially grouped (box 

2.1mm) and TOF channel binned 

(3x15ms; ≈0.001Å)

 Fit is performed for individual edge:

1

2

3
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1
( )

1

x A
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f x A

A e

 
 
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ε33 ε22

Bragg Edge Imaging: Strain Radiography

9

Wavelength selective imaging 2 - ToF
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Edge position (strain) parameter for the (110) lattice 

160 MPa10 MPa 300 MPa

Bragg Edge Imaging: Strain Radiography

10

Wavelength selective imaging 2 - ToF
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160 MPa10 MPa 300 MPa

Edge width parameter for the (110) lattice 

Bragg Edge Imaging: Strain Radiography

11

Wavelength selective imaging 2 - ToF
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Conclusions

 Gauge Volume contains complete beam path 

 Strain variations though beam paths lead to 

Bragg edge widening… making quantification 

difficult

 … but allowing to detect local differences

 Limited choice of scattering vector

 Neutron and X-Ray diffraction remain 

method of choice for bulk strain 

measurements in most cases

 Useful in specific cases (e.g. plane stress) 

where precise mapping in one plane is required

but check if EDXRD a better alternative

Bragg Edge Imaging: Strain Radiography

Wavelength selective imaging 2 - ToF
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Texture imaging

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Diffraction Contrast
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In situ Bragg-edge imaging linking strain and reduction in Solid Oxide Cell electrode supports

LSM+YSZ

Ni+YSZ
YSZ

Ni+YSZ
support

Anne Hauch DTU Energy

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Diffraction Contrast
In-situ is a key 

strength with ToF

Makowska, M. G., Strobl, M., Lauridsen, E. M., Kabra, S., Kockelmann, W., Tremsin, A., ... & Theil Kuhn, L. (2016). In situ time-of-flight neutron 
imaging of NiO–YSZ anode support reduction under influence of stress. Journal of Applied Crystallography, 49(5), 1674-1681.
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AGENDA
 Part 1: Introduction to ToF imaging

 Basics (neutron energy, wavelength, velocity)

 The ToF concept 

 ToF vs steady state instruments

 Part 2: What do we need for a ToF neutron imaging instrument?

 ToF Neutron Source

 Examples of of ToF imaging beamlines 

 ToF Detectors

 Part 3: ToF Imaging methods

 The bigger picture: overview and comparison to other neutron techniques

 ‘Attenuation’: Monochromatic, ‘white-beam’ and ‘pink-beam’ (narrow wavelength) applications

 Diffraction Contrast / Bragg edge imaging (including diffraction basics)

 Other methods to profit from ToF: Polarized, phase and dark field, 3DND, resonance absorption

 Part 4: Hands on example (please install https://imagej.net/Fiji/Downloads or  https://imagej.nih.gov/ij/download.html)

AGENDA

Wavelength selective imaging 2 - ToF
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• Can be performed if the “epithermal” range of energies is accessible. 
• The underlying principle is that individual isotopes of each element absorb neutrons of 

defined energies. This absorption in return causes an excitation of the nucleus, resulting in 
the emission of several gamma-ray photons in order to return to its ground state.

• The conventional neutron resonance capture analysis (NRCA) detects the gamma-rays as a 
function of incident neutron energies, and requires a pulsed neutron beam for time of flight 
analysis (there is no need to measure the energy of the gammas) (Postma et al. 2003,133; 
Postma et al. 2009,134) 

• Neutron resonance absorption imaging (NRAI) is performed at spallation sources by 
directly measuring transmitted neutron beam through the sample, and “dips” become 
visible in the time of flight spectrum whenever a neutron is absorbed. 

• depths of neutron absorption resonances can be used to quantify amounts of specific 
elements in the sample

• temperatures could be measured analyzing the Doppler broadening effect.  
• Example measurements are presented in (Sato et al. 2009,135; Cippo et al. 2011,136; 

Tremsin et al. 2012,97; Tremsin et al. 2013,137). 
• For most elements the energies of neutron resonant absorption are in the range of 1 eV 

(~0.28 Å) to 1000 eV (~0.009 Å).(Tremsin et al. 2013,137) 
• Existing analysis software for NRCA (for example SAMMY (Larson 2001,138) can be used for 

the analysis of NRAI data.(Vogel et al. 2014,139)

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Resonance Absorption
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Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Resonance Absorption
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Resonance absorption contrast:
Elemental contrast: E.g. check 
diffusion processes

47

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Resonance Absorption
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Woracek, SWEDNESS/LINXS Neutron ImagingTremsin, A. S., et al., Journal of Applied Crystallography (2016) 49 (4) 

A lot of information from one ToF imaging experiment! 

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Resonance Absorption
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Polarized Neutrons in Static Magnetic Fields

Credit: Morten Sales

The spin of a neutron passing through a 
magnetic field will undergo an amount of 
precession proportional to the strength of 
the magnetic field and the time spent by 
the neutron in the magnetic field. 
The time is proportional to the neutron 
wavelength, λ, and the path length through 
the magnetic field, L. 
The precession angle is given:

c: Larmor constant (c = 4.632 × 1014 T−1 m−2) 
B: is the magnetic field strength. 

