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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.
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» 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 htips:#ie



https://imagej.net/Fiji/Downloads
https://imagej.nih.gov/ij/download.html
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* 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 A.

* neutron energy <-> neutron wavelength <-> neutron velocity

oo mu> B h? 1 >
2 2m A2 ElmeV] — 81.82

(A[A])?

3956 .
v[m/s] = m = 437 - E[ch]}

* So..... : One can determine the wavelength of neutron by knowing its
velocity!
* How can one determine a neutrons velocity?

Woracek, SWEDNESS/LINXS Neutron Imaging
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 How can one determine a neutrons velocity?
* By starting a (many) neutron(s) at a time t, and stop the time it needs
to travel a distance L

@blessyouboys

Woracek, SWEDNESS/LINXS Neutron Imaging 5
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 How can one determine a neutrons velocity?

* By starting a (many) neutron(s) at a time t, and stop the time it needs
to travel a distance L

m = mass of the neutron
h = Planck's constant
A = neutron wavelength

A-m-L AL o
[ tToF — Det — Det (Am/s)

J L,, = distance from source to detector
h 3956

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

Woracek, SWEDNESS/LINXS Neutron Imaging 6
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Neutrons have both Particle-like and
Wave-like Properties

e Mass: m,=1.675x 10?7 kg
e Charge=0; Spin="%
 Magnetic dipole moment: g, =-1.913 Y

e Kinetic energy (E), Velocity (v), Wavelength (A), Wavevector (k)
E=m_v?2=kgT = (hk/2m)2/2 m_; k = 2n/A = m_v/ (h/27)

Energy (meV) | Temperature(k) | Wavelength (nm)
Cold 0.1-10 1-120 04-3
Thermal 5-100 60 - 1000 0.1-04
\Hot ) 100 - 500 1000 - 6000 \0.04 -0.1 y
Room temperature ~ 25 meV ~ 0.18 nm ~ 2200 m/s 7
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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. Woracek, SWEDNESS/LINXS Neutron Imaging ~ ©
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» 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 htips:#ie



https://imagej.net/Fiji/Downloads
https://imagej.nih.gov/ij/download.html
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time of flight [ms]
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* A generic pulsed source instrument
* Introducing choppers
* (Can also be implemented at a steady state
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0 10 20 30 40 50 60 70

N

.
,:"" |

Neutron Flux (x104 nicmZ/s)
| S

[=]
o [3)]
N\M .

source . L 0 2 4 6 8 10
Pulsed Source: Bandwith Limiting wavelength[A]
Chopper choppers
Neutron Source: / / Detector
Reactor
s Moderator
|| = — —,

L —

I
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* The ToF diagram

Distance (m)

e

0 16.7 33.3 50.0 66.7

T| me (milisec) Woracek, SWEDNESS/LINXS Neutron Imaging 13
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* The ToF diagram
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* The ToF diagram
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* The ToF diagram
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* The ToF diagram

Let’s assume we want
to use a band from
2A — 7A.

Wavelength
band chopper

/

7 /‘l A/

0 v 33.3 50.0 66.7

T| me (milisec) Woracek, SWEDNESS/LINXS Neutron Imaging
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Where do we ggﬁl;.&now

need to put
our detector?

* The ToF diagram

2A

Let's assume we want
to use a band from

2A — 74,

Distance (m)

ot BB

0 16.7 33.3 50.0 66.7
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* The ToF diagram
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[ But, what about the wavelength resolution? }

‘ M
- =

T h-t ; _A-m-Lp,
Lrop B A-m-Lp, for h

Distance (m)

T= Pulse width of source

Better
resolution for
longer

wavelength!

16.7 33.3 50.0 66.7

T| me (milisec) Woracek, SWEDNESS/LINXS Neutron Imaging 19
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* The ToF diagram

[ But, what about the wavelength resolution? }

e Let’s assume a short pulsed source with t= 200pusec

AA  3956-T 3956 0.0002
A ALy,  A-12

=2 [24] =3.3%][ 22 [7A] =1% ]

\
7

Distance (m)

.

ot BB |

0 16.7 33.3 50.0 66.7

T| me (milisec) Woracek, SWEDNESS/LINXS Neutron Imaging
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* The ToF diagram

[ What if we aim for better wavelength resolution? }

Distance (m)

o 12

0 16.7 33.3 50.0 66.7
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* The ToF diagram

[ What if we aim for better wavelength resolution? }

* Increase the flight path

i Distance (m)

Det 25 [

0 16.7 33.3 50.0 66.7

T| me (milisec) Woracek, SWEDNESS/LINXS Neutron Imaging 22
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* 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

N\

.

= [2A] = 1.6%

7

S[2.54] = 1.3%

J

N/

\

=2 [5A] = 0.6%

J

2.5A 5A
0 16.6 © 40 75

T| me (milisec) Woracek, SWEDNESS/LINXS Neutron Imaging
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* The ToF diagram

™75

[ Some applications need even higher resolution.... }

* Increase the flight path further...

istance (m)

a

L. Y
-Oo 16.6 © 40 75
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* The ToF diagram
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* The ToF diagram
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* The ToF diagram
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* The ToF diagram

EUROPEAN
SPALLATION
Strobl, M. (2009). Future prospects of imaging SOURCE

at spallation neutron sources. NIMA 604

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

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

=[2A] = 053%

/NVZSA / [24] = 1.6%
fhesh - e =2 [24] =3.3%
/ / // ///
0 16.6 75

Time (mlllsec)
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» 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 htips:#ie



https://imagej.net/Fiji/Downloads
https://imagej.nih.gov/ij/download.html
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Differences between TOF and steady-state

Steady-state
- uses single wavelength Neutron

- bandwidth (bw) = resolution width (res) | Source Spectrum

I
ki

kg - Alres = Alpw
A
™A

Woracek, SWEDNESS/LINXS Neutron Imaging 30
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Differences between TOF and steady-state

Steady-state
- uses single wavelength Neutron

- bandwidth (bw) = resolution width (res) | Source Spectrum

I
ki

kg W Alpes = Alpwy
A
™1

TOF
- uses range of wavelengths

- bandwidth (bw) >> resolution % Soures Shostrum
- range of data at single angle Ny o T K

w &
- by

Ahpes ot AT

kl kf |

-
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Determining the Wavelength
— reactor (continuous) source

crystal monochromator
(Bragg diffraction)

sample detector

source

_ 2d;sin(6g)
- n

AND - dd/d + cot(6)56

e
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Constant wavelength (2dsin©=3)

(X-ray tubes and monochromated
synchrotron or steady neutron

fixed 2 sources)
\%‘mple
iR
~

I RN

1 20 RN A
¥ varies
detector

Time-of-flight (2dsin©=7)

. ~
2 varies I ~

| 20
1 fixed

v

detector

-~
“~

~

(Pulsed sources: e.g. SNS)

A
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The wavelength resolution
 Remember (for same instrument): Higher resolution <-> lower flux
Lower resolution <-> higher flux : typically scales with each other

Option

* ToF

TOF at pulsed source

» Steady state source

Velocity selector

Double crystal

S5hit method

Principle

Energy resolution

Beam geometry
Detector system
Collimation properties
Limitations

Time-of-flight

~0.2%-3% (short pulse)

~0.5%-10% (long pulse)

“UnCHanged
|__see next chapter _ht

Full performance
Frame overaps, avoidable by
choppers or low pulse frequencies

Turbine with tilted blades

10-15%

Limited by the window
Integrating imaging system
Reduced FOV

Backgmound at higher
energies

Bragg reflection in single
aystals
About 3%

Limited by the crystal size
Integrating imaging system
Given by crystal geometry
Homogeneity across beam

Bragg reflection in single
crystals
About X%

Limited by setup
Integrating imaging system
Given by the setup
Homogeneity across beam

Tahle 3

Options for energy selection in neutron imaging.

EH. Lehmann et al. / Nuclear Instruments and Methods in Physics Research A 603 (2009) 429-438

Woracek, SWEDNESS/LINXS Neutron Imaging 35
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» 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 htips:#ie



https://imagej.net/Fiji/Downloads
https://imagej.nih.gov/ij/download.html
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How do we produce neutrons?

