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Free neutrons have high penetration power. 

They are able to penetrate matter of relevant thickness (several µm to dm).

https://www.mirion.com/learning-center/radiation-safety-basics/types-of-ionizing-radiation

https://www.mirion.com/learning-center/radiation-safety-basics/types-of-ionizing-radiation
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d

N – numerical density of sample atoms per cm3

I0 - incident neutrons per second per cm2

 - neutron cross section in ~ 10-24 cm2

d - sample thickness

and inverted …
Transmission

(Beer-Lambert’s law)

Thickness d can be

obtained when

 is known

Density or composition

derived if thickness

d is known

Attenuation contrast



• The ratio of the two images gives 

the neutron transmission in the 

beam direction T(i,j)

https://www.physics.nist.gov/MajResFac/NIF/radiography.html

𝑇 =
𝐼

𝐼0
= 𝑒−Σ∗𝑑

Transmission image

• Neutrons can be detected with suitable devices (neutron imaging detectors)

• The distribution of the neutrons without a sample (unperturbed, «open» beam) I0
and after interaction within the sample I are measured.
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I0 – primary beam

(x) – attenuation coefficient
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x – propagation direction
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Example: Alkaline battery



Object‘s slice

For tomography measurements, projections of the sample at 

different angles are recorded. Here we show the projection of

one verticle slice from the sample.

Measurement



Object‘s slice

Projections of this slice are

measured at different angles.

Measurement



Object‘s slice

For the projections either

the source and detector or

the sample are rotated.

Measurement



Object‘s slice

After collecting the projections at different angles a 

backprojection procedure can be performed. The signal

obtained at a certain angle is backprojected in the sample 

slice.

Backprojection



Object‘s slice

The backprojections are

performed at the certain angles.

Backprojection



Object‘s slice

Backprojection



Object‘s slice Reconstruction

Backprojection



Radiography
(2D image of the

transmission~e-Σd)

Tomography
(3D matrix of the attenuation

coefficients Σ)
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Attenuation coefficients with X-ray [cm?¹] 
 

1a 2a 3b 4b 5b 6b 7b 8 1b 2b 3a 4a 5a 6a 7a 0 

H He 

0.02             0.02 

Li Be B C N O F Ne 

0.06 0.22 0.28 0.27 0.11 0.16 0.14 0.17 

Na Mg Al Si P S Cl Ar 

0.13 0.24   0.38 0.33 0.25 0.30 0.23 0.20 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr 

0.14 0.26 0.48 0.73 1.04 1.29 1.32 1.57 1.78 1.96 1.97 1.64 1.42 1.33 1.50 1.23 0.90 0.73 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 

0.47 0.86 1.61 2.47 3.43 4.29 5.06 5.71 6.08 6.13 5.67 4.84 4.31 3.98 4.28 4.06 3.45 2.53 

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn 

1.42 2.73 5.04 19.70 25.47 30.49 34.47 37.92 39.01 38.61 35.94 25.88 23.23 22.81 20.28 20.22   9.77 

Fr Ra Ac Rf Ha 

  11.80 24.47                               

                  

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu    

*Lanthanides 5.79 6.23 6.46 7.33 7.68 5.66 8.69 9.46 10.17 10.91 11.70 12.49 9.32 14.07    

Th Pa U Np Pu Am Cm Bk Vf Es Fm Md No Lr    

**Actinides 28.95 39.65 49.08                     x-ray    
 

 

Legend 
 

Attenuation coefficient [cm?¹]  =  sp.gr. * / 

sp.gr.: Handbook of Chemistry and Physics, 56th Edition 1975-1976. 

/: J. H. Hubbell
+
 and S. M. Seltzer Ionizing Radiation Division, Physics Laboratory National Institute of Standards and Technology Gaithersburg, MD 20899,    

http://physics.nist.gov/PhysRefData/XrayMassCoef/tab3.html. 

 

 

 

 

 

Attenuation coefficients with neutrons [cm?¹] 
 

1a 2a 3b 4b 5b 6b 7b 8 1b 2b 3a 4a 5a 6a 7a 0 

H He 

3.44             0.02 

Li Be B C N O F Ne 

3.30 0.79 101.60 0.56 0.43 0.17 0.20 0.10 

Na Mg Al Si P S Cl Ar 

0.09 0.15   0.10 0.11 0.12 0.06 1.33 0.03 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr 

0.06 0.08 2.00 0.60 0.72 0.54 1.21 1.19 3.92 2.05 1.07 0.35 0.49 0.47 0.67 0.73 0.24 0.61 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 

0.08 0.14 0.27 0.29 0.40 0.52 1.76 0.58 10.88 0.78 4.04 115.11 7.58 0.21 0.30 0.25 0.23 0.43 

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn 

0.29 0.07 0.52 4.99 1.49 1.47 6.85 2.24 30.46 1.46 6.23 16.21 0.47 0.38 0.27       

Fr Ra Ac Rf Ha 

  0.34                                 

                   

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu    

*Lanthanides 0.14 0.41 1.87 5.72 171.47 94.58 1479.04 0.93 32.42 2.25 5.48 3.53 1.40 2.75    

Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr    

**Actinides 0.59 8.46 0.82 9.80 50.20 2.86               neut.    
 

Legend 
              -total * sp.gr. * 0.6023  

Attenuation coefficient [cm?¹]   =   
         at.wt. 

