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Nuclear Fusion
Fusion of light elements like Deuterium and Tritium, hydrogen

isotopes

These reactions free 

energy to obtain more stable

nucleus

E = mc2
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Fusion is the process occurring within the 

plasma core of our Sun, and inside the 

fusion experiments, like a Tokamak

Plasma is the fourth state of matter



Vacuum chamber

Toroidal coils

Support 
structure
(2600 tons)

Poloidal coils 

…etc

Building a fusion device | JET

…. and fast electronics 
and diagnostics!
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EFDA-JET
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Geneva Summit on 19-20 November 1985

Secretary General Mikhail Gorbachev and President Ronald Reagan

"emphasized the potential importance of the work aimed at utilizing controlled

thermonuclear fusion for peaceful purposes and, in this connection,

advocated the widest practicable development of international cooperation in

obtaining this source of energy, which is essentially inexhaustible, for the
benefit of all mankind." https://www.iter.org/newsline/-/2323
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“A nuclear war cannot be won and must never be fought."

https://www.iter.org/newsline/-/2323
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ITER | Mission

To prove scientific and

technical viability of fusion

P = 500 MW

D = 300 s

Q = 10 – 20

To test integration of all

technologies required for a

fusion power plant
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ITER site @ September 2013
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ITER site @ May 2021
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ITER “first” plasma 



Motivation I&C IPFN Developments

• Fusion steady-state operation requirements

– Reduced downtime - High availability

– Redundancy at all possible levels

– Very high data throughputs

– Sophisticated remote monitoring, management and control

– Data integrity at highly performant rates

– Resilient and safe operation 

Availability targets for ITER 

D. van Houtte et al., “ITER operational availability and fluence objectives”, Fusion Engineering and Design 86 
(2011) 680–683
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High Availability

[1] A. P. Rodrigues et al., “Intelligent platform management for fast control plant systems”, IEEE TNS 58 (4) (2011) 1733 -1737
[2] M. Correia et al., “ATCA-Based Hardware for Control and Data Acquisition on Nuclear Fusion Fast Control Plant Systems”, IEEE TNS 58 
(4) (2011) 1701-1705.
[3] A. J. N. Batista et al., “ATCA/AXIe compatible board for fast control and data acquisition in nuclear fusion experiments”, FED 87 (12) 
(2012) 2131-2135.

M. Correia et al, “High Availability methods in ATCA-based control and data acquisition for fusion diagnostics”, 
3rd ECPD European Conference on Plasma Diagnostics 6-9 May 2019,Lisbon, Portugal
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High Availability – Hot-plug features
Board Insertion Board Removal
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High Availability – Hot-plug features

B. Santos et al, “EPICS device support for an ATCA CDAQ Board with hot-plug capabilities”, Fusion Engineering 
and Design 123 (2017) 732–736

Software Architecture
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High Availability – Hot Plug standardization

M. Correia et al, “PCIe Hot Plug support standardization challenges in ATCA ”, 21st IEEE Real Time Conference 9-
15 June 2018, Colonial Williamsburg, VA, USA
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High Availability – Hot Plug standardization

M. Correia et al, “PCIe Hot Plug support standardization challenges in ATCA ”, IEEE Transactions on Nuclear 
Science ( Volume: 66 , Issue: 10 , Oct. 2019 ) 
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Remote monitoring, management and control

M. Correia et al, “High Availability methods in ATCA-based control and data acquisition for fusion diagnostics”, 
3rd ECPD European Conference on Plasma Diagnostics 6-9 May 2019,Lisbon, Portugal

Remote ATCA shelf view HOTPLUG Management 
Temperature Status 

and Alarms
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Safety and Data integrity

Antonio J.N. Batista et al, “SEU mitigation exploratory tests in a ITER related FPGA”, Fusion Engineering and 
Design 118 (2017) 111–116

