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Neutron imaging



Historical

Berlin, 1935 – 1938

H. Kallmann & Kuhn with Ra-Be 

and neutron generator

Berlin until Dec. 1944

O. Peter with an

accelerator neutron source

As typical: valves, manometers, injectors



Imaging modalities



Neutron radiography / tomography



Resolution



Contrast

Neutron radiography X-ray radiography



Printed circuit board
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X-ray Neutron



Contrast

Source Detector
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I0 – primary beam

S(x) – attenuation coefficient
x – propagation direction



Contrast

Absorption

Scattering

Neutron Energy E0

Nucleus

Transmission
Photoelectron

Absorption
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Scattering
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S = N . s
N = number of nuclei per cm3 . 

Unit  of  S is [cm-1]

s = sa + ss
Unit of s  is [barn]  = [10-24 cm2]



X-ray attenuation

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



Neutron attenuation

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 

              s-total * sp.gr. * 0.6023  
Attenuation coefficient [cm?¹]   =   
         at.wt. 
s-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. 



• D2O as contrast 
agent

Water uptake in plants

H2O D2O



Water uptake in plants in 3D

Time-resolved neutron tomography of a 13-days-old maize root system after infiltration of 4 ml deuterated water

C. Töztke et al. Scientific Reports 11,, 0578 (2021)



Combining X-ray and neutron imaging



Cross-sections

s = sa + ss

5.3 McStas implementation of the model 37

Figure 5.4: Attenuation coe�cients for Cu, Fe and V computed using nxsPlotter data and
the spectra from the di↵erent beamlines. They are split in the di↵erent contributions:
Coherent elastic, coherent inelastic, incoherent elastic, incoherent inelastic and absorption.
The bar diagrams show the behavior of Fe, Cu and V in a thermal spectrum (NEUTRA),
thermal and cold (ICON), cold (BOA) and cold with Be filter.

5.3 McStas implementation of the model

The MC model has been coded using McStas2.a [64], a neutron ray-tracing package used
to simulate neutron instruments and experiments. The dimensions of the beamline and
the position and geometry of di↵erent components are those depicted in Fig. 5.1. They
are represented by virtual components, many of them available as generic modules in the
McStas Library. The moderator surface is a Source gen component which uses the spec-
tral data of the di↵erent beamlines as an input. The pinhole is a circular Slit component.
The sample is a Sample nxs component, which follows the equations defined in the the-
ory section, and includes the crystallographic properties of the samples. The detector is
resembled by a modified PSD which weights the value of every neutron depending on the
probability of being absorbed by the scintillator, following the curves of Fig. 5.3c.

The Sample nxs is the implementation of the nxs program library into a McStas com-
ponent. The code allows for the user to choose between a cylindrical, slab or a 3D geometry
from a given file. To illustrate this description Fig. 5.5 shows a 3D snapshot of 1000 neu-

Chapter 2. Neutron interaction with matter

A few isotopes also have a resonance in the thermal range (e.g. 157Gd at 1.67 Å or 113Cd at
0.66 Å). These are typically used in neutron detectors or as shielding material (shutter, beam
limiters, beam dump...) in neutron imaging and scattering experiments due to their high
capture efficiency.

2.2.2 Scattering
However, more than absorption, neutron scattering is the dominant interaction mechanism
for a large number of materials. For a selected number of materials, reappearing as samples in
this work, their respective absorption and scattering cross-section are shown in figure 2.3. An
important consequence is that, though the Beer-Lambert law assumes all interacted neutrons
(absorbed or scattered) removed from the beam, some of these scattered neutrons will still
reach the detector. The number of observed neutrons is thus higher than expected from
applying the Beer-Lambert law on a straight path through the sample, leading to quantification
errors. The issue is dealt with in more detail in chapter 4.

Figure 2.3: Tabulated [44] total microscopic scattering and absorption cross-sections for selected
materials.

