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Neutrons interact with the condensed matter:

A Induce nuclear reactions (capture, fission)
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&l [@ Principleof the radiography
ARadi ogr aphy radiafoBr aw wi t h
A Radiography 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

A Transforms invisible radiation into visible images
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Attenuation (/) of the neutron beam depends on:
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@ Physics behind the radiography
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s [@Contrasts
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s @1 Phenomenologicdbrmalism
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A Mass attenuation coefficient (m2/kg): R s ke
J : sample density (kg/m?3), o - B
e: linear attenuation coefficient (1/m) f PH;E ‘
It has the same value for the solid, liquid or | e e

gaseous state of a given element. B
X Zirkonium é

A Mass-thickness (kg/m2): ]| s ==
dp=47d I Py — S
Graphite %
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H 1
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| |
Nylon l—______'___—J

d: sample thickness (m)

A Beer-Lambert law

Water ::l_—?-__v
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@ Chronologwf neutronradiograph

_ Thewls utilzed a high flux reactor
neutron beam Canada

. e B e e sy o
1935 1945 1955

L Kalkranin and Kuhn awarded a US
Patent in January 1540

Meutron imaging begins with the
= wark of Hartrmut Kallmann and Emst
Kishin

_ ITMNR1 - Perrbroke, Ontario,

Radiography Station at the MYA
= KF¥I Atomic Energy Research
Institute in Budapest, Hungary

= International Socety for Neutron

_ McGonnagle produced earfiest
reactor guality neutron radiograph

_ Barton develops the divergent

colimator Radiograghy founded
L Todhilin reports on fast neutron
radiography ANTARES neutron imaging fadlity

_ Keutron radiography commerdal
services begin
Personnel qualfication SNT-TC-14
T publshed
= First neutron radiography standard
published ASTM E545

— WCNR1 - San Diego, CA,[USA

T FRM II Garching, Gemany

_ Fuji patents photostimulsble
phosphor plates for CR

__ AEC of South Africa SAFARI-1,
Pretoria, South Africa

_
1965 1975 1985 1995 2005

| Radiography with Meutron
Conference - I, of Brmingham, UK

Neutron Imaging Faciity (NIF) at the

_ ~ NIST in Gaithersburg, Maryland
_ Kawasaki reports neutron generator

reaktime mages

L Berger reports results of "neutron MELTRA station at Paul Schemer

tebeyvizon” = Institut spalstion neutron source
| Barton imeges with cold & epithermal SINQ)
neutrons _ Treimer demonstrates scattering

__ First application neutron radiographs contrastn NCT
of radicactive fuel Matsumoto and Krata report
= neutron computed tomography with
TV system
1 fScl_:lapper et al. perform NCT with
[

J.S. Brenizer / Physics Procedia 43 (2013 ) 1071 20
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o [@1Classificationf neutrons

Neutrons Energyrange Wavelengthw ) 6Velocity[m/s]
ultra cold X onn yYS+x pnan X oy

very cold 300 neV-0.12 meV 52.2¢ 26.1 7.5¢ 152

cold 0.12meV-12meV 26.1¢2.6 152¢ 1515
thermal 12meV-100meV 2.6-0.9 1515- 4374
epithermal 100 meV- 1eV 0.9-0.28 4374-13.8 16
iIntermediate 1leV-0.8MeV

fast > 0.8MeV
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Neutronsourcedor imagino

MResearch reactor (ILL, FRM-1I, BNC, ...)
ASpallation sources (ISIS, SINQ, SNS,...)
MARadioactive nuclides (Cf, Ra-Be, Sh-Be)

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

Source type nuclear reactor neutron generator spallation source radio isotope

Reaction fission D-T fusion spallation by protons gamm-a-n-
reaction

used material U-235 deuterium, tritium high mass nuclides Sh, Be

LU L Rl 1.00E+16 4.00E+11 1.00E+15 1.00E+08

intensity [1/s]

beam intensity[cm-2 s-1] 10° to 10° 10° 10° to n*107 10°

fast, thermal and

neutron energy cold fast, thermal fast, thermal and cold @ 24 keV, thermal
limitation of use burn up life time tube target life time half life Sb-124
typical operation cycle 1 month 1000 h 1 year 0,5 year

costs of the facility high medium very high low

Budapest
Neutron Centre
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1. Source 2. Moderator 3. Cold source (optional)
6. Flight tube

