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Neutrons interact with the condensed matter:

ÅInduce nuclear reactions (capture, fission)

ÅScattering (elastic, inelastic)

ÅReflection

ÅUnaffected neutrons pass through the sample
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Attenuation (m) of the neutron beam depends on:

Åabsorption (sabs)

Åscattering (ss) NV : number of atoms per unit volume

( ) tot

VsabsV

tot NN sssm =+=

ÅRadiography = ĂDraw with radiationò

ÅRadiography is a direct imaging technique, where the 2D visual 

representation of an object is obtained nondestructively by detecting the 

modification of an incident beam as it passes through the matter

ÅTransforms invisible radiation into visible images

Principleof the radiography
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Attenuation coefficient (note the logarithmic scale) of elements for

thermal neutrons (separate dots - black), for 1 MeV gamma-ray (dotted

line), for 150 kV X-ray (solid line) and for 60 kV X-ray (dashed line)

Physics behind the radiography
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Total microscopic cross section ů [barn] for neutrons with an energy of 25 meV (the interaction

takes place with the atomic nucleus)

Total microscopic cross section ů [barn] for photons with an energy of 100 keV (the interaction takes

place with the electron shell)

Contrasts
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Å Mass attenuation coefficient (m2/kg):

ɛm = ɛ/ɟ, 

ɟ: sample density (kg/m3), 

ɛ: linear attenuation coefficient (1/m)

It has the same value for the solid, liquid or 

gaseous state of a given element.

Å Mass-thickness (kg/m2):

dm = ɟĬd

d: sample thickness (m)

Å Beer-Lambert law

valid for a point detector and a well-collimated, 

thin pencil beam without buildup effect
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Phenomenologicalformalism
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J.S. Brenizer / Physics Procedia 43 ( 2013 ) 10 ï20

Chronologyof neutron radiography
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Neutrons Energyrange Wavelengthώ)ϐ Velocity[m/s] 

ultra cold Җ олл ƴŜ± җ рлл Җ у 

very cold 300 neV - 0.12 meV 52.2 ς26.1 7.5 ς152 

cold 0.12 meV- 12 meV 26.1 ς2.6 152 ς1515 

thermal 12 meV- 100 meV 2.6 - 0.9 1515 - 4374 

epithermal 100 meV - 1eV 0.9 - 0.28 4374 - 13.8 103

intermediate 1eV - 0.8MeV 

fast > 0.8MeV 

Classificationof neutrons
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ÅResearch reactor (ILL, FRM-II, BNC, ...)

ÅSpallation sources (ISIS, SINQ, SNS,...)

ÅRadioactive nuclides (Cf, Ra-Be, Sb-Be)

ÅAccelerator sources (D-D, D-T reactions)

Neutron sourcesfor imaging
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1. Source 2. Moderator 3. Cold source (optional)

4. Collimator 5. Radiation filters 6. Flight tube

7. Sample manipulator 8. Detector 9. Shielding+beam dump

10. Door 11. Shutters 12. Beam Limiters
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The collimator formsa shaped and directional beam out of the neutron

source  (e.g. reactor)
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filter diaphragm Outer-collimator
pre-

collimator

Filters
Outer-collimator

1st collimator

2nd collimator

Pinhole collimators

Beamformation
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Neutron Velocity Selector

a device that allows neutrons of defined 

velocity to pass while absorbing all other 

neutrons, used for the purpose of 

producing a monochromatic neutron beam. 

The blades are coated with a strongly 

neutron-absorbing material

Monochromatization(optional)

Pyrolytic graphite (002) crystals

Å Mosaicity 0.7Á

Å ȹɚ/ɚ = 1% .. 3%

Å Wavelength band: 2.7 é 6.5¡

E. Calzada, ANTARES II, FRM II, Garching

Double crystal monochromator
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Vacuum, or He gas

to reduce

the loss of neutrons
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How close the beam

geometry is to the

ideal point-source

configuration?d

l

D

L d=

A larger L/D ratio provides better image resolution 

because image blur (d) is smaller.

l
d

d

Neutron 
flux

Visible light Grayscale 
value

Beam collimation (flight tube case)
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Light-proof box

containing mirror

and CCD optics

and camera

Neutrons hit the screen

(e.g. 2:1 mixture of

ZnS/6LiF)

Conversion into visible

light

That is collected on the

CCD of a camera

The definition of 

L/D for a simple

flight tube is no 

longer valid.

()[ ]lgcD

L

2tan

1
=

Energy dependent!

