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Abstract: In this paper, NICHE (Neutron Imaging for Cultural HEritage), the new neutron imaging 

facility of the Italian National Institute of Nuclear Physics (INFN) is shortly presented. We report on 

the main features of the beamline, the specifications of the detection set-up, and the performances 

of the imaging system. NICHE is installed at the TRIGA reactor of LENA (Laboratorio Energia Nucleare 

Applicata) Pavia University laboratory (Italy). The imaging facility was designed during 2020, installed 

in the spring 2021, and has been in operation since May 2021. NICHE is the first Italian neutron 

imaging station open to national external users through the INFN-CHNet network application system. 

NICHE allows users to obtain neutron radiographies and tomographies, thus allowing for 

morphological characterisation of samples. First results to highlight the potential of the facility are 

reported. In particular, we show the first results about spatial resolution measurement and 3D 

reconstruction to provide morphological analysis capabilities.  
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Introduction    

The Cultural Heritage Network INFN-CHNet is a research infrastructure, widespread all over Italy, of 

the Istituto Nazionale di Fisica Nucleare (INFN) dedicated to the development and the applications of 

analytical techniques to perform advanced diagnostic on materials and artefacts related to Cultural 

Heritage (CH) [1]. It is based on several research centres, both in Italy and abroad, where cutting-edge 

technologies are developed and optimised in order to address the needs of Cultural Heritage 

researchers, such as archaeologists, historians, art historians, restorers, and conservators, as regards 

diagnostic features [2].  



Within CHNet, many complementary analytical techniques are available whose scientific output 

quality is continuously improved and upgraded. The use of different analysis and diagnostic 

technologies provides complementary information aiming at facilitating the application of the best 

practices for restoration/conservation. Analyses are also useful for characterising materials and 

manufacturing techniques, studying the provenance of the raw materials, and giving indications about 

material authenticity.  

Until 2021, neutron imaging (NI) was not available within CHNet, notwithstanding its tailored features 

for nondestructively evaluating sample morphology. NI integrates/complements results from well-

known and widelyused X-ray radiography and tomography.  

NI is a well-established election technique in the study of various metal composite samples [3-11], as 

different metals cannot be penetrated or measured with a relevant contrast factor in X-ray imaging 

while they exhibit reasonable transparency and relevant contrast in neutron radiography. Analogously, 

organic materials containing hydrogen can be visualised using NI, although surrounded by metal, a 

result very hard to achieve using X-rays [4].  

These are the main reasons that led to the conception and implementation of the INFN-CHNet NICHE 

facility, described in this paper. The new NI station, developed in the framework of the NICHE 

experiment, was installed at the thermal beam port channel B of the TRIGA reactor of Laboratorio 

Energia Nucleare Applicata (LENA), in Pavia (Italy).  

  

NICHE: presentation and overview  

In recent years, the efficiency of digital imaging systems as well as the light yield of scintillator-based 

neutron detectors improved in sensitivity, dynamic range and linearity thus it makes possible to 

perform imaging analysis even at weak neutron sources. This allows to exploit small neutron sources, 

such as low-power research reactors (e.g. the TRIGA type [12]) and accelerator driven sources [13] to 

perform good quality NI.  

The quality of NI data depends on the beam properties, such as neutron flux, collimation, beam size, 

and background noise (environmental and detector related). Concerning the TRIGA reactor available 

at LENA, simulations and preliminary tests, aiming at the neutron beam characterization, showed 

promising results, notwithstanding the limited reactor power (250 KW) and the limited daily working 

duty-cycle (6 hours, four days a week) [14].  

The beam-port B of the TRIGA reactor (radial port, facing on the moderator) has the best potential for 

thermal NI applications, as it exhibits the highest ratio of thermal neutron with respect to the total 

neutron flux. The flight tube contains 70 mm bismuth and 100 mm sapphire filters to lower gamma 

and epithermal flux. The Monte Carlo N-Particle (MCNP) radiation transport code [15] was used to 

simulate the flux at the shutter beam position which turned out to be 1.6x107 cm-2s-1 for the thermal 

component, 3.5x105 cm-2s-1 for the epithermal component, and 2.1x105 cm-2s-1 for the fast 

component. The evaluated gamma flux is   ̴106 cm-2s-1MeV-1 in the range 1-5 MeV [14]. These results 

make this beam port potentially suitable for thermal NI. The neutron shutter is located at the external 

wall of the TRIGA reactor monolith, approximately at 4.12 m from the reactor core.  

  

Instrumental setup  

An experimental hutch was already built around the B port shutter with constraints related to the 

available space and the multiple use of such port for other experimental activities, as shown in the 

aerial view of figure 1A. The size and shape are: 2.5 m length, 0.6 m minimum width, 2.1 m height, 

entrance area with double corner labyrinth. These imposed constraints imply strict limitations to the 

mechanical design of the imaging experimental station.  