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

10. Door NMEEESBUGEIERE 12. Beam Limiters

2 @ =5
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@ Geometryof the collimation
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@l Collimator ratio: L/D

The collimatorformsa shaped and directional beam out of the neutron
source (e.g. reactor)
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pre-
collimator filter diaphragm Outer-collimator

1st collimator

2nd collimator

Pinhole collimators Outer-collimator

Filters



i [@IMonochromatizatior{optiona

Neutron Velocity Selector Double crystal monochromator
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
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Pyrolytic graphite (002) crystals
AMosaicity 0.7A

A mo/oa = 1% .. 3%
A Wavelength band:
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s [@Flight tube with beam limiters

Vacuum, or He gas
to reduce
the loss of neutrons

} boral plates
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5%s [@Beam collimation (flight tube case

Neutron Sci Visible light

flux
Aperture

tillator

Lo cp
sensor

A\ §

=
n ><:
‘ Optical
Beam line { I system
‘ v
X" X
Point Detecfgr
....................... ; plane ‘ HOW C|OS€ the beam
D —~_--~_-—'::_‘_::::L:::‘-é-:::::::::::}) d L —_ Id geometry 's to the
—————————— — — —  ideal point-source
Source L » [ > D d configuration?
4 > d

A larger L/D ratio provides better image resolution
because image blur (d) is smaller.
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Neutron guide

The definition of
L/D for a simple
flight tube is no
longer valid.

neutron guide
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Flight tube

Collimators
should be
positioned in
the flight tube

o
n

Beamcollimation(neutronguide

Sample & Tomograph

CCD
camera

Lens
419

Converter screen

Neutron beam

n

A

Collimators:
© A shaping field
of view
Aless flux
Aimproving L/D

Neutrons hit the screen

(e.g. 2:1 mixture of
ZnS/SLiF)

!
Conversion into visible
light

That is collected on the
CCD of a camera

Light-proof box

containing  mirror
and CCD optics
and camera
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@ NeutronPeriscoped FRM |

polarizing supermirror magnetic field

polarized =—
neutrons S —

= neutrons + 7/
= radiation

polarizing supermirror

18
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s [@lImpact of the beam quality on the image

3
L/D=T71 L/D=115 L/D=320 L/D>=500.

Radiographs of a small motor taken at different beam positions
with different L/'D ratios.

The radiographs were taken at a cold guide. a thermal guide.
a cold guide with a consecutive 15 mm pinhole and 4.8 m flight tube
and at a classical 20 mm pinhole and 10 m flight tube arrangement.
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s [@Neutron flux as function of the beam

Neutron Imaging Facilities
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The curved lines represent constant values of the
neutron flux per solid angle.

From PhD. Thesis of A .Van Overberghe



s [@Better homogeneity of guided beams

R~ Neutron Centre
Beamprofile of guidedbeamsalwayshavehorizontalandveritcalstripe structure
More homogenoudbeamcanbe obtainedwith a scatterer - N. Kardjilov(HMI Berlin)

Without graphite 5mm graphite 10mm graphite

Intensity: 100 % 95 % 82 %
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@1 Samplemanipulato(s)

small sample table (few k)

Heavy-load sample manipulator
(up to few hundred kg)
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i [@INeutrondetection

Performance parameters of
neutron imaging detectors

A No direct neutron detection possible

A A secondary nuclear process is needed:
capture, fission, collision . Spatial resolution

A Main neutron imaging processes are using: * Time resolution

A scintillation  Signal-to-Noise Ratio

A photo-l umi ni scence by seconda‘rDylﬁ]ami:CiRamagse +b, o
A nuclear track detection e Read-out behaviour

A chemical excitation . Sensitivity, efficiency

A charge collection in semi-conductors

- Stationarity
» Trigger options To be optimized for |

the specific problem!