Beam div ~ ɔc

tot. refl. angle for Ni-nat:

ɔc = 1.73Ĭ10-3rad/¡ or 

0.1Á/¡

Neutron guide Flight tube

Collimators 

should be 

positioned in 

the flight tube

L

D

Collimators:

Åshaping field 

of view

Åless flux

Åimproving L/D

Sample & Tomograph

Beamcollimation(neutron guide)
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18

Neutron Periscope@ FRM II
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sharpness
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The curved lines  represent constant values of the 

neutron flux per solid angle.

From PhD. Thesis of  A .Van Overberghe

Neutron flux as function of the beam 
collimation



Centre for 
Energy Research

Budapest 
Neutron Centre

Beamprofile of guidedbeamsalwayshavehorizontaland veritcalstripestructure
More homogenousbeamcanbe obtainedwith a scatterer - N. Kardjilov(HMI Berlin)

Without graphite 5mm graphite 10mm graphite

Intensity: 100 %                         95 %                              82 %

Better homogeneity of guided beams
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small sample table (few kg)

Heavy-load sample manipulator

(up to few hundred kg)
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ÅNo direct neutron detection possible

ÅA secondary nuclear process is needed:

capture, fission, collision

ÅMain neutron imaging processes are using:

Å scintillation

Å photo-luminiscence by secondary particles +ɓ, ɔ

Å nuclear track detection

Å chemical excitation

Å charge collection in semi-conductors

Neutron detection
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The result of (digital) radiography:

Å 2D image with linear scale (e.g. black/white)

Integrating all layers of the object in beam direction suitable for image post-processing

Å Data set as matrix of pixel values containing intensity information

Suitable for quantitative evaluation of the sample content

The limitation of neutron radiography:

Å Spatial resolution (finally given by the detection process)

But also limited by the beam collimation, the pixel size and optical systems

Å Frame rate (exposure time and readout time)

Limited by the beam intensity, the detector sensitivity and the electronic readout

Å Sample size (by the transmission properties of the sample material)

Can be overcome with fast neutrons é

Digital imaging
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image detector

Light-tight box
Sample platform
Scintillator
Mirror
Exchangeable optics
CCD or sCMOScamera

ÅThe impinging neutrons are converted to visible light using a 6LiF/ZnS or Gadoxscintillator layer
ÅThe light is reflected out of the neutron beam direction with a mirror
ÅCollected with optical lenses and detected with a pixelized CCD or sCMOScamera
ÅStored as a grayscale image with 16-bit depth(e.g., TIFF)
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S. H. Williams et al, J. of Instrumentation (2012)

Opticsfor CCD/sCMOScamera
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Åmicrochannel plate is an emerging method that is a digital semiconductor detector array 
with very small pixel sizes

ÅMediPixcollaboration(CERN-> Nova Scientific, WidePix)

Å5 micron channels spaced on 6 micron centers

Åpixel detector readout chip working in single 

photon counting mode

Åresolution about 100 mm, 30 frames per second
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Light from a point source passing through the lens interferes with itself

(diffraction from a circular aperture) creating a ring-shape diffraction pattern,

known as the Airy pattern. The Airy pattern is observable in the far field:

Rayleigh criterion (the angular resolution of an optical system,Q):

Two point sources are regarded as just resolved when the principal

diffraction maximum of one image coincides with the first minimum of the

other.
ÓÉÎɡ ρȢςς

‗

ὥ

Q, angle of observation
l, wavelength 
a, is the diameter of the entrance pupil of theaperture or lens

at rAiry:

Ὑḻ : far field

Spatial resolution of the system
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Å Methodsto measurethe spatialresolutionin 2D:

Å GdSiemensStartest pattern:

Å labeledspokeperiodsof concentricrings

ÅThepattern givesa qualitativemeasurementof resolutioncapabilityof the system

Å Measurementsbasedon a sharpGdfoil edge:

ÅDistanceacrossthe EdgeSpreadFunction(ESF)asdefined from 10%to 90%of full
intensity

ÅFull width at half maximum(FWHM)of the Gaussianpeak fit to the Line-Spread
Function(LSF)

Å Inverseof the spatialfrequencywhenModulationTransferFunction(MTF)=10%

Å Spatialresolutionin 3D: pile of Tispheres

34

The spatial resolution of an imaging system

200 mm

100 mm

Ï5mm Ï2mm Ï1mm Ï0.7mm

a    b 

c    d 
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Example: CCD camera + optics + 6LiF/ZnS(Ag) scint. in different thicknesses

Å The spatial resolution is measured by a sharp edge of a 25-mm-thick Gadolinium foil placed 

directly on the aluminum plate of the scintillator 

Å ESF was determined from a line profile perpendicular across the edge

Å Spatial resolution was determined by calculating the mean value of the 10%ï90% responses

Spatial resolution of the system (10%-90%) 
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Several exchangeable scintillator screens to properly detect neutrons and X-rays
Thickness: compromise between exposure time and spatial resolution