First, we investigate the scattering from a neutron of wave vector k from a single, fixed nucleus
at position r = 0. We make use of the particle-wave duality for the incident neutron and
represent it by a plane wave ei k ·r . As the force exerted by the nucleus is central, the scattered
wave can be decomposed in eigenfunctions of angular momentum. Now consider the incident
neutron (mass m, velocity v) striking just at the surface of the nucleus, at r = R, being in the
range of a few femtometers. The angular momentum involved in the impact is mvR . Quantum
mechanics dictates it is quantized, so

mvR = ~
p
`(`+1), (`= 0,1,2,3...) (2.5)

so for thermal and cold neutrons (v = 2200m/s and below), only `= 0 or S-wave scattering is
possible, which is isotropic. Equation 2.5 shows that `= 1 or P-wave scattering does not set on
until energies in the MeV range, far above the energy range considered in this work. Thus the

24



Simplified setupsimplified setup for imaging in transmission mode  

Neutron Imaging Principle 

flux φ(E) 
gammas 

L/D ratio 
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Influence geometry

Source Collimator DetectorObject

collimation ratio               typical: several 100
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L/D



Influence geometry

Source Collimator DetectorObject

D

L l

L/D
blur d = l 



Influence geometry

19/45

L

L

L
L2

1L

2L

3L

flux limitations 109 cm-2s-1

L/D
blur d = l 

D=1I=1

D=1/2I=1/4

D=1/4I=1/16

Intensity = D2



Influence geometry

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.

Courtesy B. Schillinger, TUM



Time resolved neutron radiography



• Neutron flux is relatively low as compared to sychrotrons x-ray flux. Difficult to 
perform fast in situ measurements.

• Except for periodical processes, here one can work in stroboscopic mode
• Advantage:
- the number of neutrons/photons in one time window is still very low, but many 

exposures of the same time window of the periodic process may be accumulated on 
the detector before read-out, thus increasing the available intensity

• Disadvantage:
- Only one time window of the periodic process can be recorded in one sequence, the 

periodic process has to be recorded in a sequence of many consecutive time 
window accumulations, sacrificing most neutrons.

Fast neutron imaging



Radiography / tomography stroboscopic mode



Neutron microscope

170   Pavel Trtik et al.  /  Physics Procedia   69  ( 2015 )  169 – 176 

1. Introduction 

While X-ray imaging can be nowadays performed routinely with 1 µm spatial resolution at many facilities 
worldwide, the spatial resolution of neutron imaging is currently limited to about 10 micrometres (Kaestner et al., 
2011; Williams et al., 2012; Tremsin et al., 2012). The higher resolution neutron imaging has been flagged up as 
one of the key demands of neutron imaging user community for the future development in this field. There are 
ample domains that would profit from higher resolution neutron imaging, ranging from electrochemistry, materials 
for nuclear safety, soft matter, and soil physics as examples on the materials science side to imaging of various 
biological systems on the life science side. 

As a result, the Neutron Microscope project has been initiated at Paul Scherrer Institut with the goal to develop 
a facility for high-resolution neutron imaging. The principal technical goal is to develop an instrument which 
would allow for a sub-5 µm image spatial resolution, while allowing the images to be taken in reasonable exposure 
times ( i.e. sub-10 minutes for the single radiographies). The current capability of neutron imaging at PSI is limited 
to 27 mm field of view and 13.5 µm pixel size (see Figure 1). 

Fig. 1. Domains of neutron imaging facilities available at PSI. Note the overlap of the prospective Neutron Microscope with the domain of 
synchrotron X-ray microtomography beamline 

1.1. The Neutron Microscope concept 

The concept of our neutron microscope is, in principle, similar to the imaging concept (i.e scintillator + camera) 
currently utilized for the neutron imaging at Paul Scherrer Institute (Lehmann et al., 1999) and also at the various 
synchrotron imaging beamlines (e.g. Stampanoni et al., 2007) . In order to reach the project goals, the performance 
of all the individual components of the Neutron Microscope must be optimized. Within the initial stages of the 
Neutron Microscope project, the prototype No. 1.01 has been developed and tested at various beamlines at PSI.  

