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Outline

 Basics of transmission imaging, neutron vs. X-ray
 Neutron interactions
 Neutron sources, beam formation
 Neutron detection
 CT principles
 Alternative imaging modalities, comparison with X-rays
 Applications
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Basics



Transmission imaging:
• X-ray imaging
• Gamma imaging
• Neutron imaging
The information on the sample is obtained by the missing signal carriers not reaching the  detector (in reference to the 
case without sample)! 

Radiation-based imaging methods 
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Extended

CT principles, geometries

Synchrotronmovies.com
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Properties of neutron

E. Lehmann, AUNIRA Workshop 2015, PSIDiscovered:     1932 by James Chadwick



Neutrons vs. X-rays. properties

E. Lehmann, AUNIRA Workshop 2015, PSI

40keV ~ 0.124 A=0.0124nm
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Neutron interactions



Neutron interaction with matter
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𝐼𝐼𝐷𝐷 = 𝐼𝐼0𝑒𝑒𝑒𝑒𝑒𝑒 −�
0

𝐿𝐿
𝜇𝜇 𝑡𝑡 𝑑𝑑𝑑𝑑

Lambert-Beer law: 

𝐼𝐼 = 𝐼𝐼𝑜𝑜  𝑒𝑒−𝜇𝜇(𝐸𝐸)𝑡𝑡 = 𝐼𝐼𝑜𝑜  𝑒𝑒−
𝜇𝜇(𝐸𝐸)
𝜌𝜌 𝜌𝜌𝑡𝑡

Attenuation in specimen: 

t- sample thickness, µ - attenuation coefficient



What reaction is thermal neutron imaging based on?
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Neutron sources



Neutron production
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Free neutrons are unstable (undergo beta- decay), they exist on long time scales only in bound state in the atomic nucleus.

To create free neutrons they have to be continuously “freed” from the nucleus. A nuclear reaction is needed to break the 
nuclear binding forces in suitable nuclei. 
Options:
• various nuclear reactions by bombarding the nucleus

high-E protons on heavy metal targets: spallation
high-E protons, deuterons etc. on light target nuclei 
(α,n) reaction, 
(γ,n) reaction, photo neutrons

• fission: splitting of nuclei by neutrons
• utilizing spontaneous reactions: spontaneous fission 

Isotopic sources



Neutron sources: reactors

14FRM-2 Münich, Germany



Neutron sources: reactors

15FRM-2 Münich, Germany



Neutron sources: spallation

17



Neutron sources: spallation
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Target: liquid mercury. Cold moderator: liquid 
hydrogen at a temperature of 20 K

• Ion source (2.5 MeV)
• LINAC (2.5-1000 MeV)
• Proton accumulator ring (bunching for pulses)

The VENUS imaging beam line started user operation 
spring 2026 at SNS!

SNS:  Oak Ridge National Laboratory

Short pulse spallation neutron sources!



Neutron beam shaping (reactor & spallation)
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Neutron beam shaping (reactor & spallation)
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Double crystal monochromator:



Neutron beam shaping (reactor & spallation)
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Neutron flight tubes & beam limiters:

Neutron guides:



Neutron beam shaping, filtering
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ICON cold beam line, SINQ, PSI:
Direct line of sight on spallation 
source -> gamma contribution

To select primary aperture

To minimize scattering along beam path by air

To minimize room scatter

Beam line hutch
Radiation shielding

Sample positioning 
manipulator, turn table
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Neutron imaging detectors



Neutron detectors: reactions
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3He + 1n -> 3H + 1p + 0.764 MeV, σ=5333b
6Li + 1n   -> 3H + 4He + 4.79 MeV, σ=940b
10B + 1n  -> 7Li  + 4He + 2.79 MeV, (7%)

              -> 7Li* + 4He + 2.31 MeV+ γ (0.48 MeV)  (93%)
155Gd + 1n -> 156Gd + γ (7.9 MeV) + conversion electrons, σ=49700b
157Gd + 1n -> 158Gd + γ (8.5 MeV) + conversion electrons, σ=255000b
235U   + 1n -> fission products + ~200 MeV, σ=681b

Only the 3He and the 6Li reactions are not accompanied by the release of γ 
radiation -> background!

