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1. Introduction 

This report is the Final Report for the project “Design and build of a target imaging system 
relevant to ESS”, carried out at DTU June 2016 – August 2019.  

The project is sponsored by the European Spallation Source ERIC (ESS) as a PhD project for 
Nicolò Borghi, and has resulted in collaboration between ESS and DTU Nutech.  

The objective has been to conduct a feasibility study for the development of a diagnostic 
instrument intended to monitor the ESS spallation target material over the course of its lifetime. 

The proposed Target Imaging System (TIS) consists of a 1D scintillator array detecting 
collimated decay γ radiation originating from the activated tungsten bricks in the target wheel. 
Modifications in the grid layout due to accumulation of debris or to cloven bricks will result in a 
localized increase of γ-ray emission. The TIS will be capable of multi-scale imaging: coarse 
spatial resolutions will allow fast detection of such increases, whereas the full 1 mm resolution 
will provide the precise 2-d location of the detected anomaly. 

Over the course of the PhD project a prototype instrument has been designed, built and 
commissioned at DTU to investigate the basic functionalities of the proposed TIS. 
Reconstructed images obtained from a specialized rotating resolution target wheel demonstrate 
the feasibility of the TIS principle. 

The results of the research carried out during the PhD project are discussed in detail in the PhD 
dissertation of Nicolò Borghi, “Developing a Target Imaging System for the European Spallation 
Source” (under review). This report should be considered an addendum to the PhD thesis; it 
summarizes main results of the work and contains supplementary material not suitable for 
inclusion in the thesis. 

2. Project timeline 

The project has been conducted in accordance to the PhD study plan at DTU. In addition to the 
research work, education and dissemination requirements from DTU have been fulfilled. Such 
tasks are not summarized in this document. 

The PhD project has been executed in nine Work Packages (WPs): 

WP1. Project definition 

This first phase involved the preliminary literature survey and several basic 
Monte Carlo simulations to assess in a very early stage the basic requirements of 
the planned imaging system. 

WP2. Preliminary design 

In this phase, the layout of the imaging system was carried out through advanced 
simulations aimed at optimizing the results obtained in WP1 and the design of 
the various components (collimator, detector and read-out chain) was initiated, 
building on the simulation results. The hardware and software environment in 
which to integrate the TIS (for more detail see WP6) was also defined. 
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WP3. Construction of the first system prototype 

The collection of the required parts, the mechanical and electronic design and 
the assembly of a pre-prototype version of the imaging system were carried out 
during this work package. 

WP4. Tests and first publications 

Tests of individual components were performed to ensure correct operation of 
the system. The instrument concept was presented at the ICANS XXII 
Conference, Oxford, 2017, and the first publication was issued. 

WP5. Modelling and design of the system prototype 

The outcomes of the tests of WP4 produced an important feedback on the actual 
performance of the initial design of the imaging system. These data were used in 
a second design phase, which was aimed at improving the design in order to 
obtain a prototype relevant for ESS application. 

WP6. Data acquisition and imaging software 

A fundamental component of the diagnostic system is the imaging software. The 
development of such an environment has been an on-going process, starting 
from the early stage of the system design. Its evolution can be subdivided into 
three phases: 

1. discussions with the ESS control system group to understand the 
requirements imposed by the software environment and to define the 
environment in which the TIS has to settle in. This part was carried out 
concurrently with WP2; 

2. preliminary development of software modules for the various subsystems. 
This involves simple tests to assess the functionality of each individual 
component. This phase extended over the WP3, WP4 and WP5 work 
packages, to accommodate interaction between hardware and software 
development; 

3. in the last phase of software development previously developed software 
modules were merged, respecting the constraints of the ESS software 
environment.  

WP7. Construction of the system prototype 

By taking into account the design specifications of WP5 and the software 
development of WP6, the system prototype was built. This process involved a 
second phase of collecting components as well as updating the engineering 
design (mechanical, optical and electronic). 