The components optimized in the first phase of the project are 

• Tailored magnifying optics of high numerical aperture 
• High-resolution high-performance neutron-sensitive scintillator  
• High-resolution, high-sensitivity camera 
• Neutron-sensitive spatial-resolution test objects 



• The dedicated objective is designed for a field of view of 10 mm x 10 mm and the object distance is 60 mm. 
It is composed of thirteen individual lenses.  The scintillator screen is based an isotopically-enriched 157-
gadolinium oxysulfide.

Neutron microscope

improvements in the signal rate and (spatial) resolution” [7]. However, the current resolution of cold-
neutron Wolter optics is reported to be on the scale of many deca-micrometres ([7-10]). 

A recent addition to high-resolution neutron imaging systems is a microscope developed within the 
“Neutron Microscope Project” at PSI by Trtik et al. [11]. The first prototype of the microscope 
(Neutron Microscope 1.01) uses a high numerical aperture magnifying lens, which projects the image 
from a 4-µm thick gadolinium oxysulfide (Gd2O2S:Tb) scintillator screen onto a high-resolution 
pixelated detector magnified by a factor of 4.3. Because of this magnification factor, the pixel size of 
the neutron images made with the Neutron Microscope 1.01 reached 1.5 µm, which translates to a true 
spatial resolution of 7.6 µm [11]. Therefore, the first prototype of the Neutron Microscope delivered 
nearly fourfold enhancement of the spatial resolution compared to the standard neutron imaging 
available at PSI [4]. It should be highlighted here that, despite its name, the Neutron Microscope we 
are currently developing is not per se a neutron microscope that uses neutrons for magnification, 
because we do not focus neutrons using our device. Our microscope can be described more precisely 
as a “very high resolution, very high-numerical aperture optical microscope with the light input based 
on the high-performance neutron-sensitive scintillators”. 

In this paper, we report on a very recent enhancement of high-resolution neutron imaging 
capabilities within the “Neutron Microscope project”.  

2. Status and preliminary results
For the further enhancement of our “Neutron Microscope”, we employ a tailor-made dedicated 
objective with an even higher (five-times) magnification factor and link it with recently developed 
isotopically-enriched 157-gadolinium (capture cross-section 254,000 barn) oxysulfide scintillator 
screens [12]. 
The dedicated objective is composed of thirteen individual lenses. As the objective is to be 
intrinsically exposed to scattered neutrons and thus possibly suffer from radiation damage, the first 
three lenses (i.e. the ones closest to the scintillator) are made of a radiation hard glass. A schematic of 
an axial cross-section is shown in Figure 1. The objective is designed to provide a spatial resolution 
better than 5 µm, while keeping the light transmission above 70% for the light spectral range of 
terbium doped gadolinium oxysulfide. 

Fig. 1:  Schematic of cross-sectional view of the PSI Neutron Microscope showing (from right to 
left): the sample holder (pink), adaptor with the scintillator screen (green and yellow), the 
dedicated magnifying objective composed of 13 individual lenses (light grey), and a CCD 
detector (red and black). 

2



• Siemens star
• Resolution = 5.4µm

Neutron microscope

The dedicated objective is designed for a field of view of 10 mm x 10 mm and the object distance is 
60 mm. The scintillator screen is based on the recently developed isotopically-enriched 
157-gadolinium oxysulfide (157Gd2O2S:Tb; hereafter referred to as 157-gadox). The thickness of the
scintillator is approximately 3.5 µm, while the mean particle size of the 157-gadox powder was 
approximately 2.0 µm. 

The magnifying objective linked with the isotopically–enriched 157-gadox scintillator was 
preliminarily tested at the ICON beamline, PSI Villigen. The test arrangement was positioned slightly 
downstream from measuring position No. 2 (L = 9.0 m). A full polychromatic beam with a 20 mm 
neutron aperture was utilized. Therefore, L/D ratio equalled 450.   