&
. proton e D o'y ) ) . o
4 neuron o ‘.‘3@6 9 Fission Time of fl.lght
A can be achieved
> ‘M e chain reaction by choppers
4
235 chain reaction e continuous flow
o U by moderated
neutron <4 2 BT e 1 excess neutron/fission
.r‘s o9, fission of the
AT excited nucleus e 180 MeV/neutron
intra-nuclear inter-nuclear i i
e tcads Spallation Time of flight
concept
no chain reaction :
inherent
pulsed operation (Exception: SINQ

40 neutrons/proton at PSlis a

30 MeV/neutron continous
spallation

source)

37
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Neutron Source Trends

SNSE) i ESS

HE

—

o
-t
(%]

HFBR KENS ¢.~~ LANSCE
ZING-P' IPNS SINQ-II
Tohoku Linac SINQ

-t

o
-
N

-
o
o

Berkeley 37-inch .
CP-1 N .
106 cyclotron ext-generation sources

Fission reactors
Particle driven (steady-state)
3 0.35mCi Ra-Be source Particle driven (pulsed)
10 trendline reactors

trendline pulsed sources

Thermal Neutron Flux (n/cm?2-sec)

b
o
o

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Year

(Updated from Neutron Scattering, K. Skold and D. L. Price: eds., Academic Press, 1986) |
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Neutron Sources: Uranium Fission Reactors Time of flight

can be achieved
e “Large” (~10'* cm2 s1) flux of neutrons at the core by choppers

* Continuous spectrum or one wavelength for a long time
* Generally more stable operat|on than an accelerator-based source

Power | Shim Arms A

regulation (Cd Poison ;”
rod (Al)

Fuel
Elements

. -
. oo -

Cold Source
He Cooling

”

Fuel'ed i
Section
Beam tube Cold
thimble Neutron
Guides
Unfueled ~ Liquid »
Saction Hydrogen Cartoon of the NIST
Cold Source 20 MW reactor

Woracek, SWEDNESS/LINXS Neutron Imaging 39
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Neutron Sources: Pulsed Spallation

* High energy (1 GeV) proton beam smashes into a heavy nucleus

* Historically lower integrated neutron flux than reactor (SNS x3 lower than NIST)

* ESS will change that, having similar integrated flux to a 60 MW research reactor

* Short pulsed proton beam, choppers, and time-of-flight yields energy information
* (Canresolve all wavelengths within a large range in each pulse

Front-End Bullding

Kiystron Bullding

.

- g,
7 Ry,
a

N

Central
Melium
Liquefaction
Building

Radio-
Frequency
Facility

Support
Buildings

Central Laboratory
and Office Complex

Linac Tunnel

WA

Ring

Future Target
Bullding

Canter for
Nanophase

Materials
( Sciences

ORNL User <

Housing Facllity A

Joint Institute for
Neutron Sclences

e iveeiy w v e ooy e eewe <N IMaging 40
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Neutron Sources: Continuous Spallation

1 — | 2 Eye Treatmant UPTIS
N | ﬁ 3 Profon Therapy Ganiry

- ke Paysics ang * SINQ at the Paul Scherrer Institute

_— N is the only major facility
E_ 7: g — * 3 accelerators feed a multi-use
| IEOSREE facility and direct a 570 MeV

continuous proton beam with
thermal power of ~0.75 MW onto
SINQ’s lead spallation target

* Neutrons are produced
“continuously”, no intrinsic time
of flight information

* Comparable to a medium power
reactor source in flux, but without
the societal concerns of a fission
reactor

http://aea.web.psi.ch/Urs Rohrer/MyWeb/weha.htm

chkramer 10-04
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Table 2.2 Past, existing, and future spallation source and their respective parameters

United United United
Country States States States LK. Switzer land China Europe Japan Japan
Meutron sou e IPNS LANSCE SNS ISIS SN0 CSNS ESS KENS JSNS
Orpanization Argonne Los Alamos Oak Ridge Rutherford Paul Scherrer  Institute Undecided  High Enerpy Japan
Mational Mational Mational Appleton Institute of High Accelerator Atomic
Laboratory Laboratory Laboratory Laboratory Energy Research Energy
Phvsics O ganization Agency
Proton energy (MeV)  450/13 BOO 70 10007 1400 B0 200 590/1500 1600 13337500 500)9 KL ETRER
Current {pA)
Proton beam power TEW 36 kW 1.4 MW 160 KW I MW 100 kW MW 45 kW 1 MW
Repetition rate (Hz) 3 2 6l 500102 Clontinwous 25 14 |long 20 25
Lar pets) ulse)
Target material Depleted Tungsten Mercury Tantalum Lircaloy Tungsten| Rotating Tungsten Mercury
U parvitem tungsten
Moderator 5-CHy4/L- L-HHo0 L-HsHa 0 L-Hs/L-CHy LDy /DO H.0L- L-H- S5-CHy/H20 L-Hs
CHy Ha O CHaL-
H.
Number of 12 7 24 (beam 22(Ts1) 15 20 {beam 15 23 (beam
inSLriments ports) TiTSs2) ports) ports)
Existing neutron NELUTRA
imaging instrument [30] and “ -
Facility operating 1981 (closed 1983 1985(TS1) 1996 a4 Under 1980 (closed 2003) 2008
since or planned to 2008) 2008 (TS2) planning
operate in

IPMNS: Intense Pulsed MNeutron Source [32); LANSCE: Los Alamos Meutron Science Center [33]; SNS: Spallation Meutron Source [B, 9); 1S15: [34, 35]; SING: Swiss Spallation
Meutron Source [36, 37), CSNS Chinese Spallation MNeutron Source [10, 11]; ESS: European Spallation Source [38, 39]); KEMNS: Koh-Energy-ken Meutron Source [40, 41];
TSNS Japanese Spallation Neutron Source 8, 9). Consult the websites for these facilities to obtan additional information and current detail s,

Woracek, SWEDNESS/LINXS Neutron Imaging 42
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* Example of a Spallation Source: SNS

Full Energy linac and Accumulator Ring

Design Criteria

~250 meter
circumference
accumulator ring

1) Produce H beam pulse in source

2) Accelerate beam pulse in linear accelerator to 1 GeV
3) Accumulate 1060 pulses in the accumulator ring

4) Extract and fire the accumulated beam at the target
5) Do this 60 times per second!

Operational Goal

transport
High proton density on target — goal is 1.4x10"4 fransport to target
protons per pulsel to ring
High Availability and Reliability
- . h‘
n

~300 meter linear accelerator

VVUIdLER, OQVVLUINLOY/ LINAD INEULIVIT TTTIdEITNTE
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* Example of a Spallation Source: SNS

Mercury Target
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* Example of a Spallation Source: SNS

Outer 6061 Al
. beryllium structure
radius
Decoupled
and
poisoned
hydrogen
moderator
Coupled
Inner Reflector Plug hydrogen
moderators
» Contains moderators and reflectors
around the target. Three H moderators 304L SS
running at ~20K and one H,O moderator shielding
running at 290K plates
» Neutrons produced by spallation in the Decoupled
Hg are high energy, ~1GeV, must be :’;‘t‘:;r‘“t
g:ooled to TmeV — 1eV range for use : S AR
in thermal neutron scattering , , 45
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* Example of a Spallation Source: SNS
Target Region Within Core Vessel

Outer
Reflector
Plug

S—

)
)
NS

v
.‘:

Core Vessel 7
water cooled
shielding

Core Vessel
Multi-channel
flange
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* Example of a Spallation Source: ESS

Target

Twister

Proton

Target Wheel

Moderator & Reflector Plug

Cold moderator

Thermal
moderator

47
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* Example of a Spallation Source: ESS

__________________ Neutron beam extraction

Woracek, SWEDNESS/LINXS Neutron Imaging 48
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* Example of a Spallation Source: ESS
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* The ToF diagram

[ But, what about the wavelength reso]uﬁ\ //

* Let’s assume a short pulsed source with t=200usec

AA  3956-T 3956 0.0002
A ALy,  A-12

=2 [24] =3.3%][ 22 [7A] =1% ]

\
7

Distance (m)

.

o 12

0 16.7 33.3 50.0 66.7

T| me (milisec) Woracek, SWEDNESS/LINXS Neutron Imaging
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e At short pulsed spallation source, the pulse width depends stronly on the
moderator and wavelength.

Slowing down time or TO().) or TO(E)

» Neutrons emerging from 2oer12 ' ' ' '
moderators have a distribution — 4mev
of energies = a Maxwellian + ;g2 |- e
a 1/E (epithermal) tail. 100 meV

» But different neutron 1.5e+12
energies (wavelengths) 3

emerge from the moderator
with different time distributions
(see example on right).

1.0e+12

5.0e+11

» Need to calibrate a TO(E)
function for each moderator

and use this in data reduction. ** 50 100 150 200 250 300
. _ Time (us)
» Now the neutrons are emerging
out of the monolith and into the Example: MCNPX results for coupled cryogenic H,
beamlines for the neutron moderator on SNS target station 1

scattering instruments_._ .
ey e e ey st s e EING 51
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Wavelength selective imaging 2

e 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.

* [t 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).