WP8. Test and measurements 

The diagnostic system prototype, in its second phase of development, was 
thoroughly tested and measurements were performed to assess the functionality 
of the TIS.  
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WP9. Writing of the thesis 

The PhD dissertaiton by Nicolò Borghi, entitled “Developing a Target Imaging 
System for the European Spallation Source” has been submitted to DTU for 
external review. 

The WPs have been organized as sketched in Figure 1. 

 
Figure 1 - Time plan for the PhD work packages 
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3. Project Output 

During the course of the PhD project, a prototype target imaging system has been designed, 
built and commissioned at DTU. This system (the test-rig) constitutes a laboratory for further 
development, testing and optimization of the target imaging system for ESS. 

The project milestones have been presented at three international conferences: 

1. ICANS XXII – Oxford, 2017: the TIS proposal was presented, supported by preliminary 
Monte Carlo simulations. The background-free signal was estimated in a stationary 
configuration. Proceedings are published at: doi:10.1088/1742-6596/1021/1/012020 

2. AccApp’17 – Quebec City, 2017: a complete design proposal was presented, including 
details of the gated acquisition procedure. Proceedings are published at: 
http://accapp17.org/wp-content/2017/data/pdfs/162-22932.pdf 

3. LumDeTr – Prague, 2018: the characterization of the TIS optical components was 
presented.  

A regular journal paper characterizing the optical components of the TIS has been submitted to 
Elsevier Radiation Measurements and is currently under review. 

These publications are included in the PhD dissertation. 

4. Sponsorship and economy 

The PhD studies were co-funded by ESS, according to the sponsorship agreement between the 
DTU and ESS of June 2, 2016 (DKK 970,000), with an Addendum 1 of December 9, 2016 (EUR 
142,385), and an Addendum 2 on April 4, 2019 (DKK 80,833). While the sponsorship 
agreement and the Addendum 2 provided support for the PhD student, the Addendum 1 was 
funding the access to the test-rig developed at DTU. 

A detailed overview of the expenses related to the prototype TIS is provided in the 
supplementary material section. 

5. Recommendations (summary from thesis) 

The DTU test-rig is a working prototype of the TIS proposed for the ESS. It allows for testing the 
core functionalities of the systems and provides flexibility to carry out systematic optimization 
tests for each of the main TIS components, both hardware and software. 

The construction of the final TIS can take advantage from the results obtained with the test-rig, 
but special attention is recommended for the development of the components listed below. 

5.1 Collimator 
The design concept of the collimator (two sets of 1×1 mm2 grooves, separated by a 1 mm 
septum and offset by 1 mm) fulfills the spatial resolution requirements of the final TIS and shall 
not be modified in the final design. 
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The arrangement of the collimator in the ESS target monolith requires further investigations to 
ensure: 

1. the absence of temperature gradients that may induce deformations in the collimator 
block; 

2. the compliance with the material requirements according to the ESS Materials 
Handbook [ESS- 0028465]; 

3. the possibility to efficiently achieve and maintain the required vacuum conditions; 
4. the adequateness of the shielding performance against neutron radiation/streaming 

through the collimator (with 500 grooves) and the target diagnostic plug. 

5.2 Scintillators 
From the investigations carried out, LuAG:Ce has been identified as a suitable option for the 
final TIS. Further investigations are recommended to assess: 

1. efficiency degradation as a function of temperature; 
2. auto-induced luminescence due to the neutron activation of the material; 
3. radiation damage to the crystal structure affecting the component lifetime 

The scintillators are assembled in groups of 10 into cartridges. For the test-rig operations, 
polyether ether ketone (PEEK) has been used as the material for such cartridges. Despite the 
excellent thermal properties, its low radiation resistance makes PEEK not adequate for the ESS 
monolith environment. 

The cartridges must ensure reliable mechanical and optical connection between the crystals 
and the optical fibers. The gluing process needs to be made reproducible and QA/QC 
procedures shall be established for commissioning and maintenance purposes. 

The cartridges are coupled to the collimator block by means of a holder. The design of this 
component used for the test-rig can be adapted to the TIS purposes. Unlike the test-rig, 
however, the holder will be embedded inside the ESS monolith, thus requiring special remote 
handling solutions for commissioning and maintenance. 