The new spatial resolution test-object (a gadolinium Siemens Star) was developed in-house with 
the size of individual spokes as small as 4 µm. The test object was imaged using the Neutron 
Microscope and a sCMOS detector of a pixel size of 6.5 µm (Hamamatsu ORCA Flash 4.0). Given the 
magnification power of the objective, the nominal pixel size of acquired images is 1.3 µm. Figure 2 
shows the neutron image of the mentioned gadolinium Siemens Star test object. The images presented 
in Figure 2 are based on 33 single frames each with an exposure time of 30 seconds, giving a total 
exposure time of 16.5 minutes.  

Fig. 2:  Neutron radiography of the Siemens Star test object made with the PSI Neutron 
Microscope. The full field of view is shown on the left, and the right is zoomed-in to the 
high-resolution area. The Fourier ring correlation (FRC)-based spatial resolution of the 
image is equal to 5.4 µm.  

The spatial resolution of the images was assessed using the Fourier ring correlation (FRC) 
technique [13, 14] and was calculated to be 5.4 µm. However, as can be seen in Figure 2, some (albeit 
faint) modulation was revealed at the thinnest parts of the spokes (4 µm). When compared to the 
spatial resolution available from the Neutron Microscope prototype 1.01, the spatial resolution 
improved by about 30%. 

3



Imaging modalities

Attenuation
contrast

Bragg edge Dark-field Polarized

1Å 1nm 1μm 1mm 1m

Attenuation

Bragg edge

Dark-field



Neutron Bragg edge imaging

Single crystal Polycrystalline materials

Random Textured

𝑇(𝑥, 𝑦, 𝜆) =
𝐼(𝑥, 𝑦, 𝜆)
𝐼!(𝑥, 𝑦, 𝜆)



Neutron Bragg edge imaging

𝑇(𝑥, 𝑦, 𝜆) =
𝐼(𝑥, 𝑦, 𝜆)
𝐼!(𝑥, 𝑦, 𝜆)

The transmission spectra 
contain information on the 

neutrons that didn’t interact 
with the sample

All processes that remove neutrons from the 
incident beam

Bragg reflections Thermal diffuse scattering Absorption

smooth dependences on neutron wavelength

Neutrons reflected on the crystal planes



Neutron Bragg edge imaging

Bragg reflections

Copper
powder sample

Copper powder sample



Neutron Bragg edge imaging
Bragg reflections

Copper powder sample
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Neutron Bragg edge imaging

Page 32

Bulk density

Busi, M., et al. Ph. Rev. Mat. (2022)

𝜇 𝑥, 𝑦, 𝝀 = −
1
𝑙
log

𝐼(𝑥, 𝑦, 𝝀)
𝐼'(𝑥, 𝑦, 𝝀)

Residual Strain

M. Morgano et al., Add. Man. (2020)

Crystallographic Phase 
Transformations

Poladitis, E., et al. Materials (2020) Woracek, R., et al. Advanced Materials (2014) 
Santisteban., et al. Journal of 
Nuclear Materials (2012) 

Crystallographic 
Texture



• Bragg’s law:
𝜆!"# = 2𝑑!"# sin 𝜃

Relates Bragg edge wavelength to lattice spacing

Lattice strain mapping

Page 33Busi, M., et al. Scientific Reports (2021) 

• Lattice strain: 𝜖()* =
𝑑()* − 𝑑()*'

𝑑()*' • Tensile (+)

• Compressive (-)



Strain imaging in AM 316L

 
Figure 3: Image representing the local (111) Bragg edge position resulting from data analyses. Left sample (A), the 
annealed reference and right sample (B) the as-built and partially (bottom left of sample B) LSP treated sample. 