-total:  JEF Report 14,  TABLE OF SIMPLE INTEGRAL NEUTRON CROSS SECTION DATA FROM JEF-2.2, ENDF/B-VI, JENDL-3.2, BROND-2 AND CENDL-2, 

AEN NEA, 1994. 

 and Special Feature: Neutron scattering lengths and cross sections, Varley F. Sears, AECL Research, Chalk River Laboratories Chalk River, Ontario, Canada KOJ 

1JO, Neutron News, Vol. 3, 1992, http://www.ncnr.nist.gov/resources/n-lengths/list.html.  

sp.gr.: Handbook of Chemistry and Physics, 56th Edition 1975-1976. 

at.wt.: Handbook of Chemistry and Physics, 56th Edition 1975-1976. 
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1H ~0.4cm-1~5.0 cm-1

D
0.40

2H



Complementary radiography of a camera using neutrons (left) and X-rays (right). 

Whereas the hydrogen containing parts can be visualised with neutron even at thin 

layers, thicker metallic components are hard to penetrate with X-rays.

Images courtesy: Dr. Eberhard Lehmann (Paul-Scherrer-Institute, Switzerland)



All routes lead to Rome: A map of Roman ports and trade routes

Attenuation Contrast

https://commons.wikimedia.org/wiki/File:Europe_180ad_roman_trade_map.png
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Syracuse



Lead blocks recovered near the UNESCO World Heritage Site Syracuse. Presumably I century B.C. 

10 cm

40 cm

Triolo, R. et al. Anal. Methods 6 (2014) 2390-2394
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Lead blocks recovered near the UNESCO World Heritage Site Syracuse. Presumably I century B.C. 

Triolo, R. et al. Anal. Methods 6 (2014) 2390-2394



Attenuation Contrast

    

(Tamil, Nadu AK-MAK-1291, c. 1000-1200 AD)
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Cantini, Francesco, et al, Archaeological and Anthropological Sciences 16.3 (2024): 45., 



Wave–particle duality is the concept in quantum mechanics that every particle or 

quantum entity may be partly described in terms not only of particles, but also of waves.

Hence the material particles like neutrons, also have wave properties such as 

wavelength and frequency. Diffraction and Refraction are possible



2d·sin(θ)=nλ

https://nmi3.eu/neutron-research/techniques-for-/structural-research.html
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https://www.psi.ch/sinq/hrpt/neutron-diffraction-practicum



Attenuation Contrast

Cantini, Francesco, et al, Archaeological and Anthropological Sciences 16.3 (2024)
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https://www.psi.ch/sinq/hrpt/neutron-diffraction-practicum



Attenuation Contrast

(Tamil, Nadu AK-MAK-1291, c. 1000-1200 AD)

Cantini, Francesco, et al, Archaeological and Anthropological Sciences 16.3 (2024): 45., 
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Attenuation Contrast

Cantini, Francesco, et al, Archaeological and Anthropological Sciences 16.3 (2024): 45., 
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polychromatic 

neutron beam

DCM

 2dhklsin90°=
dhkl

2dhkl= (110)

polycrystalline

material

Bragg‘s law

Cross-sections of iron per atom

Diffraction Contrast



Energy-selective neutron

tomography of TRIP-steel

R. Woracek et al., Advanced Materials 26 (2014)



Diffraction Contrast



Neutron radiograph

110200211220

Full pattern fit

Time bin = 100 µs

Single edge fit

Time bin

= 20 µs

Full pattern fit
Crystallite size s
Preferred orientation parameter r

Single edge fit
The lattice spacing d110

Edge broadening w110

Courtesy of 
K. Oikawa (J-PARC, JAEA)



Inline (sequential)

Across (quasi-simultaneously)

Across-shifted (sequential with 90°rotation)

N/X

N

N

X

X

N beamX beam

N beam

N beam



Photo: front view Photo: back view neutron X-ray

http://www.psi.ch/index.shtml


Photo: front view Photo: back view neutron neutron, side view

http://www.psi.ch/index.shtml


Heavily corroded 

nails from the 

Roman period

Neutron-CT X-ray-CT

Analysis of 

corrosion vs. solid metal

http://www.psi.ch/index.shtml


X-rays
Information about structural changes

Neutrons
Information about contrast changes

Complementarity

Why Neutron Techniques?

• High sensitivity to hydrogenous (H) 
components

• Good penetration of metals

• Different attenuation coefficient for 
Isotopes

Outlook

• Instruments and Detector getting more optimised
→ Higher spatial and temporal resolution

• Useful in a broad field of applications:
• Li Batteries
• Fuel Cells
• Electrolysers
• H-Storage
• Material research
• Geology
• Biology
• Cultural heritage

• Similar length scale as X-rays (cm to µm)

H D 6Li Li 7Li

• imaging
• diffraction
• Bragg-edge mapping



Knowledge isn‘t free

You have to pay attention

Richard P. Feynman 