E. Lehmann
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@l Digitalimaging

The result of (digital) radiography:

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

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

A Data set as matrix of pixel values containing intensity information

Suitable for quantitative evaluation of the sample content

The limitation of neutron radiography:

A Spatial resolution (finally given by the detection process)

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

A Frame rate (exposure time and readout time)

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

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

Can be overcome with fast neutrons é
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i5%es [RICCD 05CMOSamera with a scintillator

eeeee

light-tight house
for optics and
positioning mechanics

light-tight house
for scintillator
and mirror

Lenses with different

focal lenghts Camera position

..'- f ‘l 9

XY dos mmng
g mechanics
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s [@IComponents of a scintillatdrased digital

Ligihi-tight box
Sanplepgiattorm
Scintillator

Miifti@if

Excitzpggablal® ppics
CODrosCNMOTameta

A The impinging neutrons are converted to visible light usifigiiZnS oiGadoxscintillator layer
A The light is reflected out of the neutron beam direction with a mirror

A Collected with optical lenses and detected with a pixelized CEGDMOSamera

A Stored as a grayscale image withditdepth (e.g, TIFF



Centre for /\\l
Energy Research 'Q/l/

Scintillating
Screen

Neutron Beam \ 7

Table 2. Magnification (M), effective pixel size (Pgg), Field of View (FOV) and neutron flux of several

Objective Lens

Imaging Lens

objective/imaging lens combinations with three available pinhole diameters.

Opticsfor CCDsCMOSfamera

Scintillator &
Mounting
Plate

Sample \

Neutron Beam

J Objective

Le7

Focusing
Motor

Neutron flux (n/s/pixel)
Obj. Lens/Img. Lens | M | Pegs(Um) | FOV(mm) | D=3cm | D=2cm | D=1cm
105 mm / 50 mm 2.10 6.429 13.2x 13.2 9.9 6.6 2.4
200 mm/ 100 mm | 2.00 6.750 13.8 x 13.8 10.9 7.3 2.6
200 mm / 50 mm 4.00 3.375 6.9 x 6.9 2.7 1.8 (0.7

S. H. Williams et al, J. of Instrumentation (2012)
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A . Bud t
@ Microchannel plate

A microchannel plate is an emerging method tisa digital semiconductor detector array
with very small pixel sizes

A MediPixcollaboration(CERN> Nova ScientifioWidePi}
A 5 micron channels spaced on 6 micron centers
A pixel detector readout chip working in single
photon counting mode
A resolution about 100, 30 frames per second

sensor chip (e.g. silicon)

f) MNeutron

high resistivity n-type silicon

p-lype 7,

silicon layer

aluminium layer

flipchip  NU SN0 ettt
bonding with
solder bumps

.........

electronics chip single pixel

read-out cell
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5% [@ISpatial resolution of the system

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:

Y|l —: far field

A

/ -

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 Q, angle of observation

atr.. - C') - T = |, wavelength
Alry @ p& c(o a, is the diameter of the entrance pupil of tla@erture or lens



i=n [@ The spatial resolution of an imaging system

A Methodsto measurethe spatialresolutionin 2D:

A GdSiemensStartest pattern:

A labeledspokeperiodsof concentricrings N
- —
A Thepattern givesa qualitativemeasuremenbf resolutioncapabilityof the system & = ==

-
.
A

A Measurementdasedon a sharpGdfoil edge

AN
A Distanceacrossthe EdgeSpreadFunction(ESFhas defined from 10%to 90% of full //////.1150 pm\ \\\\ T\\\§

intensity TR (b)

A Full width at half maximum (FWHM)of the Gaussiarpeak fit to the LineSpread —
Function(LSF)

N\

\

A Inverseof the spatialfrequencywhenModulation TransferFunction(MTF)= 10%

A Spatialresolutionin 3D: pile of Tispheres

Line Spread Function Edge Spread Function Radiograph

100 50

I 2mm 1T Imm | 0.7mm
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e [@Spatial resolution of the system (18286

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

A 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

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

A Spatial resolution was determined by calculating the mean value of the 10%7i 90% responses

100
80
—_ 60 -
= Spatial resolution and relative efficiency of the detection system
« - using °LiF/ZnS:Ag scintillators with various thicknesses
40

Thickness (mm)  Resolution (mm)  Relative efficiency (%)

-~ Sereen 0.42 mm
——--- Screen 0.20 mm

201 — Screen0.10mm 0.42 0.54+0.02 100
[ 0.20 0.34+0.01 85
0 0.10 0.2440.01 64

-10 -08 -06 -04 -02 00 02 04 06 08 10

Distance [mm]

Fig. 1. ESF of three converter screens with different thickness.
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Spatial resolution vs. scintillator thickness{exe

Several exchangeable scintillator screens to properly detect neutrons-aags X
Thickness: compromise between exposure time and spatial resolution