In order to better quantify the results and compare to conventional characterisation, the 
mapped lattice parameters of sample B are referenced and divided by the average lattice 
parameter of the annealed reference sample A (d111,0), according to 𝜀111 =

𝑑111−𝑑111,0
𝑑111,0

. This 

results in a map of the local lattice strains as shown in Fig. 4a. Subsequently regions of interest 
are defined as displayed in Fig. 4a and averaged line profiles are extracted from these. The 
profiles are plotted in Figure 4b. While it appears that the reference sample (orange curve) is 
still not fully homogeneous but displaying some tensile tendencies towards the edges, the 
effect of the laser shock peening can be assessed in more detail (black curve). Firstly, 
compressive strain is found throughout the first about 300 m from the treated surface and 
tensile strain has been reduced to a depth of nearly a millimetre. While the tensile strains 
close to the untreated surfaces (red line) range up to around 1500 , the maximum tensile 
strains in the peened region reach a maximum of only about half that value where the primary 
treatment effect vanishes 0.9 mm below the surface. In the bulk the behaviour is nearly the 
same with maximum compressive strains of around -1300 . The red line profile corresponds 
to the as-built sample in the area not LSP treated (highlighted in red). The measured tensile 
strain in the surface regions range again about 1 mm deep into the sample. The strains in the 
bulk turn compressive towards the centre where they appear to equalize the opposite sign 
strains at the surfaces. Beyond 0.9 mm the compressive effect of the LSP treatment is 
reversed and up to about 3 mm into the sample the strains under the treated surface range 
slightly above these of the untreated area balancing to some extend the compressive surface 
effect induced. 
 
 

 

Frequency        5Hz 
Overlap value  40% 

 
Sample B was exposed to the neutron beam together with the annealed reference, sample A 
(Fig. 1) while the third sample, the twin of sample B was investigated by the hole drilling 
method (HDM) according to Ref. [17].  
 

 

 

Figure 1: Left: Sample arrangement for neutron imaging measurements. In the experiment, neutrons come from the lower 
right of the image and impinge the samples on the small vertical face. Right: Photo of twin of  sample B, which was 
subjected to the local hole drilling assessment,  showing the LSP area not covering the full surface. (Note, that the size of 
the treated area slightly deviates from that of sample B.) 

Instrument and measurements 
Neutron Bragg edge strain mapping measurements were performed at the time-of-flight 
(ToF) imaging instrument RADEN at the JPARC pulsed neutron source facility [29]. The short 
pulse nature of the source enables to resolve the neutron wavelength according to ToF 
measurements in the about 20m long instrument. Utilizing a high time resolution neutron 
imaging detector the pulsed time structure can be exploited for corresponding wavelength 
resolved neutron imaging in a ToF mode[24-26]. An MCP/Timepix imaging detector [27,30] 
was installed at 18.5 m from the source with 14 s time resolution, thus preserving the 
inherent ToF wavelength resolution of the instrument at the utilized measurement position 
of about =0.2%. Such ToF resolution has been demonstrated to be capable of resolving 
<100 microstrain [24-26]. A beam collimation ratio of L/D=300, where D and L are the pinhole 
size and the pinhole to sample distance, respectively, was chosen to utilize the full 100 
micrometer spatial resolution of the ToF imaging detector with 55 m pixel size [27]. The total 
exposure time was 6 hours during which both, sample B and reference (A), were exposed 
simultaneously (Fig. 2). An equivalent open beam measurement (flat field) was taken for 6 
hours without the samples as a reference of the incoming beam distribution.  
The imaging detector produces images of 512x512 pixels for each ToF time bin. The samples, 
placed right in front of the detector system, occupy a detector area of around 300 x 400 pixels. 
The neutron source has a repetition rate of 25 Hz and the corresponding 40 ms period defines 
the spectral width probed with 2804 time bins of 14 s time by the detector. Thus, 2804 
images are recorded accumulating all pulses within the 6 hour total exposure time to produce 
spatially resolved spectral histograms. Note that the source power, with which the available 

A 

B 

flux is scaling close to linearly, was only at around 200 kW at the time of the measurements 
compared to 1 MW nominal power.  
 