Polarized Neutron Imaging in ToF mode

Sales, M., Strobl, M., Shinohara, T., Tremsin, A., Kuhn, L. T., Lionheart, W. R., ... & Schmidt, S. (2018). Three dimensional polarimetric neutron 
tomography of magnetic fields. Scientific reports, 8(1), 2214.

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Polarized
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Polarized Neutrons in Static Magnetic Fields

Credit: Morten Sales

The spin of a neutron passing through a 
magnetic field will undergo an amount of 
precession proportional to the strength of 
the magnetic field and the time spent by 
the neutron in the magnetic field. 
The time is proportional to the neutron 
wavelength, λ, and the path length through 
the magnetic field, L. 
The precession angle is given:

c: Larmor constant (c = 4.632 × 1014 T−1 m−2) 
B: is the magnetic field strength. 

Polarized Neutron Imaging in ToF mode

Sales, M., Strobl, M., Shinohara, T., Tremsin, A., Kuhn, L. T., Lionheart, W. R., ... & Schmidt, S. (2018). Three dimensional polarimetric neutron 
tomography of magnetic fields. Scientific reports, 8(1), 2214.

Using this we can map the 
strength of a magnetic field 

along a neutron flight path into 
a neutron spin precession 

angle, and repeating this for 
multiple tomographic 

projections we can reconstruct 
the magnetic field probed by 

the neutrons.

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Polarized



Experimental Setup - RADEN

Polarized Neutron Imaging in ToF mode

Sales, M., Strobl, M., Shinohara, T., Tremsin, A., Kuhn, L. T., Lionheart, W. R., ... & Schmidt, S. (2018). Three dimensional polarimetric neutron 
tomography of magnetic fields. Scientific reports, 8(1), 2214.

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods

Neutron intensity data, Iεi,j, for 60 projection angles between 0° and 360° was recorded with 18 different combinations of 
directions of spin polarisation, ±i, and analysis, j, for each projection, with i ∈ {z, y, z}, j ∈ {x, y, z}, ε ∈ {−1, 1}. The acquisition 
time for each of the 60 × 18 measurements was ≈370 s (=4.6 days total).

Polarized
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Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods

Polarized Neutron Imaging in ToF mode

Sales, M., Strobl, M., Shinohara, T., Tremsin, A., Kuhn, L. T., Lionheart, W. R., ... & Schmidt, S. (2018). Three dimensional polarimetric neutron 
tomography of magnetic fields. Scientific reports, 8(1), 2214.

Polarized
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Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods

Polarized Neutron Imaging in ToF mode

Reconstruction results

Sales, M., Strobl, M., Shinohara, T., Tremsin, A., Kuhn, L. T., Lionheart, W. R., ... & Schmidt, S. (2018). Three dimensional polarimetric neutron 
tomography of magnetic fields. Scientific reports, 8(1), 2214.

Polarized
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Neutron Grating Interferometry (NGI) in ToF mode
Phase shift: Object causes refraction, resulting in changes of locally 
transmitted intensity through G2 (b1)

SANS (DF): loss in amplitude (a1)

Phase shift: 

SANS (DF): 

G1 forms periodic interference pattern

Pfeiffer, F., Grünzweig, C., Bunk, O., Frei, G., Lehmann, E., & David, C. (2006). Neutron phase imaging and tomography. Physical review letters, 96(21), 215505.

TI

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Modulation
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Neutron Grating Interferometry (NGI) in ToF mode

Goals:

• Demonstrate NGI in ToF for first time (gratings are designed for 

certain λ, but work around ±1Å) 

• Dark Field Contrast probes (U)SANS: λ dependent signal 

(Autocorrelation length ) allows quantification

• Enables USANS with spatial image resolution

Ref: M. Strobl, Scientific Reports  4 (2014) 7243

λ: wavelength 
p: Modulation period
Ls: effective sample to detector distance

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Modulation
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G0

MCP Imaging

Detector
G1
G2

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Modulation
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• First reconstruction using white beam (adding all images in stack: 

1000 time channels) and no additional normalizations yet

• Detailed corrections and analysis ongoing 

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods

R. Harti, M. Strobl, R. Woracek et al, 
unpublished results

Modulation
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Spin Echo Modulated Small Angle Neutron Scattering (SEMSANS)

• SEMSANS is a new technique to measure SANS with beam 

modulated through spin-echo approach

Strobl, M., Sales, M., Plomp, J., Bouwman, W.G., Tremsin, A.S., Kaestner, 
A., Pappas, C. and Habicht, K., 2015. Quantitative Neutron Dark-field 
Imaging through Spin-Echo Interferometry. Scientific reports, 5.