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

70
g 20K
SOLID
METHANE 2

5 O 77K T
2 L SOLD A
2 Atlps] ~ ——— ~ Ti[4]
% AMBIENT y ‘S E'[E I/]
= L TEMPERATURE
% POLYETHYLENE
w 30r -
E ’/"’ﬂ', .
: 20 - =7 a1=7A -
3

0r -1

o L 1 L

© : 2 3 4 Woracek, SWEDNESS/LINXS Neutron Imaging 52
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Beam Selection/conditioning
TO Choppers and Curved Guides

e When the proton beam strikes the target (time
T0) a burst of ~1GeV neutrons and a flash of
gamma rays are produced. Some are neutrons
are moderated but some emerge into the
beamlineat time TO. Have to get rid of the fast
neutrons and gamma rays.

e Two methods -TO chopper or curved guide

e TO chopper —rotating plug of Inconel(200
—300mm) that blocks the beam at time TO.

e Curved guide, low energy neutrons are reflected
but not higher energies. The guide is curved so
that final sample position does nothave a line of
sight to the source and fast neutrons must
collide/be absorbed in, shielding around
beamline. BASIS, CNCS and HYSPEC have
curved guides.

e Note TO choppers are phased (electronically) to
the source“TO"signal.
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Wavelength selective imaging 2 - ToF

-

» 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 htips:#ie



https://imagej.net/Fiji/Downloads
https://imagej.nih.gov/ij/download.html
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RADEN

: EUROPEAN
( SPALLATION
e ——

SOURCE
J-PARC -Japan Proton Accelerator Research Complex- {

I
7
J-PARC
¥ i S - :
A (S . ;;.‘ ,‘
!:‘-— s -\ : e —
- . . S
o= \ : -
a : \ »
(3 % neutrino
% beam
3-GeV
Synchrotron
Linac .
underground
J-PARC/MLF

3 proton accelerators

Supet-Kamiokande

5C-GeV Synchrotron

Woracek, SWEDNESS/LINXS Neutron Imaging
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RADEN 7

RADEN -Energy-Resolved Neutron Imaging System- /& _ -

The first instrument dedicated to Energy-Resolved Neutron Imaging

v’ Energy-resolved neutron imaging fully using the
short pulsed neutron nature
- Bragg edge, Resonance absorption, Polarization analysis -
v’ Conventional neutron radiography & tomography
- Various L/D, Large FOV, Dynamic Imaging-
v New neutron imaging technique development “RADEN” (#£4)

Mother-of-pearl work

On beam commissioning and user programs started from 2015.

o —

Flight tub@ o : ,
() Sample Stage

"‘qn
(L=18m)
Sample Stage

(L=23m)

56
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RADEN

Table 1. Basic parameters of RADEN.
Beam line BL22
Moderator type Supercritical hydrogen decoupled moderator
Sample position 18 m 23m
Beam Size <221 x 221 mm* < 300 x 300 mm*
L/D ratio 180 ~ 5000 230 ~ 7500
Wavelength resolution (cold) 0.20% 020%
Energy resolution (epithermal) 16% 12%
Longest wavelength (first frame) 88 A 69 A

Woracek, SWEDNESS/LINXS Neutron Imaging 57
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IMAT

: EUROPEAN
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SOURCE

Pinhole selector

Diffacton ¢ ial collimator
detectors B

S
VALAT

=
N //_//1\;\_ /N

Imaging
detector

Slits

56m 46 m

Choppers

/|

44 m, m=3 supermirror guide

20 2

Moderator

0Om

Neutron Imaging
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IMAT

Messina

Duﬁractlon i camera box

' module
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IMAT

Fig. 16. Neutron pulse width As {ps) (bop panel), resolution Adf (%) as a function of the neatron wavelength (bottom panel ).
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40

——— Single Frame White-Beam: 10 Hz
—— Double Frame White-Beam: 5 Hz
—— Single Frame Narrow Beam: 10 Hz

20+

Counts [arb. units]

Neutron source

Single frame bandwidth
Flight path to sample

L: Distance pmhole — sample
D: Aperture diameter

Maximum neutron flux

Maximum Field of View

Wavelength resolution

vvurdeek, d

Wavelength [Ang]

TS-2; 10 Hz pulsed; tungsten target
Coupled liquid H-moderator at 18 K

6 A (measured)

36 m (measured)
10m

5,10, 20, 40, 80 mm

L/D: 2000, 1000, 500. 250, 125 (nominal)
L/D: 2000, 1150, 510, 245, 125 (measured)

3.8 107 w/em”2/s (measured)

211211 mm? (measured)

AML<0.4% (<2 A) (measured)
ANL < 0.8 % (> 2 A) (measured)
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onh sources. NIMA 604

A%[22’\] = 0.53%

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

* 75m option needs

E neutron guide, Frame

S overlap choppers...

&

I

k%

D —

JAY, -

25 =2 [2A] = 1.6%

— [ZA =3.3%

///// //‘

16.6 75

Tl me (m | | |SeC) Woracek, SWEDNESS/LINXS Neutron Imaging
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* ESS will be the first Long Pulse Spallation Source

ESS 5 MW
2015 design

Possibilities of pulse shaping

ESS 5 MW
2013 design (TDR)

ESS 2 MW
5 MW 2015 design

Brightness (n/cm?/s/sr/A)

1
SIS TS2

SIS TS

128 kW 32 KW

4 time (ms)

tron Imaging 62
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Overview Chopper Cascade FOC5
FOC 4 :

Frame Overlap Chopper 1

FOC 3 Ow
|
o ,

OC 2 + Band Pass

avelength Frame Multiplication Chopper 1+2

ODIN Overview

e 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

Control Racks
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Spectrum and Field of View Chopper System: flexible resolution

FoV at 10m position

x10° Spectrum FWRRM Horizontal = 140 mm
A Every Pulse
(= C -
_g 3t _g ” /\V\/W\ _ o 00A 184
i': 2 :':: / \\ —
» ) ] E
£ 1 §° g
01 3456 7.? 910 0 100 200 300 b= |
Wavelengthh (A Position (mm) 2 natural resolution
FW3QM Vertical = 148 mm Total intensity =1.040e+11 / -
300 0 If
= / 5 Uﬁuls;1 souTrce nulséz - £ flinht (1) DUI;EB
E 200 100 E Ima n [Ia} nc
5 5 nd
€ 100 | 200 Every 2" Pulse
3 8 60 O.tT)A l.g A 9.1A 10.? A
- \ = b) >
0 ; : 300
6 4 2 0 0 100 200 300 =
Intensity (arb.un.) % 108 P asiionilnm] E / |
/
. S | resoluti
Large, homogenous FoV for large samples in £ netureltesolation |
e.g. Geology and Engineering. / / .
0- . | ﬂl
pulse 1 source pulse 2 pulse 3

Credit: M. Lerche, M. Morgano Woracek, SWEDNESS/LII(B(MSAIQEFJ{FB% Imaging of
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Spectrum and Field of View Chopper System: flexible resolution

FoV at 10m position

x10° Spectrum FWRRM Horizontal = 140 mm
M 6 EveryPuIse (WFM)
_g 3t _§ 4 M | 60 2.66 A 4. 5.62 A
D 3 ] £
£ 1 §° :
i = .g FOCS
0 0 : : S
01234567?910 0 100 200 300 £ Foce
Wavelengthh (A Position (mm) = Foc3
FW3QM Vertical = 148 mm Total intensity =1.040e+11 FoCt+Ep
300 0 WEMC
. / . pulse 1 source pulse 2 time of fiight (us) pulse 3
€ €
£ 200 100 H
C C nd
2 100 | 00 Every 2"® Pulse (WFM)
8 u(a pulse 1 source pulse 2 time of flight (us) pulse 3
\ €0 10A 562 A SQBA 813A Q935 A
0 : : 300 - - = '
6 4 2 0 0 100 200 300 d) ©
Intensity (arb.un.) X 108 Position (mm) 2
;’ AAKL=0.93%
2
Large, homogenous FoV for large samples in £ [
. . % FOC4
e.g. Geology and Engineering. < ,f/ roca
i FOC1+BP
/ WFMC
pulse 1 source pulse 2 pulse 3 fé

Credit: M. Lerche, M. Morgano time of flight (us)
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-

Chopper

modular neutron guide (m=3):

P i o e ll --
4\ 1 ' s— 3] 28
q . . o I

. A

Optical Benches
(Measurement Position)

- - R DISTANCE
om T 22m = 29m 31m 32m 38 m 5 47 m 54 m
om 7m 25m 32m

time of flight [ms]
10 20 30 40 50 60 70

o

N

- -ESS: Sim —TBL: Sim
o TBL: Exp Mono

=9
[3)]
!

3 x 108 n/cm?/sec

(=]
(3]
!

Neutron Flux (x104 n/cmZ/s)

o

w
(3}
Fall |
a
o

05 05 15 25
time [ms]
wavelength [A]

Repetition: 14 Hz Wavelength resolutions: 4%-23%
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EEEE e

ELIEp EmE TmD

WB
WEM oL FoL

Chopper ChopperChopper

modular neutron guide (m=3):
H=12.5cm, W=6cm

Chopper Optical Benches
R (Measurement Position)

- - N DISTANCE
om +  22m 29m 31m 32m 38m " 47 m 54 m
om 7m 25m 32m

- -ESS: Sim —TBL: Sim
o TBL: Exp Mono

B
Optical Blind Mode

neutron counts [a.u.]