Data analysis 
The raw images have been corrected for the dead time of the detector (overlap correction 
[30]), and were subsequently normalized to the correspondingly corrected flat field images 
to obtain the transmission spectra for all pixels, containing the Bragg Edge patterns (Fig. 2a). 
In order to improve the statistics before the fitting process a 3D running average was applied 
to the 3-dimensional data set (x,y,ToF) according to a size of 5 pixels (horizontal) x 9 pixels 
(vertical) x 7 time bins (ToF). This choice of dimensions for the running average is related to 
the higher spatial resolution need in LSP direction perpendicular to the surface as well as to 
sufficient ToF resolution and statistics for reliable fitting. The final analyses of the Bragg edge 
positions which are a measure of the lattice distance d, and thus lattice distortions, has been 
obtained by analysing the edge position of the spectra in the region of the most pronounced 
Bragg edge. This edge is the highest wavelength Bragg edge corresponding to the FCC (111) 
lattice plane located around = 2d = 4.14 Å (Fig. 2). The discrete numerical derivative of this 
Bragg edge was fitted with a Gaussian function for each pixel of the image stack (260000) in 
order to obtain the local d-spacing represented by the fitted peak position. 
 

 
Figure 2 Local attenuation spectrum. (a) The transmission spectra as contained in every pixel of the image stack (averaged 
over a tensile, orange,  and compressive, blue, region of interest);(b) the (111) Bragg Edge extracted from the measured 
spectra in blue (orange) corresponding to an area of compressive (tensile) strain; (c) representative example of  fitting of the 
(111) Bragg edge contained in a single pixel to consistently identify the edge position;  

Results and discussion 
The application of pixel-wise fitting of the Bragg edge in the attenuation spectrum enables a 
mapping of the local (111) lattice parameter d111 with high resolution (Figure 3). It clearly 
displays the expected features of a relatively homogeneous heat treated reference sample, 
and larger lattice spacings in particular at the edges of the as built (non heat treated) sample 
where tensile stresses are to be expected. At the lower left edge of the as built sample, where 
the LSP treatment has been applied a clear deviation from this behaviour is remarkable and 
can clearly be associated to the treatment.  
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Neutron Grating Interferometry (NGI)
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Neutron Phase Imaging and Tomography

F. Pfeiffer, C. Grünzweig, O. Bunk, G. Frei, E. Lehmann, and C. David
Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

(Received 6 April 2006; published 2 June 2006)

We report how a setup consisting of three gratings yields quantitative two- and three-dimensional
images depicting the quantum-mechanical phase shifts of neutron de Broglie wave packets induced by the
influence of macroscopic objects. Since our approach requires only a little spatial and chromatic
coherence it provides a more than 2 orders of magnitude higher efficiency than existing techniques.
This dramatically reduces the required measurement time for computed phase tomography and opens up
the way for three-dimensional investigations of previously inaccessible quantum-mechanical phase
interactions of neutrons with matter.

DOI: 10.1103/PhysRevLett.96.215505 PACS numbers: 61.12.Ex, 42.25.Fx, 42.30.Rx, 61.43.Gt

For particle physicists, neutrons are small massive par-
ticles with a confinement radius of about 10!15 m and a
distinct internal quark-gluon structure. In quantum me-
chanics, neutrons are described by de Broglie [1] wave
packets whose spatial extent may be large enough to show
interference effects similar to what can be observed with
visible laser light or highly brilliant x-rays from synchro-
tron sources. Measurements of the neutron wave packet’s
phase shift induced by different interaction potentials
have a long and distinguished history in the exploration
of the fundamental properties of quantum mechanics [2].
If such phase sensitive measurements are further com-
bined with neutron imaging approaches, two- or even
three-dimensionally resolved spatial information on the
quantum-mechanical interactions of massive particles
with matter can be obtained.

Consequently, several attempts have been made to detect
the neutron wave optical phase variations induced by an
object in the past years. They can be classified into inter-
ferometric methods [3–5], techniques using an analyzer
crystal [6], and free-space propagation methods [7,8].
However, practical difficulties arise, because the currently
available neutron sources are not sufficiently coherent or
bright for the effective application of the existing phase
sensitive imaging methods. This is because they require
monochromatic crystal optics [3–6] or the high spatial
coherence of a pinhole source [7,8].