Q values

XS values are given at 25meV 

σ=3835b



Neutron imaging detectors
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Main components:
• Scintillator/converter screen 
• Mirror to steer light into the camera. It enables removing camera from direct beam or a better shielding 

of it (radiation damage).
• CCD/CMOS camera
• Optional: Image intensifier between scintillator and camera
• Light tight box



Li-based scintillator screens
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LiF/ZnS:Ag or LiF/ZnS:Cu scintillators:
•Two (three) components scintillator:
- neutron absorber (6LiF)
- phosphor/light emitter (ZnS)
- (in)organic binder
•Very high Q value  
•  very high light output: 160’000 ph/n
• light output optimized ratio of LiF and ZnS is 1:2
• typical scintillator layer thicknesses available 50-450 µm (for the latter self-shielding 
starts to play a role)

• the smaller thickness the higher resolution <-> the higher thickness the higher 
detection efficiency



Fast neutron scintillators
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In the ≥ 1 MeV energy range the neutron interaction XS are generally 2-3 order of magnitude lower for each material than 
for thermal/cold neutrons. 
Elastic scatter process on light elements to convert fast neutrons becomes the most interesting detection option! Scatter 
on hydrogen produces recoil protons.

Hydrogen-rich plastic (organic) scintillators are commonly used for fast neutron detection!

Source: RcTritec, https://www.rctritec.com/en/isotopes/scintillators-for-fast-neutrons-1



Digital imaging detector of RAD beam line
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Beam collimation, L/D, spatial resolution
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Geometrical unsharpness
 (blur, penumbra), d:

d =
𝑙𝑙𝑑𝑑

L/D



Overall resolution of imaging setup
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Source magnification: 𝑀𝑀𝑠𝑠 = 𝐷𝐷′

𝐷𝐷
= 𝑠𝑠

𝐿𝐿
= M − 1 →

𝐷𝐷′ = s
𝐿𝐿/𝐷𝐷

= 𝑀𝑀 − 1 𝐷𝐷
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Magnification, M[-]
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Object magnification: 𝑴𝑴 = 𝐼𝐼
𝑂𝑂

= 𝐿𝐿+𝑠𝑠
𝐿𝐿

= 1 + 𝑀𝑀𝑠𝑠

The geometric blur by the finite source size 
projected through the object plane

The source blur in the object plane: 𝐵𝐵𝑠𝑠 = 𝑀𝑀 − 1 𝐷𝐷/𝑀𝑀

Blur by the detector b, in the object plane: 𝐵𝐵𝑑𝑑= b/M

Total blur (root-mean square of component’s blur): 

𝐵𝐵 = 𝐵𝐵𝑠𝑠2 + 𝐵𝐵𝑑𝑑2 =
(𝑀𝑀 − 1)2𝐷𝐷2

𝑀𝑀2 +
𝑏𝑏2

𝑀𝑀2

Minimum occurs when 𝑏𝑏2 = M − 1 𝐷𝐷2 → 𝑀𝑀 = 1 + 𝑏𝑏2

𝐷𝐷2

b=D=1

Source blur dominates

detector blur 
dominates Total blur

𝐵𝐵 = 𝐵𝐵𝑠𝑠2 + 𝐵𝐵𝑑𝑑2 ≅ 𝐵𝐵𝑠𝑠2 ≅ 𝐷𝐷
 

For micro-focus X-ray setup at high magnification (M>>1 ):

Micro-focus X-ray CT pixel/voxel size for high M:
𝑝𝑝𝑝𝑝𝑝𝑝𝐶𝐶𝐶𝐶 = 𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/M

Small D is needed 
for high resolution

Detector pixel size is not 
limiting too much 



High resolution detection by thin Gadox scintillator
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Idea of a neutron microscope (PSI):

Trtik et al.,  Phys. Proc. (2015)

Pixel size: 1.65 µm, Resolution: 7.6 µm

Long exposure times are needed for reasonable image statistics!