Beam collimation for imaging purposes is based on the use of removable and interchangeable 

cartridges (830 mm away from the shutter external wall) made of borated ceramic tiles [16] with 

variable pin-hole diameter (5, 10, 20, 30, 40, and 50 mm size).   

  

  

Fig. 1 A: panoramic view of the TRIGA reactor at LENA laboratory, including the port B experimental 

hutch (highlighted in green) where the NICHE set-up is host. B: superimposed schematic diagram of 

the NICHE set-up main components and aerial view of the experimental hutch.  

The sample position area allows for its horizontal and vertical translation (orthogonal to the beam) 

and rotation around a vertical axis. Two linear stages using precision stepper-motors allow the 

horizontal and vertical translation, while rotation is made by a PI M-060 stage. All translation and 

rotation stages are remotely controlled.   

The imaging camera box is composed by a 300 μm-thick 6LiF/ZnS(Ag) scintillator screen 200x200 mm 

wide, followed by a 45° mirror, a 35 mm focusing lens and a ZWO ASI 2600 MM pro CMOS camera (16 

bit). Lens focusing and camera operation are both remotely controlled. Pixel size corresponds to 30x30 

μm2 on the scintillator in the current configuration, allowing for a field of view (FOV) of 180x120 mm2. 

The 45° mirror is used to limit the radiation damage induced by the neutron beam to the CMOS 

camera. A light-tight camera box houses the whole system. Remote control of the sample positioning, 

the lens focusing and the camera system is operated via ARDUINO Mega, using an in-house developed 

software in the LabView 2018 SP1 environment. The code is designed to perform multiple command 

sequence, allowing the execution of sequential radiographies in different areas of the sample and the 

acquisition of tomographic projections, if necessary. A scheme of the neutron imaging set-up 

components is shown in figure 1B.  



 
Fig. 2 A-B: Pictures showing sample translation and rotation stages, and the detector camera box. C: 

Picture and sketch of the optical components within the camera box.  

A few pictures of the inner area of the NICHE experimental hutch are shown in figure 2A and 2B. The 

details of the camera box components are shown in figure 2C.  

  

Characteristics and performances    

In order to maximize the flexibility of the NICHE imaging station, we selected two extreme working 

positions exhibiting, respectively, the highest flux and the highest spatial resolution. These two 

configurations correspond to the minimum (position A table 1) and maximum (position B table 1) 

possible distance between the sample and the pin-hole. The L/D ratio (L is the distance between the 

pin-hole and the sample; D is the diameter of the pin-hole) is the parameter commonly used to define 

the resolution power of an imaging system. We decided to provide specifications for the 10 mm-

diameter pin-hole because it maintains a reasonably short exposure time together with an acceptable 

resolution, while the improvement in flux of larger pin-hole configurations does not compensate for 

the reduction in resolution.  

The resolution of the radiographs has been estimated in the different working conditions by using 

several spatial resolution reference samples, such as the “bar pattern” and “Siemens star” produced 

and distributed by the Paul Scherrer Institut (PSI) [17]. The best resolution was measured by sticking 

a Gd reference sample, based on bar pattern grid, directly on the scintillator.  

A: pin-hole to sample distance 140 cm  B: pin-hole to sample distance 190 cm  

L/D  140  L/D  190  

Field of view: D = 65 mm, S = 45 mm  Field of view: D = 95 mm, S = 65 mm  

Best spatial resolution: 150 μm  Best spatial resolution: 125 μm  

Radiography Acquisition time: 300 s   Radiography Acquisition time: 600 s   

  

Table 1 Basic imaging parameters in two different experimental configuration maximizing flux (A) or 

resolution (B). The best resolution was measured by sticking a Gd reference sample, based on bar 



pattern grid, directly on the scintillator; D = diameter of the full brightness area of the neutron beam, 

and S = side of the inscribed square.  

  

  
Fig. 3. FRC analysis of Siemens star sample at 50 mm distance from scintillator (L/D=140) providing a 

resolution of 30 / 0.15 µm.  

  

An accurate evaluation of the resolution can be achieved by applying the Fourier Ring Correlation 

(FRC) method to a set of two twin images taken on the same sample in the same experimental 

configuration and performing a frequency analysis [18]. An example of FRC application is shown in 

figure 3, where a set of images of a Siemens star [17] was acquired at NICHE at 50 mm sample-to-

scintillator distance (L/D=140), a typical working distance for a complex geometry sample, and 

exhibiting an intersection point between data and half bit function threshold [19] at 0.15 unit / 

resolution. The resolution value is obtained by dividing the pixel size by such a parameter, thus 

providing an effective resolution of 200 µm for samples in the typical measuring position (50 mm 

distance from scintillator).  