In this Letter we demonstrate how an alternative ap-
proach using a grating-based shearing interferometer can
be efficiently used to retrieve quantitative differential
phase contrast (DPC) images with polychromatic neutron
sources of little spatial and chromatic coherence. We have
recently shown that this method can be used for DPC
imaging using polychromatic x rays from synchrotron or
tube sources [9,10]. Here we describe, in particular, how
taking into account the quantum-optical properties of mat-
ter waves allows for a successful adaptation of the latter
method to a beam of massive particles, i.e., to neutrons.

Our setup consists of a source grating G0, a phase
grating G1, and an analyzer absorption grating G2

[Fig. 1(a)]. The source grating (G0), an absorbing mask
with transmitting slits, typically placed close to the neutron
beam exit port, creates an array of individually coherent,
but mutually incoherent sources. Each individual line
source provides enough spatial coherence for the DPC
image formation process [11]. Since the source mask G0
can contain a large number of individual lines, each creat-
ing a virtual source, efficient use can be made of typical
neutron source sizes of more than a few square centimeters.
To ensure that each of the line sources contributes con-

FIG. 1. Grating-based neutron shearing interferometer. (a) The
source grating (G0) creates an array of individually coherent, but
mutually incoherent sources. (b) The phase grating (G1) forms a
periodic interference pattern in the plane of the analyzer grating.
A phase object in the incident beam will cause a slight refraction,
which results in changes of the locally transmitted intensity
through the analyzer.

PRL 96, 215505 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
2 JUNE 2006

0031-9007=06=96(21)=215505(4) 215505-1 © 2006 The American Physical Society

G0: source grating
G1: phase grating
G2: analyser absorption grating
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Strobl, M., et al. P.R.L. (2008) 

Refractive index: 
𝑛 = 𝛿 + 𝑖𝛽

Measure simultaneously:
• Transmission (T) ∝ attenuation 𝛽 

Transmission
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Refractive index: 
𝑛 = 𝛿 + 𝑖𝛽

Measure simultaneously:
• Transmission (T) ∝ attenuation 𝛽 
• Differential phase (DP) ∝ phase 𝛿

Transmission Differential phase (𝛿+)



• Neutron:
- Spin ½ 
- Magnetic moment µ

Imaging with polarized neutrons

Larmor precession
𝜔& = 𝛾&𝑩

Precession angle:
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Imaging with polarized neutrons
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• Neutron:
- Spin ½ 
- Magnetic moment µ

• Instrumentation:

Imaging with polarized neutrons

Larmor precession
𝜔$ = 𝛾$𝑩

Precession angle:

𝜙 =
𝛾$
𝜈
-
%&'(

𝐵 𝑑𝑠
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TRIP effect: martensitic phase transformation

Deformation

TRIP effect: martensite 
transformation upon deformation

Martensite: ferromagnetic

Build complex samples with local 
varying material properties and thus 

superior performance

Locally tailor the crystallographic texture, in order 
to enhance or suppress local transformations 

according to the requirements of a component.

TRIP effect leads 
to work 
hardening 
increasing alloy’s:

• strength 

• ductility



Validation of linear attenuation and 
depolarization coefficient  for quantitative 
martensite phase fraction determination

Method validation with BCC/FCC powder mixtures
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Busi, M., et al. Materials Today Advances (2022) 



In-situ tensile test

Busi, M., et al. Materials Today Advances (2022) 

Short exposures made it possible to 
carry out in-situ measurements with a 
uniaxial tensile rig

Tensile rig

White beam



Shape Memory Alloys

TomographyTomographyTime-resolved* 
Radiography

Time-resolved* 
Radiography

*20 seconds per 
frame

Results match well finite element analysis (FEA) simulations

• FeMnSi SMAs for compression energy absorption
- Upon compression the lattice deforms
- Heat treatment is applied for shape recovery
- Formation of martensite is detrimental to shape recovery
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