RAD beam line @ BNC
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Neutrons vs. X-rays



X-ray vs. thermal neutron imaging
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X-ray: interaction with electron shell: photo-electric 
effect, Compton scatter

Neutron vs. X-ray: interaction with the nucleus vs. electron shell

high-Z sensitivity

light element sensitivity, high-Z transparence



X-ray vs. thermal neutron imaging

35

Neutrons

X-rays

source: https://www.youtube.com/watch?v=VESMU7JfVHU






X-ray vs. neutron imaging, The figures
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Neutrons
• Intensity similar to lab X-ray sources
• Resolution – modest in general 50-100 um

neutron microscope: 3-5 um
• Penetration - very good for metal and dense

 material but not for organic/plastic/water and 
some light elements

• Time resolution - limited 
• CT scan times - hours

X-rays
Lab setups
• Intensity = large neutrons source
• Resolution - high, down to 500 nm
• Penetration - good for soft matter

modest for metals/hard matter
• Time resolution - limited 
• CT scan times - hours

Synchrotrons
• excel in everything: 6 order of magnitude

higher flux, very high resolution, fast imaging
• Mostly low energy - soft matters

Intensity matters!
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Computed Tomography 
principles



Radon transform
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𝑠𝑠 = 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝜃𝜃 + 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

Coordinate transform (x,y) ->(s,t):

Equation of a line for s=const. and t=arb.:

𝑠𝑠
𝑡𝑡 = 𝑐𝑐𝑜𝑜𝑜𝑜𝜃𝜃 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃

−𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃
𝑥𝑥
𝑦𝑦

𝑝𝑝(𝑠𝑠, 𝜃𝜃) = �
−∞

+∞
𝛿𝛿 𝑠𝑠 − 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝜃𝜃 − 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝜇𝜇 𝑥𝑥, 𝑦𝑦 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

µ(x,y) object 
distribution

The line integral of the 2D distribution µ(x,y):

Johann Radon (1917)

𝑝𝑝(𝑠𝑠, 𝜃𝜃) = ℜ 𝜇𝜇 𝑥𝑥, 𝑦𝑦

This is the Radon transformation of µ(x,y) from real space (x,y) into the (s,θ) Radon 
space of line parameters:

This transformation is the so-called forward projection!

Using the Dirac distribution to express a line integral in 2D:

�
−∞

+∞
𝛿𝛿 𝑧𝑧 𝑑𝑑𝑑𝑑 = 1 𝑧𝑧 = 𝑠𝑠 − 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝜃𝜃 − 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

p is the projection of the µ(x,y) object



Radon transform & filtered backprojection
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Connection between the Radon transform and the Lambert-Beer law for 
transmission tomography:

𝐼𝐼𝐷𝐷 = 𝐼𝐼0𝑒𝑒𝑒𝑒𝑒𝑒 −�
0

𝐿𝐿
𝜇𝜇 𝑡𝑡 𝑑𝑑𝑡𝑡

𝐸𝐸 = −𝑙𝑙𝑙𝑙
𝐼𝐼𝐷𝐷
𝐼𝐼0

= �
0

𝐿𝐿
𝜇𝜇 𝑡𝑡 𝑑𝑑𝑡𝑡

ID – intensity measured by detector 
element/pixel behind the sample

I0 – intensity measured by detector 
element/pixel without sample

𝑝𝑝 𝑠𝑠, 𝜃𝜃 = −𝑙𝑙𝑙𝑙
𝐼𝐼𝐷𝐷
𝐼𝐼0

= �𝛿𝛿 𝑠𝑠 − 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝜃𝜃 − 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝜇𝜇 𝑥𝑥, 𝑦𝑦 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

object

source

detector

L

𝜇𝜇 𝑥𝑥, 𝑦𝑦 =
1

2𝜋𝜋2 �
0

𝜋𝜋

�
−∞

+∞
1

𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝜃𝜃 + 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 − 𝑠𝑠
𝜕𝜕𝜕𝜕(𝑠𝑠, 𝜃𝜃)
𝜕𝜕𝜕𝜕 𝑑𝑑𝑑𝑑𝑑𝑑𝜃𝜃

The analytical inverse in 2D (Radon, 1917):

𝜇𝜇 𝑥𝑥, 𝑦𝑦 =
1

2𝜋𝜋�
0

𝜋𝜋

�
−∞

∞

ℱ 𝑝𝑝𝜃𝜃 (𝑟𝑟)𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟 𝑑𝑑𝑑𝑑 𝑑𝑑𝜃𝜃

In the Fourier domain:
Filtered 
backprojection



CT principles
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Forward projection, CT acquisition

Backprojection, CT reconstruction

Backprojection without filtering, CT reconstruction
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Applications of 
neutron imaging



Applications of neutron imaging: science+industry

42
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Applications
in energy engineering



Nuclear Fuel Bundle research: Background and 
Motivation

44

MOTIVATION: Instrumentation development for nuclear fuel bundle studies and optimization: two-phase flows in fuel bundles!