Neutron Counts [a.u]

0 10 20 30 40 50 60 70
time of flight [ms]

Tunable (but constant)
Wavelength resolutions: 0.5%-2%
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= WFM data reduction in NOW implemented in MANTID
= Data reudction of 1 image stack requires >20GB RAM

Stitch &
Offset frames Convert to A

iy ]

[+ i :
T = Sample/OpenBeam I |

Woracek, SWEDNESS/LINXS Neutron Imaging
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SUMMARY

Repition 10Hz 5Hz 25Hz 14Hz 7Hz
(skipping) (12.5Hz possible) (skipping)
Bandwith 6A 14A 8.8A 6.9A 4.5A 9A
Flightpath 56m 18m 23m 60m
Max flux 3.8x1077 9.8x1077 5.8x107r7  1.2x1079 (at
[n/cm2/sec] 2MW, no
WFM)

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

WFM: 0.3-0.8
L/D ratios 245 - 1150 180-5000 230-7500 Up to 10000

Woracek, SWEDNESS/LINXS Neutron Imaging 69
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» 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 htips:#ie



https://imagej.net/Fiji/Downloads
https://imagej.nih.gov/ij/download.html
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Neutron Detectors

B How does one “detect” a neutron?

— Can't directly detect slow neutrons (neutrons relevant to materials science,
that is)—they carry too little energy

— Need to produce some sort of measurable quantitative (countable)
electrical signal

B Need to use nuclear reactions to convert neutrons into charged particles

B Then one can use some of the many types of charged particle detectors
— Gas proportional counters and ionization chambers
— Scintillation detectors
— Semiconductor detectors

Woracek, SWEDNESS/LINXS Neutron Imaging 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.

¢ Since neutrons have zero charge they cannot be
detected directly, instead a charge particle needs to
be produced and then detected.

e Counters:
— BF, 0B+ 'n—7Li,+ “He,+ 2.7 MeV
- 3HE} 3H62+ 1nu_}3He-‘+ 1H1

e Film/scintillators:

e Most detectors need bulky shielding as they are
sensitive also to y-rays

Woracek, SWEDNESS/LINXS Neutron Imaging 72
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Nuclear Reactions for
Neutron Detectors

n +3He > °H + 'H + 0.764 MeV
n +6Li > *He + 3H + 4.79 MeV

n+ 1B > 7Li* + 4He—>'Li + “He +2.31 MeV+ gamma (0.48 MeV) (93%)
- 'Li + 4He +2.79 MeV (7%)

n+ 1N -2 14C +1H + 0.626 MeV

n + 199Gd - Gd* - gamma-ray spectrum + conversion electron spectrum (~70
keV)

n + 157Gd - Gd* - gamma-ray spectrum + conversion electron spectrum (~70
keV)

n + 233U - xn + fission fragments + ~160 MeV (<x> ~ 2.5)
n + 239Pu -2 xn + fission fragments + ~160 MeV (<x> ~ 2.5)

197Au(4.906 V), 1135In( 1.46 V), 181Ta(4.28 eV), 238U(6.67, 10.25 V), energy-
selective detectors, narrow resonances, prompt capture gamma rays

Woracek, SWEDNESS/LINXS Neutron Imaging 73
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Cross Sections for Neutron Detection

Wavelength [A]
3
15407 _\
1.E+06 \

\

1.E+03 -

1o __\
1.E+01 \
——6Li (Absorption)

1.E+00
——10B (Absorption)
——157Gd (n,g)

0.2 0.28 0.09 0.028

Cross Section [barns]

1.E-01
—155Gd (n,g)
——3He (Absorption
1.E02 ( ption)
—— 14N (Absorption)
1.E-03 : : : : : . i
0.01 0.10 1.00 10.00 100.00 1,000.00 10,000.00 100,000.00

Energy [mev] 74
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Common ToF detectors for scattering instruments

Neutron Detectors

e We are using four detector types:
— Multiwire proportional chambers
— Position sensitive proportional tubes
¢ Commercially available tubes
¢ Electronics and packaging done in house

— Scintillation detectors with wavelength
shifting fiber readout

* New development

— Anger cameras with position sensitive
PMTs

¢ New development

, ‘, o -
P —— \ eutron S c’//ais‘f
AL N A
SPALLATION NEUTRON SOURLE

75
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Common ToF detectors for scattering instruments

Gas Detectors
n+3He 2 3H +p +0.764 MeV

lonization of gas

Neutron Kinetic Energy [meV]
17 ]0" . “.J. ~ 1
T T ':S‘eb . 0

______ 95"*@__ Rt s

100y

e drift to high voltage anode

oo
=

2

High efficiency

£
=
T

_____?H;__(nzp)'_ CHo |

Conversion Efficiency [%]

20_ " Deteitor Depth = 1.5 ¢m
0 2 4 6 8 10

Beam monitors

Neutron Wavelength [A]

Low efficiency detectors for
measuring beam flux

Woracek, SWEDNESS/LINXS Neutron Imaging 76



Energy (wavelength) selective imaging 2

EUROPEAN
SPALLATION
SOURCE

Common ToF detectors for scattering instruments

Gas Detectors — cont’d

B |onization Mode

— Electrons drift to anode, producing a charge pulse with no gas
multiplication.

— Typically employed in low-efficiency beam-monitor detectors.

B Proportional Mode

— If voltage is high enough, electron collisions ionize gas atoms producing
even more electrons.

* Gas amplification increases the collected charge proportional to the
initial charge produced.

» Gas gains of up to a few thousand are possible, above which
proportionality is lost.

Woracek, SWEDNESS/LINXS Neutron Imaging 77
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Common ToF detectors for scattering instruments

Spatial Resolution of Proportional Counters

Spatial resolution (how well the detector tells the location of an event)
is always limited by the charged-particle range and by the range of neutrons
in the fill gas, which depend on the pressure and composition of the fill gas.

* Very coarse

And by the geometry: lution f
resolution ror

Simple PCs: 6z ~ diameter; 6 mm - 50 mm. .|mag|ng
* Also: count rates
LPSDs: 6z ~ diameter, 6y ~ diameter ; 6 mm - 50 mm. for imaging
MWPC: 6§z and &y ~ wire spacing; 1 mm - 10 mm. different than for
scattering

Woracek, SWEDNESS/LINXS Neutron Imaging 78



Energy (wavelength) selective imaging 2 + Let us briefly

remind
ourselves how a

. . . . ToF imaging
ToF detectors for imaging: developing field experiment

' ) . . works

TOF imaging with neutrons
MNeutron counting
Pulsed Neutron Source

, 2D detector
20-60 Hz |
100-600 ns pulses

Propagating neutron pulse
) ) me) = -

Trigger synchronized to the source

All energies are imaged
at the same time

,stacks’ of
images as a
result

XY, T for every
detected neutron

— s X measured simultaneously!

. z
o= —= ~250,000 spectra are

Wavsiengih [A)

ESS imaging workshop. April 2017
. 79
Courtesy: A. Tremsin Vvuiueen, oy oiveow; ciivao vewa ON IMaging
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can be used,

optimized for
particular
application

ToF detectors for imaging: developing field
MicroChannel Plates (MCP’s)

* Similar principle of photo-multiplier tube

» 10B or "a'Gd in wall glass absorbs neutron
# Neutron

‘Hv(soookv) * Reaction particles and high electric field
create an electron avalanche

Channel

Gl [ it
Wall Ginss * Charge cloud detected with position

sensitive anode

* No read noise due to large amplification,
but small gamma-ray sensitivity

» Spatial resolution limited by channel
separation and range of charged particle

+ Ultimate resolution of ¥10 pm

* Each detected neutron event is
reconstructed, which introduces a
— deadtime

* Deadtime limits useable field of view to
about 1-2 cm?, which is OK for PEMFCs

Courtesy: D. Hussey Vvordacek, DVWEUNEDD/LINAD Neulron 1mdging
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ToF detectors for imaging: developing field
MicroChannel Plates (MCP’s)

Readout types
I.-nt. il Y 1 E?'[ ::::::::::
. g-% SRR
C:H Tt IIII ;I 11 II:I I IIIl D' ::::::::::
L ::: , :III 1 I I O | III: g ::::::::::
S R S memmmnEEee but events
N T e
Cross Delayline Cross Strip R-'Iedipiygfll“élnepix
(XDL) (XS) R
4 amps ZxNampNxNamps @
Gain ~ 107 Gain ~ 10° am ~ 104103
Rate < IMHz Rate < 5MHz Rate > 200MHz
At ~ 50 ps rms At ~ 100 ps rms At~ 10ns-1ms

Courtesy: A. Tremsin Woracek, SWEDNESS/LINXS Neutron Imaging 81
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ToF detectors for imaging: developing field
MicroChannel Plates (MCP’s)

Readout types
o s R
=i ##%# s R

i

T

Medipix/Timepix

Cross Delayline Cross Strip ASIC
(XDL) (XS) —
. _ : : Multiple events
Single particle Single particle Jetected
processed processed (up to 25000)
] ; 200 fr /
Dead time 200-300ns ~ Dead time ~300ns oo oS
mepix3 —

only for active fingers g0 MHz per chip .0, maging 2

Courtesy: A. Tremsin
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ToF detectors for imaging: developing field

MicroChannel Plates (MCP’s): Timepix readout

™
L e |
gu
MCPs W
64 data lines
@100 MHz
64 data lines
oA Cr— @100 MHz
~1.8 :> FPGA
Mb/frame, Timepix il .
to 1200 readout Vacuum ~10- Torr A
UIf)ra(r)nes/s Mb/frame,
up to 1200
frames/s
: 1. 2 ~
e
Up to ~5 Mb/s [

.

