And now for something
completely different.....?
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Dptical and Diffraction Imaging with Neutrons
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IS neutron Imaging In
fact just another

scattering technique?
IIM

When do we talk ¢
about an image? &=
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Images

transmission

“transmission” image
: with light
reflection # ie.photogram 4




Contrast




Contrast

Transmission - [2(x)dx
e
® Cross sections:

Microscopic cross section: o

do _ number of interacting particles / unit time - unit cone dQ2 _ [ are a]

dO number of incident particles / unit time x unit area - unit cone dQ2

Unitof o: 1 barn =102 cm?

MaCrOSCOplC CrOSS SeCthn Z (1.e. 1 linear attenuation coefficient)

Y2=N.o, N =number of nuclei per cm’.

Unit of Xis [em™].



=, Contrast

X-ray interaction with matter

Photon Energy E,




suroreny Contrast

@ SOURCE

neutron interaction with matter

Neutron Energy E,

© Transmission
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Contrast

® Thermal Neutrons
(25 meV)

B Fast Neutrons
(1,9 MeV)

heavy
lements
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@ = Contrast

Thermal neutrons Cold neutrons
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sumn Contrast
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Neutron Energy E,
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5% Contrast

Determination of the U-235 content (enrichment) in nuclear fuel elements
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=" Contrast

Neutronen (thermisch) Rontgen (100keV) Rontgen (250keV)
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Contrast Resolution

mentation
Detectors






But spatial resolution!
Clearly a condition for imaging!



Sourc Collimator Object, Detector

| blur
collimation ratio
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flux limitations 10° cm=2s™

e d

b d
L P D

1L

Intensity = T

3L




EUROPEAN
SPALLATION

orz - Resolution

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

with different L/D ratios.
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Resolution

adiographs of a 3,5" floppy drive in 0 cm, 10 cm and'20' Cm distance
from a film + Gd sandwich taken at a cold neutron gui




Images

Detection?
No optics
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= Ragolution
Detector

-@nt @%advanced scintillators—> = 30 ym
GAD =15 um
-detect

235U, 2%%Pu 'n = fission products + 80 MeV
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Imaging Detectors
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@ = Resolution of DIGITAL detectors
Routine resolution today 50 um
Best today <15um

Aiming at Tum

Ir=arm Zartridge

Cartridge type 7.5 X 55mm Swiss
Sample size 12.65mm X 77.7mm
Voxel size 13.2um

Recorded at

ICON i

Imaging with Cold Neutrons
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o Neutron imaging

Some advantages:

High penetration power

High sensitivity to Hydrogen
Low radiation damage .
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smon Neutron imaging

@

Some advantages:

High penetration power
High sensitivity to Hydrogen
Low radiation damage
Isotope sensitive

2T
1] o -

Enrichmet of fuel element




Neutron imaging

...also some disadvantages

Low phase space density — slow
®
Low spatial resolution

®

Expensive




Neutron imaging

Some advantages:

High penetration power
High sensitivity to Hydrogen
Low radiation damage
Isotope sensitive

-



EUROPEAN

smon Neutron imaging

E 1
chulz et al.
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Polarised neutron imaging

a

CCD detector
neut_:lon beam
guide stop
_ analyser
27
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N. Kardjilov, I. Manke, M. Strobl, A. Hilger et al. Nature Phys:



Y= Polarized neutron imaging

SOURCE

3D vector quantification through polarimetric imaging
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What about scattering now?

Artifacts!

Ideal case

(no spectral
shifting) \

In(N;,/Ny)

G e B =]

Practical case

o Fixel=s

Thickness of a homogeneous absorber

w1




Contrast

Interaction of neutrons with matter:
Scattering & Absorption [=7 e—fz(ﬂdx
0

Cross sections:
Microscopic cross sections: o=a e

do _ number of interacting particles / unit time - unit cone dQ2

. : . : : = |arca
dO number of incident particles / unit time x unit area - unit cone dQ2 [ ]

Unitof o: 1 barn =102 cm?

MaCrOSCOplC CrOSS SeCthn Z (1.e. 1 linear attenuation coefficient)

Y2=N.o, N =number of nuclei per cm’.

Unit of Xis [em™].



Total neutron cross section

1 B L
=2 k2

L ] N ]
e,

Total neutron cross section

18- . /
Most significant el Fe cross sections fx‘
Defines the Bragg edge position 14 y #’H’ﬂ I/“
172 _______,.,.-..-*".*"Jr'all,."" 3 l oV

=l
L
L.
\

o Z2dppr<A

neutron cross sections [barns]

al 2 i
TooplA) = 577 E | Fhril™ dpr B
0 &
=0 2]
. 2.
T | T \ I | D' p— ] T T _I'_"_'_I
— 2 0 1 2 3 4
— neutron wavelength [A]
N e S T Y — _ .I- -'r ife ) S = | L) I'-;l |" ' ey | s :I_..I'.I- . --.:-
“total 7 S Wi+ 17 = QN i B _
- 17 1§71
JiA !
'l -.[ .-lI | _III.:El ; i
[ TN A

Ttotal { }')




Energy resolved

Examples
cryst. inhom. / phase distribution /strain / grain structu
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3D-XRD, diffraction imaging
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" Ni-concentration x 1
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Images

Entire neutron spectrum can be measured in one experiment with
event counting detector providing XYT
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modulated imaging beam?

Grating Interferometer

phase grating detector
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F. Pfeiffer et al. Phys. Rev.Lett. 96, 215505 (2006)
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modulated imaging beam?

Dark field contrast corelation length [microm]
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= Dark field contrast
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A. Hilger et al. JAP (2010)
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= Dark field contrast
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Neutron imaging applications
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Introduction Neutron imaging

». . Imaging Applications

—a— 300 mA/cm’ E;xpeﬁmenl
FLU 300 mAJem” simulation
R&D s | —4— 500 mA/cm’ experiment |
BIOIOgy g_ &0 I ) ffj;ar:"-lgi:liamr simulation
& Agriculture S o | BN\ T Savesan
E l\' LY
Geology Bl & N
= ;l"x \\\ \H::---I
Archeology 20 e N Ty
5‘!"'1;“3'_:;:_1‘_‘__1_ & ey
Paleontology 10 A s
Art History 0 2 o 500
Material science e g e

swilching from H, 1o Dy

& Engineering o :Uﬂil g i[ WO
it = |

Industry (e
time t

etc.
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Reviews on neutron imaging
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