Fuel bundle model studies to:
•optimize mixing and heat transfer in bundle
• safely increase margins to thermal (boiling) 

crisis, e.g. dry out 
• safety and economy of fuel utilization

Functional spacer grids with vanes
Atrium 12 TM , 
AREVA

Need for high-resolution, non-intrusive, field measurement techniques and instrumentation! for both prototypical 
experiments (vendors), or non-prototypical conditions (code validation)

Dryout



Cold Neutron Imaging of Adiabatic Flows 1.

45

Subchannel mockup at the beam line:

multiphase 
outlet

detector box, 
scintillator 
screen

air inlets, 
base plate

fields of view
6.5cm*6.5cm

flow channel

neutron flight 
tube

support 
profile

turn table

water inlets

pressure 
gauge

Adiabatic, air-water annular flows

Tomographic reconstruction of the water film inside the subchannels

Tomographic reconstruction of the empty channel cross section

Time-averegd results, neutron CT 
takes several hours!









High speed NI of two-phase flows in a bubbler

46

R. Zboray, P Tritk  (2018)

Imaging setup:
- ICON Beam line of SINQ largest aperture 80mm, Neutron flux: 2e8 n/cm2/s
- space resolution ~0.5mm (modest due to low L/D=95 and pixel binning to improve counting statistics)
- A 300-um thick, 6LiF/ZnS(Cu) scintillator screen
- Hamamatsu ORCA Flash 4.0 high-speed sCMOS camera + 50mm NIKKOR 1:1.4 lens
- Max. imaging speed 800 fps
- Object: flat aluminum (2 mm wall) bubbler (5 mm air/water)






High speed NI of two-phase flows in a bubbler

47R. Zboray, P Tritk  (2018)












TRIGA Reactor pulsing
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TRIGA (Training, Research, Industry, General Atomic)

Breazeale reactor of Penn State University, source: 
https://www.youtube.com/watch?v=6I3JKYdGWTE 

https://www.youtube.com/watch?v=6I3JKYdGWTE





Bright flash neutron imaging @ 1MW Penn State 
Reactor
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Hydration of Zr nuclear fuel cladding
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Duarte et al., 2021



Neutron imaging of fuel cells

51https://www.psi.ch/en/lec/projects/neutron-imaging-of-water-
distribution-in-full-size-automotive-fuel-cells



Gas formation during charge cycle of Li-Ion 
battery
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Chemical oxidation of lithium-ion cathode material 
in a packed bed reactor

53

Gupta et al., 2023
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Bimodal Neutron/X-ray 
imaging applications



Geometries for bimodal thermal neutrons/X-ray 
imaging 
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Bimodal neutrons/X-ray imaging cultural heritage 
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Study of the inner content of Buddha sculptures (photo: example of Sakyamuni, Bhumisparsa Mudra, West-
Tibet, 14.- 15. century):

NIAG PSI, https://www.psi.ch/niag/cultural-heritageX-ray show no internal content Neutrons reveal embedded organic material



Bimodal neutrons/X-ray imaging cultural heritage 

57NIAG PSI, https://www.psi.ch/niag/cultural-heritage

Radiographs and tomographic 
reconstruction of a wooden 
sword grip originating from 
the middle age. The 
combination of neutron and 
X-ray imaging reveals the 
inner shape of wooden parts 
and the rich metallic 
decoration:



Bimodal neutrons/X-ray imaging of concrete
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Bimodal imaging of a concrete sample embedded with steel fibers. The rendering of the neutron tomography volume in 
green shows clearly all components containing hydrogen e.g. cement, sand, but the embedded steel fibers are invisible. 
Displayed in blue, the X-ray CT of the same sample shows the embedded steel fibers.