Woracek, SWEDNESS/LINXS Neutron Imaging 83



Wavelength selective imaging 2 - ToF

EUROPEAN
SPALLATION
SOURCE

ToF detectors for imaging: developing field
MicroChannel Plates (MCP’s): Timepix readout

Detector configuration and performance

Detection of photons, ions, neutrons, alphas, high energy

electrons, atoms.

« Upto ~25000 simultaneous events can be detected.

. Active area 28x28 mm? (2x2 Timepix chips). -

« Fast parallel readout (x32) allowing ~1200 frames per second
with ~320 ps readout time

+ Event centroiding (~12 um resolution, at ~5x 108 events/s) or
55 um resolution at >5x10° events/s.

« Time resolution can be ~20 ns at ~2.5x107 events/s rates with
55 um resolution.

« Timing within frames — TOF(energy) or dynamic processes can
be studied. Wide energy range or most phases measured in
one experiment.

Courtesy: A. Tremsin | FeSimagngwenshop APrU2T INXS Neutron Imaging 84
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ToF detectors for imaging: developing field
MicroChannel Plates (MCP’s): Timepix readout

3 modes of event counting/imaging

1. Event counting in each pixel 2. Time of event:
up to 11800 events per pixel/frame internal clock or

L]
L]

L]

Courtesy: A. Tremsin

~10 kHz rate/pix

detector global rate =100 MHz with no
resolution degradation

local counting rate ~100 kHz
spatial resolution = 55 um pixel
time resolution = shutter length (1ps-

seconds)

relative to external trigger

+ 1 event per pixel/frame (~25K
events/frame)

+ time bin from 10 ns

+ time range = 11800 x time bin
+ spatial resolution = 55 pm pixel
« multiple shutters per trigger

can be synchronized to external trigger
(stroboscopic imaging)

3. Charge in pixel

L]

L]

L]

L]

L]

1 event per pixel/frame (~25K events/frame)
spatial resolution = 55 pm pixel
time resolution = shutter length (1 ps to secondss)
can be synchronized to external trigger
multiple shutters per external trigger
Woracek, SWEDNESS/LINXS Neutron Imaging
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Present status of neutron imaging

Wavelength selective imaging 2 - ToF defector development af RADEN

NEUWAVE-? NIST 13 June 2017

ToF detectors for imaging: developing field
Detectors at RADEN

Counting type
9 Counting-type detectors at RADEN

Detector Type Performance Primary imaging methods
MUNID Micropattern, « Area: 10x 10 cm? + Resonance absorpfion
SHe converter + Spatial resolution: 0.2 mm + Bragg-edge

+ Time resolution: 0.25 s +  Magnefic imaging

+ Efficiency: 25% (thermal)
« Countrate: 100~300 kcps

NnGEM  Micropattern, « Area: 10x 10 cm? + Resonance absorption
108 converter « Spatial resolufion: 1 mm + Bragg-edge
+ Time resolution: 10 ns
« Efficiency: 10% (thermail)
+ Countrate: 200~400 kcps

Ared: 5 x 5 cm? + Resonance absorpfion
Spatial resolution: 3 mm + Bragg-edge

Time resolutfion: >40 ns

— « FEfficiency: 25% (thermal)

Li-glass - Countrate: 6 Mcps

Phase-contrast imaging

* NGEM (boron)
« UNID (3He)

Li-glass  GS20
scintillator
pixels with éLi

* Li-glass scinfillator ¥

* Anton's MCP also
available

Courtesy: J. Parker Woracek, SWEDNESS/LINXS Neutron Imaging 86



Present status of neutron imaging

Wavelength selective imaging 2 - ToF defector development af RADEN

ToF detectors for imaging: developing field
Detectors at RADEN

Li-glass scintillator detector (LITA12)

» Li-glass scintillator with Ce , S -gIdss
activator (GS20) (2.1 x 2.1 x e \ ’
1mm3 x 256)

* Hamamatsu H2500 multi-
anode PMT

» 3.4% efficiency at 4 eV for
t=Tmm —

’ Improve,me,ms fo,r resonance Li-glass detector parameters
absorption imaging

. . _ Areq X 5 em®
— < Imm spatial resolution with : :
flat-panel scintillator and Spatial resolution 3 mm
charge centroiding Time resolution 40 ns ~
— Increase efficiency with 3~4 Efficiency (thermal) 20~25%
mm thick scinfillator
Count rate 6 Mcps 87

Courtesy: J. Parker tron Imaging



Present status of neutron imaging

Wavelength selective imaging 2 - ToF defector development af RADEN

ToF detectors for imaging: developing field
Detectors at RADEN

UPIC-based neutron imaging detector (UNID)

Neutron detection via *He - CF -isobutane-*He (45:5:50) gas

neutron mixture at 2 atm
= ?‘;0‘_0‘:\
o™

Track length
~5 mm in gas - 3-dimensional fracking of

decay pattern

- Energy via time-over-threshold

- Compact ASIC+FPGA data
encoder

HNID performance characteristics

Spatial res. <0.2 mm

Y -sensitivity < 10

Count rate capacity | 8 Mcps XS Neutron Imaging

Courtesy: J. Parker
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Wavelength selective imaging 2 - ToF

Joe Parker
CROSS
BL22 Group

ToF detectors for imaging: developing field

Detectors at RADEN

UNID with boron converter

.- 10B-coated drift cathode
(t=1um) for initial test

- CF -isobutane(10%) at
1.2~1.6 atm

« 3x smaller event size
compared to 3He

- Testing at RADEN started in
February

- Considering how to
improve efficiency

Courtesy: J. Parker

Al drift cathode (t=1mm)

~5 mm£ 98 coating (t=1.2um)

3-axis uPIC readout

Expected performance

Efficiency@25.3meV 3~5%
Time resolution 10 ns
Spatial resolution 0.4~0.5 mm
Peak count rate 20~30 Mcps

Present status of neutron imaging
detector development at RADEN

-on Imaging 83



Wavelength selective imaging 2 - ToF
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SOURCE

ToF detectors for imaging: developing field
Detectors at IMAT

GP2

GP2 [l js a 100k pixel time-of-flight neutron camera,

which combines a gadolinium
converter film and a CMOS
readout sensor [2],

[1] D. E. Pooley, et al., IEEE TNS, vol. 64, no. 12, p. 2970, 2017
[2] I. Sedgwick, et al., IEEE NEWCAS, 2012

90
Courtesy: D. Pooley
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ToF detectors for imaging: developing field
Detectors at IMAT

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

1. Active Area: Continuous, without gaps.
2. Compact, robust & free of moving parts.

3. Standardized and reliable connectivity.

Cross Section
*He = WP 3000

¥"Gd > y+Conversion electrons 74000
nGd > y+Conversion electrons 17000

Absorption of 1.8 A (0.25meV) neutrons by Natural Gadolinium

100

Absorption [%]
S

91
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GP2 RUNS IN EVENT MODE

Sample with
One neutron pulse
L L energy
delivered at source
. dependent
repetition rate features
Low to high energy
':oo 4 %oosooi:
. o ® o & . 0% oo
® 00 @oo%o% Ogo .'
...:::O o% OCO’. AT
"4
— Example Data —]
Neutron | Pulse | Energy Pixel
# X Y
1 1 @ |10/ 8
2 1 O 113 2
3 1 © |7 |212
4 2 O |20 | 324

Courtesy: D. Pooley

| Energy dependent |  GP2 Detector
attenuation
Digitised
— ) time of
® e ° o © o OC; 'Y arrival
"o o Coe ..010101...
e 3 o ...100011...::
o °2 ..001111...4
° & - 1 ...110001...11
o e ° o ...100001...11
® e o o0 I
N ] |
] |
Gd converter I i
PImMS sensor I .
PCB |
Camera body [
USB readout .

4::::::::::::::::
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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.