  



Fig. 4 Beam intensity profile at its horizontal diameter, showing good uniformity in the central area. It 

also allows for the measurement of the full brightness field of view, which results to be about 9 cm 

FWHM at 190 cm from the pin-hole.  

In figure 4, the beam intensity profile is reported, showing good uniformity in the central area. The 

analysis of sample image raw data was performed by using the free software package ImageJ [20]. As 

a first step, we apply on every image a “spot filter” to remove the pixels that “shoot” anomalously 

due to gamma radiation; after that, it is always necessary to subtract the “dark” image from the raw 

intensity data: in this way we can take into account the CMOS dark current. The background-

subtracted sample image is then normalised dividing it by applying open beam image normalisation 

to erase effects related to variations in incident intensity.  

In the following part of the paper, we report some selected examples of neutron radiographs acquired 

with NICHE, showing the potential of the facility in terms of field of view, contrast, and spatial 

resolution for a large variety of flat and 3D samples, made up of different combinations of materials. 

In this way, it is possible to evaluate the capability of morphological analysis in composite objects, and 

the ability to differentiate among various constituents.  

Figure 5 shows two open beam corrected (normalised) radiographs taken with L/D=190 and the 

samples positioned at 40 mm from the scintillator screen, using 300 s integration time.  

  

  

Fig. 5 Neutron radiographs collected at L/D=190, integration time 300 s, sample-to-scintillator distance 

40 mm. A: the PSI bar pattern (25 mm side length) devoted to spatial resolution estimation; B: rolled 

metal tape with plastic case.  

Figure 5A shows the PSI bar pattern radiography, that allows to estimate the spatial resolution of the 

system by mapping which of the tilted lines are visible and well-resolved according to their size and 

inter-spacing, 150 µm in this case. The radiograph of a rolled tape metre (fig. 5B) shows the assembled 

structure containing a metal tape encased within a plastic frame. Different grey tones reveal the 

arrangement of the rolled tape and of the mechanical joints of the case.  

  

It is possible to perform neutron radiographs of samples larger than the neutron beam spot size by 

using the horizontal and vertical translations stages. We can move the sample to take partial 

radiographs in different positions and later recombine them. However, present spatial constraints in 

the experimental hutch do not allow full coverage of objects larger than 25 cm.  

In order to test the stitching procedure, we choose to cover the whole area occupied by a moka pot 

(inspired by A. Kaestner [21]) by taking four radiographs arranged in a 2x2 grid. The composite 

normalised image, obtained by using pairwise stitching ImageJ tool [22] is shown in figure 6, where it 

is evident that no stitching artefacts are visible. In the image it is possible to observe several interesting 



features, such as the different attenuation power of coffee powder, the aluminium case, the water 

reservoir and also the water droplets dispersed in the upper chamber of the coffee machine and on 

the lid. Red-squared insets highlight selected areas in which further details are pointed out by 

adjusting brightness and contrast.  

  

Fig. 6 Composite radiograph of a moka pot, obtained as a mosaic of 2x2 neutron images, stitched 

together. The insets show inner structure and connecting parts of the machine case.  

  

Neutron tomography was performed by exploiting the sample rotating stage. Because of the large 

number of projection images (minimum 300 according to pixel size and imaging station spatial 

resolution) and the minimum time needed for each of them in order to have an acceptable signal to 

noise ratio (120 s), a tomography requires at least two operational days at LENA to be completed.   

As an example, we show, in figure 7, the tomographic reconstruction of a plastic figure. Data were 

processed using Octopus [23] for reconstruction and different ImageJ spatial linear and radial filters 

[20] to preliminary process the projections. The 3D rendering was performed by using 3D Slicer 4.11 

[24].  

It is interesting to note the capability of the system to highlight the plastic parts with very good spatial 

definition, notwithstanding the high incoherent scattering power of such hydrogen-rich material.  

   



  

Fig. 7 Example of results of neutron tomography on a plastic model (approx. 3.5 cm height). 3D 

rendering and sectioning show the inner structure.  

  

Conclusions  

The commissioning of the new Neutron Imaging facility is completed and the NICHE station is currently 

fully operative at the TRIGA reactor of the LENA laboratory.  

NICHE is integrating the diagnostic instrumentation already owned by the INFN-CHNet and widening 

the range of available technologies of the network.  

It allows the acquisition of single radiographs with good spatial resolution (up to 125-150 m) and a 

maximum field of view of about 9 cm (diameter).  

The sample positioning remote system allows carrying out measurements even on objects larger than 

the field of view, by making multiple radiographs and stitching them without introducing artefacts or 

discontinuities. The system also allows the acquisition of tomographies, still with effective spatial 

resolution (better than 250 m) and contrast suitable for material science analysis.  

The NICHE neutron imaging station will allow to perform case studies of interest in the field of CH, 

providing morphological and microstructural information not obtainable with the more conventional 

X-ray imaging.  
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