TI DFI

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Modulation
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Spin Echo Modulated Small Angle Neutron Scattering (SEMSANS)

• SEMSANS is a new technique to measure SANS with beam 

modulated through spin-echo approach

Goals:

• Combine with imaging like in the grating case

• Demonstrate that that it can be implemented effectively in ToF

mode using ESS long pulse structure

• Test a new field set-up as compared to first proof of principle 

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Modulation
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neutrons arriving same point 
same polarisation

L1 L2

W.G. Bouwman, C.P. Duif, R. Gähler,
Physica B 404 2585-2589 (2009) 
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Animation: Courtesy of J. Plomp
TU Delft: Jeroen Plomp, Michel Thijs, Andre Kusmin
PSI: Markus Strobl, Ralph P. Harti

1st setup: Triangular 2nd setup: RF magnets

Wavelength selective imaging 2 - ToF
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1st setup: Triangular 2nd setup: RF

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Modulation

TU Delft: Jeroen Plomp, Michel Thijs, Andre Kusmin
PSI: Markus Strobl, Ralph P. Harti
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and ToF mode

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Modulation

SEMSANS

• Modulation successful: White beam

154
TU Delft: Jeroen Plomp, Michel Thijs, Andre Kusmin
PSI: Markus Strobl, Ralph P. Harti
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1st setup: Triangular 2nd setup: RF

SE lengths:

Modulation periods:  

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Modulation

TU Delft: Jeroen Plomp, Michel Thijs, Andre Kusmin
PSI: Markus Strobl, Ralph P. Harti
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1st setup: Triangular 2nd setup: RF

• limited by the maximum field we could 
reach.

• S-D distance large (50-100cm) to get 
~10-150nm

SE lengths:

Modulation periods:  

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Modulation



Woracek, SWEDNESS/LINXS Neutron Imaging

1st setup: Triangular 2nd setup: RF

• limited by the maximum field we could 
reach

• S-D distance large (50-100cm) to get 
~10-150nm

• limited by the detector resolution

• S-D of 20cm is reasonable to get 
~400nm (at 6Å)

SE lengths:

Modulation periods:  

Wavelength selective imaging 2 - ToF

Part 3: ToF Imaging methods Modulation
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TU Delft: Jeroen Plomp, Michel Thijs, Andre Kusmin
PSI: Markus Strobl, Ralph P. Harti

• Local differences are visible Lambda 1 Lambda 2
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Example: raw data
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Lambda 1 Lambda 2
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Example: first results

36

SEMSANS

• Local differences are visible

Wavelength selective imaging 2 - ToF
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Phase Radiography

Texture (qual.)

Strain

non-textured samples

What we can do now:

& Tomography

Radiography textured samples

Radiography (non-)textured samples

160
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Phase Radiography

Texture (qual.)

Strain

non-textured samples

What we want to do:

& Tomography

Radiography textured samples

Radiography (non-)textured samples

textured samples

Texture (quan.) & Tomography

& Tomography textured samples

How to do it? Combined Imaging & Diffraction

S. Peetermans, A. King, W. Ludwig, P. 
Reischig, E. Lehmann, Cold neutron 
diffraction contrast tomography of 
polycrystalline material. Analyst 139, (2014).

R. Woracek, N. Kardjilov, W. Ludwig, unpublished 26
161
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3 Dimensional Neutron Diffraction (3DND)

diffraction spot

incoming

neutrons

SENJU
diffraction
detector

extinction spot
‘missing neutrons’

imaging
detector

sample
grain with lattice plane

satisfying Bragg 
condition

Grain Orientation Grain Shape&

Cereser, …, Schmidt;
S. Sci. Rep., 
2017, 7, 9561. 28
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 Grain Shape

 Grain Orientation

 Austenite/Martensite

→ Grain Interactions

Multicrystalline

CuAlMnZn

Shape Memory Alloy

(mm grains)

3DND in situ Deformation at SENJU @ J-PARC

Tomography

+

Diffraction

29

imaging

detector

backscatter

diffraction

detectors

backscatter

diffraction

detectors

Top View

shadowed

detectors

loading machine

and sample

incoming

neutrons
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3 mm

3DND in situ Deformation

imaging
detect.

diffract.
detect.

sample

diffract.
detect.

before loading after loading

looking towards neutron source

30
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3 mm

3DND in situ Deformation

imaging
detect.

sample

before loading after loading

diffract.
detect. diffract.

detect.

imaging
detect.

looking downstream

31
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3 mm

3DND in situ Deformation

before loading after loading

imaging
detect.

diffract.
detect. diffract.

detect.

sample

imaging
detect.

3D representation of

crystalline microstructure

with austenite and martensite

32
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AGENDA
 Part 1: Introduction to ToF imaging

 Basics (neutron energy, wavelength, velocity)

 The ToF concept 

 ToF vs steady state instruments

 Part 2: What do we need for a ToF neutron imaging instrument?

 ToF Neutron Source

 Examples of of ToF imaging beamlines 

 ToF Detectors

 Part 3: ToF Imaging methods

 The bigger picture: overview and comparison to other neutron techniques

 ‘Attenuation’: Monochromatic, ‘white-beam’ and ‘pink-beam’ (narrow wavelength) applications

 Diffraction Contrast / Bragg edge imaging (including diffraction basics)

 Other methods to profit from ToF: Polarized, phase and dark field, 3DND, resonance absorption

 Part 4: Hands on example (please install https://imagej.net/Fiji/Downloads or  https://imagej.nih.gov/ij/download.html)

AGENDA

Wavelength selective imaging 2 - ToF
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THANK YOU!