Measurement Raw data exposure time | average data rate Resulting ‘raw’
produced (GB) | (h) (GB/h) data after
detector
‘correction’ (GB)

Test Radiographs of a few 22.0 14.5 1.5 65.9
samples (overnight run after

initial setup)

_ In-situ Furnace test 5.2 1 5.2 15.6
_ Sample alignment 0.5 0.5 1.0 1.5
' Measurement sample 1-3 33.0 17 1.9 99.0
0 Radiographs 20.0 8 2.5 60.0
I Alignment 1.0 0.5 2.0 3.0
Tomography ( 63.0 24 2.6 189.0
- Measurement sample 4-6 49.0 14.5 3.4 147.0
m Calibration sample 0.5 0.5 1.0 1.5

- total 194.1 80.5 2.4 582.4

Courtesy: M. Morgano Woracek, SWEDNESS/LINXS Neutron Imaging 93
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» 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 htips:#ie



https://imagej.net/Fiji/Downloads
https://imagej.nih.gov/ij/download.html
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SOURCE

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

Woracek, SWEDNESS/LINXS Neutron Imaging 95



SPALLATION
SOURCE

Wavelength selective imaging 2 - ToF

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...

Woracek, SWEDNESS/LINXS Neutron Imaging 96
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Device inspection:
particle filters

Monolith Soot
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Hydrogen
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Metals
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Attenuation

vice inspection:
L% icle filters
}\ © lith  Soot
)
)
=
C
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9 QQQQ engineering
(o) ©
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© LTc Phase
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Q e
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o
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= i ok :
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Credit: M. Sales and all.... Woracek, SWEDNESS/LINXS Neutron Imaging 99



SPALLATION

SOURCE

Wavelength selective imaging 2 - ToF

-

» 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 htips:#ie



https://imagej.net/Fiji/Downloads
https://imagej.nih.gov/ij/download.html
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Imaging regime m—)
Diffraction Phase Magnetic Attenuation
e Device inspection:
‘ Hydrogen : .
v , particle filters
/’\ S in metals Monolith  Soot
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Attenuation of different materials (at one wavelength)

Attenuation coefficients with neutrons [cm?"]

la 2a 3b | 4b | 50 | 6b | 7b | 8 | 1b | 2b 3a | 4a | 5a | 6a]| 7a]| 0
He
44 0.02
B N O F Ne
0 01.60 0.43 |0.17 0.20 | 0.10
Na Mg Al Si P S Ar
0.09 0.15 0.10 .11 0.12 | 0.06 0.03
K Ca e 0 Zn Ge Br
0.06 0.08 00 0 9 0 0 0.35 | 0.49 | 0.47 0.24
Rb Sr Y Zr Nb R AQ d Sn Sb Te I Xe
0.08 0.14 |0.27 | 0.29 | 0.40 6 0.88 4.04 8 0.21 | 0.30 | 0.25 | 0.23 | 0.43
Cs Ba z Re O P A 0 TI Pb Bi Po At Rn
0.29 0.07 4.99 49 / 0.8 /] 0.46 40 © o 0.47 | 0.38 | 0.27
Fr Ra Ac Rf Ha
0.34
Ce Pr Sm Eu Gd Dy Ho
*Lanthanides . . . 171.47 94.58 1479.04 32.42 2.25
- Th | U Pu —Am |
~*Actinides . . 50.20 2.86

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



https://www.ncnr.nist.gov/instruments/bt1/neutron.html
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Cross section (attenuation) is wavelength dependent

o[
o[, o< O
o O < (%)
00 oL x N
~ o)) ~ o o
I I I |
\. | | | L} ] I
1000.0 - e
- N §‘ 3
I &
~\'\\\_ 500 T

1w.o = \ o
E \\\» = H~O 3
t ‘ — : N
+ ron 4
\NM 100 | =

100

[barns]

— o [b]

- .. e T
1.0 ‘ | ]
- 10
- odo 001 a1 1
—E [eV]
0.1 1 = A 1 . 1
107* 1072 10° 10°
rjeutron energy [eV]
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Example: Determination of very low concentrations of Hydrogen in
Zirconium alloys

Wavelength dependent attenuation coefficients:
e Zirconium alloy
e Zirconium hydride

Zr hydride e i} i

L4,

Attenuation coefficient (cm")

2 -
1F Zircaloy-2 isotropic Zircaloy-2 textured -
RN S
0 : I N T Rl ;“1—»-—~ L ;
1 2 3 4 5 B 7 8

Neutron wavelength (A)

Buitrago, N. L., Santisteban, J. R., Tartaglione, A., Marin, 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. L
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Example: Determination of very low concentrations of Hydrogen in
Zirconium alloys

11 wt ppmH 1sample with 130 wt ppm H
3 samples + 166 wt ppm H « 2 orientations
° 366 Wt ppm H 05 T T T T T T T
0.49 T . |
o E oap 1
§ 042 0 -
“ 5
€ 0.35 o] 03} o . i
5 g | am ‘?’ow' .
& 028 §
2 o 02f * -
O o021 S ZrNb 130 [wt ppm]
5 g .
= i Direction 1 . o
© 0.14 E 0.1 . D:::ct:g:z o'."’.“ o*e
é 0.07 <
< s . : : —o ] DG 1 1 1 1 1 1 1
P ; ; 0 1 2 3 4 5 6 7
0‘00 A 1 " 1 " 1 " 1 L 1 ot 1 L 1

0 1 2 3 4 5 6 7

Neutron wavelength i [A]
Neutron wavelength 2 [A]

Figure 8: Attenuation coefficient of the Zr2 3%Nb calibration specimen containing a homogeneous content
of 130 wt ppm H measured along two perpendicular divections on Engin-3. The differences observed
. 2 2 o 3 g p batween 24 and 554 are due to the erystallographic texture.

Fig. 10. Attenuation coefficient of three Zircaloy-2 calibration specimens measured on

the Engin-X beamline with the MCP detector.

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

- Attenuation coefficients vs H content
° —1—|—r—[—r—|——v_

g 0.32 |- |
2028 —— o
S ozq [MIT ™ : )
& - »Range Exp1 Fit1 Exp2 Fit2 Theor.
%5 0.20 | 0.5A-1.0A = i
8 1.0A-57A & .
c 0.16 - 5.7A-7.0A ® D o )
i
® pi2
| e
)
+ 0.08
<

0.04

1 = L . |

0 ' 100 200 300
H content [wt ppm]

Fig. 11. Calibration lines for wavelength-resolved attenuation coefficients of Zircaloy-2
calibration specimens measured on the Engin-X beamline with the MCP detector.

Buitrago, N. L., Santisteban, J. R., Tartaglione, A., Marin, 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. —
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» 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 htips:#ie



https://imagej.net/Fiji/Downloads
https://imagej.nih.gov/ij/download.html
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A(a) Zowder l A(b) strain mapping \
/ \ single crystal I I BEER
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!
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diffraction imaging -
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\ diffraction contrast imaging

R. Woracek, J. Santisteban, A. Fedrigo, M. Strobl, M. Diffraction in neutron imaging—A review. NIMA (20185
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Diffraction Contract

Based on Bragg’s law

nA = 2d,,,sin6P

wave 2

incident

o reflected
angle

_angle

k)

atomic
plane

atomic
plane

D E——

-

»
L .

’ Al
’ .

r

’

& " & .
g
d sing
©1998 Encyclopaedia Britannica, Inc.

Constructive interference only occurs for certain 6’s

correlating to a (hkl) plane, specifically when the path
difference is equal to n wavelengths.

Woracek, SWEDNESS/LINXS Neutron Imaging 110
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Powder — A Polycrystalline Mass

All orientations of
crystallites possible

Typical Sample: 1cc powder of
10pum crystallites - 10° particles
if 1um crystallites - 1012 particles

Woracek, SWEDNESS/LINXS Neutron Imaging 111
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Powder Diffraction gives Scattering on

Debye-Scherrer Cones
(220)

Incident beam

(200)
X-rays or neutrons

Bragg’s Law A = 2dsin®
Powder pattern — scan 20 or A

Woracek, SWEDNESS/LINXS Neutron Imaging
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= Coh. elastic scattering o + Totine A+ Tt o (A + g oy (A) + T ()
» hkl spacing probed in beam direction (“averaged” through thickness)

Monochromatic

neutron polycrystalline
beam material

0.50

sl F€ powder
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= Coh. elastic scattering <1 + Tt ine () + Tiag con (A) + Ty i (A) + T (A)
» hkl spacing probed in beam direction (“averaged” through thickness)

double-crystal velocity Sample |Detector
monochromator selector

Sample manipulator
\

Neutron beam

=
\

Principle of neutron guide

‘Super-mirror
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ture of 750 m and length of 15 m EIENANEEE S A
followed by linear guide section
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» hkl spacing probed in beam direction (“averaged” through thickness)
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* Transmission though crystalline samples

0.7 ‘ - : 4 : 0.7 : - : ‘ . 0.4 : - ,
isotropic powder crystal textured powder crystal single (or oligo-) crystal
0.6 1 0.35}
0.65
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o o
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5 g 5
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Let’s go back a bit...
What about the pulse
shape of the source?

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

- -ESS: Sim —TBL: Sim
¢ TBL: Exp Mono

neutron counts [a.u.]

-0.5 0.5 1 t?me [m2815

Gd Pinholes (10mm)

117

3He Detector (4tubes)
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Let’s go back a bit...
What about the pulse
shape of the source?