Bimodal neutrons/X-ray imaging of plant-soil 
systems
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Plant root water uptake: solid sample with a 
small Lupin plant -> roots highlighted by 
neutrons, denser stones by X-rays

Kaestner et al., Bimodal Neutron/X-ray Imaging, DIR2015, Ghent, June 2015

Image segmentation:
based on bivariate histogram

Separated histograms

Solid and roots overlap



Bimodal neutrons/X-ray imaging of concrete
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Study of water and air behavior in soil: infiltration of water and trapping of air in coarse loam soil.

Kaestner et al., Solid Earth (201/)

Image segmentation: based on bivariate histogram

Macropore: X-ray image segmentation

Water content by neutrons: 
using D2O+H2O mixture
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Energy-selective neutron 
imaging applications



Energy-selective cold/thermal neutron imaging

62https://www.psi.ch/niag/energy-selective-imaging

Investigating materials with crystal lattice structure (showing Bragg edges):

cold neutrons



Energy-selective cold/thermal neutron imaging

63max at 3.4 ÅPhoto

Studying a thick steel weld joint using quasi mono-energetic (narrow wavelength band) beams:

Neutron Imaging Leaflet, NIAG PSI, 
https://www.psi.ch/niag/ImagingBrochureEN/Neutron_Imaging_m3.pdf

max at 4.0 Å max at 4.4 Å

variations in crystal lattice properties

the narrow energy band must overlap with a Bragg 
edge to enhance crystal structure in image



Neutron Bragg edge tomography
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Woracek et al., Phys Proc. (2015)
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Applications
of fast neutron imaging



Fast neutron imaging at RAD @ BNC

66

Imaging of a viscous coupling (chopper) Ø 15cm massive metal structure with rest oil inside

Oil droplets between the 
discs

a
.

b
.

c
.

Zboray et al., AppRad (2017)

Works for large and/or 
very attenuating objects!



Fast neutron imaging at RAD @ BNC
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Li-fueled reactor for powering planetary landers. The device reacts stored lithium fuel with readily accessible in 
situ oxidizers on planetary surfaces such as Mars

Zboray et al, WCNR 11, 2018
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Alternative imaging 
modalities



Wave characteristic of X-rays, index of refraction

69

Wave propagation in media with complex index of refraction:

plane wave
function

Refraction angle:

Sample slab

Phase shift attenuation

𝑘𝑘 =
2𝜋𝜋
𝜆𝜆

k- wave number
λ- wave length

𝜔𝜔 = 2𝜋𝜋𝑓𝑓

f - frequency
ω- angular frequency

ψ

Intensity∼ 𝜓𝜓 2



Phase contrast imaging (PCI) by propagation

70

Phase contrast effects get emphasized by free-space 
propagation behind the sample:

Attenuation 
imaging PBI

holography

Edge enhancement:

Edge enhancement in the near field is used!
Saghamanesh & Zboray, Opt Exp. (2021). 

low X-ray attenuation spheres
high X-ray attenuation spheres

Krenkel, U.Gött (2021). 



Phase contrast imaging with neutrons

71BNC NORMA unpublished

Butler & Lehmann, 2013



Gratings-based PCI/DFI methods

72

At perfectly parallel beam of monochromatic 
plane waves, i.e. synchrotron source

At a non-coherent source (divergent,  non-
coherent, broad energy spectrum) - G0 makes 
the radiation partially coherent!

Talbot-Lau interferometer: interference 
pattern is created between G1 & G2

Grünzweig., (2009) 



Gratings-based neutron PCI/DFI methods

73Grünzweig., (2009) 

Transmission 
(attenuation) signal: Dark-field  (visibility) 

signal:
Differential phase signal:

𝜙𝜙1,𝑠𝑠 − 𝜙𝜙1,𝑟𝑟

Phase stepping curve per detector pixel:

E.g. G1 is shifted in very small steps to measure 
intensity modulation curve on detector over a grating 
period
This is done without (r) and then with the sample (s) 
in place!



Studying magnetic domains by neutron DFI methods

74

Grünzweig et al., (2008) 



Magnetic field/domains by polarized neutron imaging

75Kardjilov et al., (2008, 2018) 
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