5.3 Optical fibers 
Transmission in plastic (PMMA) and quartz optical fibers was evaluated. Measurements were 
carried out both under no-radiation conditions and after γ-only irradiations (accumulated doses 
up to 15 kGy). 

Quartz fibers are considered a more suitable option for the TIS purposes than PMMA fibers; in 
addition to the lower attenuation under radiation-free condition, the transmission degradation 
after γ irradiations is significantly smaller. 

Additional investigations under mixed γ-neutron radiation fields should be carried out to 
evaluate the effects of neutron activation, both for PMMA an quartz fibers. 

Complete design of the routing of the 500 optical fibers through the ESS target monolith 
towards the camera location is required. 
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5.4 Camera optics 
Two optics assemblies, characterized by different lens diameters, were tested. It was found that 
larger diameter lenses allowed for better light collection, higher contrast between high and low 
signals and negligible off-axis aberrations. 

The results obtained for the test-rig provide guidelines for the final TIS optics, but none of the 
tested assemblies can be directly transferred to the TIS due to the large number of optical fibers 
planned for the final instrument (500 instead of 20). In particular, larger lenses will be required 
and the adapter to support the fibers in front of the lenses needs to be optimized to 
accommodate the complete bundle. 

5.5 Image reconstruction and integration with ESS 
The reconstructed images demonstrate the full resolution capabilities of the proposed system. 
Simple image reconstruction techniques have been implemented and the basic image 
distortions have been corrected. Advanced algorithms for anomaly detection, e.g. based on 
Bayesian tests or on machine learning techniques, need to be developed. 

Integration with the ESS control systems, i.e. definition of input and output observables, needs 
to be defined and the instrument software controls rewritten, as the prototype TIS 
implementation in LabVIEW does not fulfill the ESS standard requirements. 

6. Supplementary material 

This section and attached files compile additional material that is not suitable for inclusion in the 
PhD thesis. 

6.1 Prototype TIS: parts and cost break-down 
The parts of the prototype TIS and their cost break-down is provided in the attached Excel 
spreadsheet ESS_test-rig_expense_overview.xlsx. The document provides a full reference to 
all the equipment that was purchased for the construction of the test-rig including budgeted 
costs. Other expenses related to the development of the prototype TIS including salary costs 
associated with the design, manufacturing and assembly of the TIS are not included.  

The attached spreadsheet provides, in addition to the detailed cost breakdown, the list of 
suppliers and part numbers for all the items purchased for the test-rig. This can serve as a 
guideline for future provisioning of components. 

6.2 CAD drawings of the DTU test-rig 
CAD drawings are provided for the entire test-rig. All the components are available as 3D 
models as well as 2D drawings. The 2D drawings are complemented with the machining 
tolerances required during manufacturing. 

Due to the nature of the DTU test-rig, which is intended to be a flexible test platform for the TIS 
development, most of the components (such as the collimator block, the resolution target wheel, 
the aluminum support trolley, etc.) are not suitable for direct integration into the final TIS. 

Other components, such as the scintillator cartridges and the cartridge holder, can be taken as 
the baseline design to develop the final TIS components. 
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As discussed in the PhD thesis, the chosen camera (Andor iStar sCMOS) is considered suitable 
for the TIS requirements, but the fiber-to-camera coupling optics require a complete re-design to 
accommodate the full set of 500 optical fibers. In this respect, the drawings for the fiber matrix 
holder can provide a useful starting point. 

6.3 MCNPX and CINDER’90 input files 
Monte Carlo simulations have been used, especially in the initial phase of the project to 
investigate the basic system response. Neutronics simulations have been carried out with 
MCNPX, whereas activation calculations were performed with CINDER’90, in compliance with 
the ESS guidelines. 

Simulations were used to estimate the signal under background-free stationary conditions as 
well as the effects of the activation background on the signal to noise ratio. 

Attached to this document, the complete set of MCNPX and CINDER’90 input files is provided: 
signal evaluation as a function of collimator length, activation calculations of the tungsten bricks, 
and activation calculations of the materials surrounding the scintillator block. 
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