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

- -ESS: Sim —TBL: Sim
—=—TBL: Shorter Pulse

neutron counts [a.u.]

-0.5 0.5 1 t|5me [-m%:!S

Gd Pinholes (10mm)

118

3He Detector (4tubes)
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The short pulsed neutron source leads to specific Bragg peak shapes (due to the
moderator properties; non-Gaussian)

Bragg edges of course also influenced

400000 A 1 A 1 A I " 1 " (,5
3 0.4 B AR WL AT Y
z o - /
g e —— ENGIN-X (x5) -
£ 0.3
-~ c
= 200000 - k= Fe(110)
:‘5‘ 3 s Bragg edge
g g - ——IMAT
2 100000+ za ——ENGIN-X
= k 014
ot
0 v T v T v T v T v 0.0 T T T T T T 4
18 1.9 20 2.1 22 2.3 40590 40920 41250 41580 41910 42240
d-spacing [A] ToF [us]

Fig. 3. Comparison of Bragg peak shape (left) and Bragg edge shape (right) of IMAT (red) and ENGIN-X (blue). The Bragg peak
intensity for ENGIN-X is multiplied by 5 for better comparison.
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* Phase imaging: Austenite vs Martensite
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Example from IMAT: Acquire a spectrum
« with sample
« without sample (Open Beam)
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Wavelength selective imaging 2 - ToF
Example: Dissimilar welds investigated at RADEN

Y 4

XF350 steel to '

5083-H22 Al - Aluminium |

XF350 steel to
5083-H22 Al

N Intermetallic
. compound

19 CMT — Ti to stainless steel w

Mn P+S N Ti

0.613 0.024 0.017 0.002
0.5 015

AISI 316 L (stainless steel) 045 Balance 207 1.73 10 172

Ti-6 Al-4V (titanium) 03 X alance 675 45 02 015 005
e E— 1 mm

Anton S. Tremsin et al. + Investigation of metal welds by neutron imaging /. Appl. Cryst. (2016). 49, 1130-11 4[}Jging 122
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Anton 5

. Tremsin et al.

+ Investigation of mu
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* Fit the Bragg edge position _ Adyy _ du = 40
« Calculate the strain dpii dpi
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A few words about strain....

The Strain Tensor

8:.: ny yxz
Cy=|T By Yp

y.xx b ¥z sa
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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
120
_ 80
®
Micros § 40
0 500 _'E R E R R R R R B e o S B y
350 gm .40 = top Z X
300 Y 80 * left v
4+ above
'E' 250 =120 . ,
E _ ° Through thickness Iacatil:l’n [mm] | ’
200
g SETE 1
&% 150 _ 80 ]
100 :‘% 0?:::::‘:::::::*::::::’
50 S a0 - | « [ = top
o o BRI
0 % gt A aebove
120
0 1 2 _3 4 5 [ 7 8 9
Through thickness location [mm] oracek S — i 1276
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Digital Image Correlation (VIC 3-D): Surface strains P +1600 —

TN T K TR AR M AT SR

+800

+400

micro-strain [um/m

+100

-75

-250

-425

micro-strain [um/m]

-600

S/LINXS Neutron Imaging
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Transmission Measurements at ENGIN-X MCP detector (UC Berkeley)

| + 28mm FOV, 55um pixels,
i

- Measured
» _ volume

Woracek, SWEDNESS/LINXS Neutron Imaging 1298
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Record data at few loads

Pixels are spatially grouped (box
2.1mm) and TOF channel binned
(3x15ms; =0.001A)

Fit is performed for individual edge:

EUROPEAN
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# of Neutrons
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Wavelength

for the (110) lattice
300 MPa

Edge position (strain) parameter
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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

Neg Strains P Strag

@ Limited choice of scattering vector

B Neutron and X-Ray diffraction remain
method of choice for bulk strain

7 Line integral in
measured

(beam) direction

measurements in most cases or |
() Useful in specific cases (e.g. plane stress) P
where precise mapping in one plane is requwed

(‘) but check if EDXRD a better alternative Weracek sweone  ** 40 oeni —
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Texture imaging
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134

J.R. Santisteban et al./Journal of Nuclear Materials 425 (2012) 218-227 Woracek, SWEDNESS/LINXS Neutron Imaging
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In-situ is a key
strength with ToF

In situ Bragg-edge imaging linking strain and reduction in Solid Oxide Cell electrode supports

a) fixed point

Stress tensor (MPa) ?
support aF , » ,
21{ 1
i+YSZ ol — 05
YSZ - 0
-2 -0.5
LSM+YSZ 3 [mm] I 1
0,1 5 10 15 20
3%
0.095 - 4%
= —6.7%
£
E 0.09 11.7% 0.07 ' Y
= 800 C deg half load
< / 13.3% - s
+0.085[ ¢ 1——19.2% 50.065- 1
Q o
o 6.6 —25.8% §
@ I - \
g5 —26.7% 2 o N
o i— 0, (<] \
80075 - 20 &
? ——51.7% 2 N .
4 : R
S 0.07 56.7% 8 sk v o o —
©
E 60% £
0.065 A —775% - J A A
3 91.7% 0 5 10 15 20 25 30
0 ks time [min)
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28 3 32 34 36 38 4 42
neutron wavelength [A]
Makowska, M. G., Strobl, M., Lauridsen, E. M., Kabra, S., Kockelmann, W., Tremsin, A., ... & Theil Kuhn, L. (2016). In situ time-of-flight neutrorl35
imaging of NiO-YSZ anode support reduction under influence of stress. Journal of Applied Crystéiogaip /\49]5); 36 74N K684eutron Imaging
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» 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 htips:#ie



https://imagej.net/Fiji/Downloads
https://imagej.nih.gov/ij/download.html
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e 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 A) to 1000 eV (~0.009 A).(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)

Woracek, SWEDNESS/LINXS Neutron Imaging +37
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Neutron counting detector
- Positioned at 8.2 m from the neutron source

- 28x28 mm2 active area —
- Position and time of arrival for each
detected neutron

Pulsed neutron beam Furnace, crucible
frequency 25 Hz and charge

Neutron energy (eV)

Figure 1. Schematic diagram of the experimental setup. A pulsed neutron beam travels towards the neutron
counting detector installed at ~8.2 m from the source. Both position (~55pm) and time (0.1-1 pis) are measured
by the detector for each registered neutron. A furnace with a BaBrCl:Eu charge is installed a few centimeters

from the detector. A set of images, each corresponding to a particular neutron energy, is acquired in each
experiment, spanning neutron energies from epithermal range (1-100eV) to cold neutrons of meV energies.

262,144 spectra are acquired simultaneously (within each of the 512 x 512 pixels of 55 x 55um? area).

--------------------------------------------------------------------------------------------------------------------------------------
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Resonance absorption contrast:
Elemental contrast: E.g. check
diffusion processes

1
HE i it =
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o N vt o i ol e M 8 Fo H ' T
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0.5 05 : .
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Wavelength (mA)
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Anton S. Tremsin et al. + Investigation of metal welds by neutron imaging J. Appl. Cryst. (2016). 49, 1130-1 14E}Jging 139
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A lot of information from one ToF imaging experiment!

Texture
variation

Strain (pe)

ToF transmission spectra
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Tremsin, A. S, et al., Journal of Applied Crystallography (2016) 49 (4)
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Polarized Neutron Imaging in ToF mode

Polarized Neutrons in Static Magnetic Fields

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, A, and the path length through

the magnetic field, L.

The precession angle is given: N

¢ = cBAL

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

Credit: Morten Sales

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.
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Polarized Neutron Imaging in ToF mode

Polarized Neutrons in Static Magnetic Fields

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, A, and the path length through

the magnetic field, L.

The precession angle is given:

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.

¢ = cBAL

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

Credit: Morten Sales

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.
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Polarized Neutron Imaging in ToF mode Iy~
1]

Pi.: . iE{x,y,Z},jE{x;y;Z}
o]
I (e

Experimental Setup - RADEN

Slits T-spin /2 spin /2 spin Collimator
i flipper rotator rotator
—— ——

M —_— = = = = = = = I

1 Sample I

Neutrons 1 I

----- —) I

i I

! I

z I I

e o e e e e e e e e = a

y Polariser Magnetic shielding Amnalyser Detector
Polariser T-spin n/2 spin Magnetic shielding /2 spin
flipper rotator rotator ~Analyser Detector

Sample Inside

Neutron intensity data, I, 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, withi € {z,y, z},j € {x, y, z}, € € {-1, 1}. The acquisition
time for each of the 60 X 18 measurements was =370 s (=4.6 days total).

Sales, M., Strobl, M., Shinohara, T., Tremsin, A., Kuhn, L. T., Lionheart, W. R., ... & Schmidt, S. (2018). Three dimensional polarimetric neuiiron
tomography of magnetic fields. Scientific reports, 8(1), 2214.
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Wavelength selective imaging 2 - ToF (3

Px,x Px,y Px.z

Polarized Neutron Imaging in ToF mode PO =|Prr Py P

Pz.x Pz,y Pz,z

; Coordinate
transform
from P to P/

18 sinograms
per timebin (A) calc P from
per horizontal mtensities.
sample slice FR correct.

Horizontal Detector position

S
L Projection Angle ;
% ( . ' i kand 9, A = 2.6 A )
& _§, % .k'z"- i ;:--?,: - 1': , ke
R |
Sh/A— §
! m = A 2
e & ﬂ fet ooy
;E- L . Projection Angle )
O S o A
- — N— o . For each timebin " filtered back Average over ¢
Projection Angle
N = - and horizontal project timeslices (A’s) i?;e:on:t;u;t;?:
sample slice \.@Bxl, KBy, #B, with ¢ < 180° &n

Figure 2. Procedure for reconstructing a 3D magnetic field measured with polarimetric neutron tomography.
The measured intensities are reduced to 3 scalars that can be filtered back projected in order to obtain the
reconstructed three dimensional magnetic field.

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. 144
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y =-1.29 cm

z —=—1E29 cm

-1 0 -1 0
y [cm] y [cm] y [cm]

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. 145



Wavelength selective imaging 2 - ToF

EUROPEAN
SPALLATION
SOURCE

Neutron Grating Interferometry (NGI) in ToF mode

Phase shift: Object causes refraction, resulting in changes of locally
transmitted intensity through G2 (b1) X

E
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Pfeiffer, F., Griinzweig, C., Bunk, O., Frei, G., Lehmann, E., & David, C. (2006). Neutron phase imaging and !Kg]ography. Physical review Ietterswafﬁ,cﬁg‘so%WEDN ESS/LI NXS Neutron Imagmg
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Neutron Grating Interferometry (NGI) in ToF mode

Goals:

 Demonstrate NGI in ToF for first time (gratings are designed for
certain A, but work around £1A)
e Dark Field Contrast probes (U)SANS: A dependent signal

(Autocorrelation length ) allows quantification
b

iL 0,9 ; h
s oo Vs(Ccr) — post(G(Cgr)-1)
= " vy = e

o T S

o

o1 =

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

= 1.5um

03 04 0,5 0,6 0,7 08
Eailm]

* Enables USANS with spatial image resolution

Ref: M. Strobl, Scientific Reports 4 (2014) 7243 Woracek, SWEDNESS/LINXS Neutron Imaging 47
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MCP Imaging
Detector
Setup
aperture
detector
G1 GO beam exit
I beam
G2 monitor
Distance G0-G1: 4.82m diffuser
Distance G1-G2: 2.4cm
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* First reconstruction using white beam (adding all images in stack:

1000 time channels) and no additional normalizations yet
Tl

= . 1
f 2 c
'.’E - ';: . a % ass c
= 40 s S 4
s - E o
5 :
2w ¥ S om
% |
- 100 os
k) 55 ™ % s 135 3 as a as

correlation length [nm] wavelength [A]

Figure 6. Time-of-flight dark-field imaging of steel welds: (a) real space correlation functions of three
distinct areas of a 1.5 mm thick steel weld; (b) photograph of the sample(s) with the color coded regions
of interest analysed in (a) and (c); (c) simultaneously recorded wavelength dependent transmission
data of two color coded regions of interest (b) in the weld, displaying the Bragg edge pattern around
the Fe(110) Bragg edge.

. . . . R. Harti, M. Strobl, R. Woracek et al,
* Detailed corrections and analysis ongoing ©,,, unpuntishedsssnits neutron maging 14°
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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 7 V=160 A

Polarizer Analyser  Sample Detector 2
r - N .2 Y,
1
.;.; A= 525 A
.
4 ! A "
) 0 0
B3, B, R
Ls \mm)|
lal l“z )
*  mensured
e, - -~ - theory eq. 53 [14
Y rosge ity
P
Ry
’ powder (region i) i {
. ot o1y G
= e e
: L i
0.5 E
T 04| empty (region j) 0 empty (region j)
1.2
n " ) 5 1 5.‘,‘3 :::‘:’r‘\u:t b1 [14]
0.2 £33\ 3 03 [ ‘x-‘-‘, theory eq. 23 [15]
Lk z¥i1 é‘} ( ; iy Tl
0 fI« ‘% N1 0.6 i i { <
02 ;‘— Il‘f \;‘E‘i 0.4 }l‘:}n{_ I J
Strobl, M., Sales, M., Plomp, J., Bouwman, W.G., Tremsin, A.S., Kaestner, = 5
. . . . ALEE PS di ion (region k) PS dispersion (region k)
A., Pappas, C. and Habicht, K., 2015. Quantitative Neutron Dark-field P T Eo
H H H e etector coly Jixe Spin Echo Length, 6%, [A]
Imaging through Spin-Echo Interferometry. Scientific reports, 5. vor I I v wrae 1o PO R L, T
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Spin Echo Modulated Small Angle Neutron Scattering (SEMSANS)
 SEMSANS is a new technique to measure SANS with beam

Ls \mm|

modulated through spin-echo approach r Y100 A
Polarizor. .Analyscr Sample Detector g
‘ . . % T A= 5.25 A
B
_— B, | T T
|

.. T

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

Woracek, SWEDNESS/LINXS Neutron Imaging 151
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1%t setup: Triangular 2"d setup: RF magnets

detector

[neutrons arriving same point

W.G. Bouwman, C.P. Duif, R. Gahler, . .
same polarisation

Physica B 404 2585-2589 (2009)

TU Delft: Jeroen Plomp, Michel Thijs, Andre Kusmin

PSI: Markus Strobl, Ralph P. Harti Animation: Courtesyoaf, SWRIESIELINXS Neutron Imaging



SOURCE

Wavelength selective imaging 2 - ToF f\

1%t setup: Triangular

C

[~ Beam Stop

TU Delft: Jeroen Plomp, Michel Thijs, Andre Kusmin
PSI: Markus Strobl, Ralph P. Harti Woracek, SWEDNESS/LINXS Neutron Imaging
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SEMSANS

and ToF mode

e Modulation successful: White beam

F ey

TU Delft: Jeroen Plomp, Michel Thijs, Andre Kusmin
PSI: Markus Strobl, Ralph P. Harti
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15t setup: Triangular 2"d setup: RF

Modulation periods: ¢= wtan8;/(cA (B, — By))

SE lengths: & = cA’L (B, — B)/(mtan 8;) = AL,/(

TU Delft: Jeroen Plomp, Michel Thijs, Andre Kusmin
PSI: Markus Strobl, Ralph P. Harti Woracek, SWEDNESS/LINXS Neutron Imaging
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15t setup: Triangular 2"d setup: RF

Modulation periods: ¢= wtan8;/(cA (B, — By))

* limited by the maximum field we could

reach.
SE lengths: & = cA’L (B, — B)/(mtan 8;) = AL,/(

» S-D distance large (50-100cm) to get

~10‘150nm Woracek, SWEDNESS/LINXS Neutron Imaging
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SPALLATION

SOURCE

15t setup: Triangular 2"d setup: RF

Modulation periods: (= wtan8,/(cA(B, — B;))

* limited by the maximum field we could * limited by the detector resolution

reach
SE lengths: & = cA’L (B, — B)/(mtan 8;) = AL,/(

» S-D distance large (50-100cm) to get e S-D of 20cm is reasonable to get
~10-150nm ~400an\(a;c(§A\)\/EDNESS/LINXS Neutron Imaging
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* Local differences are visible . | mnld A
Example: first results
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What we can do now:

Phase Radiography & Tomography | non-textured samples

Texture (qual.) | Radiography textured samples

Strain Radiography (non-)textured samples

160
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What we want to do:

Phase Radiography & Tomography

bexturxdusach pbesples

Texture (quah}) | Radiography & Tomography

textured samples

How to do it? Combined Imaging & Diffraction

From W. Ludwig et al.: Experimental
Setup and 3-D grain orientation map
obtained at ESRF

Detector plane
2048x2048 pixels

Set-up U Image coordinate
= 1 System

Example Neutron-DCT data obtained at HZB

R. Woracek, N. Kardjilov, W. Ludwig, unpublished

S. Peetermans, A. King, W. Ludwig, P.
Reischig, E. Lehmann, Cold neutron
diffraction contrast tomography of
polycrystalline material. Analyst 135;'6(]201&)6
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3 Dimensional Neutron Diffraction (3DND)

Grain Orientation | & | Grain Shape

: . extinction spot
diffraction spot | ,; ‘missing neutrons’

- - - imaging
Incomin s, |
/ .......... M | d etector

neutrons )
il sample e .
SENJU grain with lattice plane
diffraction satisfying Bragg
Cereset, ..., Schmidt; detector condition
S. Sci. Rep., 162

2017, 7, 9561. 28
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3DND in situ Deformation at SENJU @ J-PARC
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Top View
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» 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 htips:Aimage]:



https://imagej.net/Fiji/Downloads
https://imagej.nih.gov/ij/download.html

THANK YOU!