• Mitigation of Single Events Upsets (SEU) due to ionizing 
radiation
– Hardware installed in ITER port cells will be irradiated by ionizing 

radiation (mainly neutrons)

– Most equipment will be placed after bio-shield protection

– Still, the influence of such radiation in FPGAs (functional state logic), 
Static RAM (configuration & program data), Block RAM (functional live 
data) can be mitigated using a Soft Error Mitigation (SEM) controller

Real-time mitigation of SEU can increase reliability and availability of data 
acquisition hardware for nuclear applications. 
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Safety and Data integrity

Antonio J.N. Batista et al, “SEU mitigation exploratory tests in a ITER related FPGA”, Fusion Engineering and 
Design 118 (2017) 111–116

Experimental Setup
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Safety and Data integrity

Antonio J.N. Batista et al, “SEU mitigation exploratory tests in a ITER related FPGA”, Fusion Engineering and 
Design 118 (2017) 111–116

Firmware
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Safety and Data integrity

Antonio J.N. Batista et al, “SEU mitigation exploratory tests in a ITER related FPGA”, Fusion Engineering and 
Design 118 (2017) 111–116

Main Results

• Worst case detection/repair time of an 
error was 26 ms

• BRAM repair is on-the-fly when data is 
read

• Real-time SEU mitigation is possible in 
relevant nuclear applications 

• Future work is desirable to include SEU 
mitigation in all FPGA BRAM to improve 
statistics

Results show that the proposed mitigation technique is able to repair the majority 
of the detected soft-errors in the FPGA memory. 
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Hardware Solutions – ATCA
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Hardware Solutions – ATCA (DAcQ & Control)
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Hardware Solutions – ATCA (Timing)
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Hardware Solutions - MTCA

J. Sousa et al, “MicroTCA control and data acquisition platform for Plasma Diagnostics”, 3rd ECPD European 
Conference on Plasma Diagnostics 6-9 May 2019,Lisbon, Portugal
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Hardware Solutions - MTCA

J. Sousa et al, “MicroTCA control and data acquisition platform for Plasma Diagnostics”, 3rd ECPD European 
Conference on Plasma Diagnostics 6-9 May 2019,Lisbon, Portugal

Presentation at “Café com Física” Physics Department University of Coimbra,  March 9th 2022 | Slide 30



The ITER Radial Neutron Camera Diagnostic
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ITER RNC FEE Prototype

A. Fernandes, N. Cruz et al, “FPGA code for the data acquisition and real-time processing prototype of the ITER 
Radial Neutron Camera”, 21st Real Time Conference, June 9th - 15th, Colonial Williamsburg, Virginia, United 

States
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ITER RNC FPGA Code

A. Fernandes, N. Cruz et al, “FPGA code for the data acquisition and real-time processing prototype of the ITER Radial 
Neutron Camera”, 21st Real Time Conference, June 9th - 15th, Colonial Williamsburg, Virginia, United States
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ITER RNC FPGA Data Processing

Event Storage

A. Fernandes, N. Cruz et al, “FPGA code for the data acquisition and real-time processing prototype of the ITER Radial 
Neutron Camera”, 21st Real Time Conference, June 9th - 15th, Colonial Williamsburg, Virginia, United States
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ITER RNC FPGA Data Processing

Event Storage

A. Fernandes, N. Cruz et al, “FPGA code for the data acquisition and real-time processing prototype of the ITER Radial 
Neutron Camera”, 21st Real Time Conference, June 9th - 15th, Colonial Williamsburg, Virginia, United States
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High Performance Linux Device Driver for 

ITER RNC Diagnostic

B.  Santos, N. Cruz et al, “Linux device driver for Radial Neutron Camera in view of ITER long pulses with variable data 
throughput”, 30th Symposium on Fusion Technology, 16-21 September 2018, Giardini Naxos, Sicily, Italy

Presentation at “Café com Física” Physics Department University of Coimbra,  March 9th 2022 | Slide 36



High Performance Linux Device Driver for 

ITER RNC Diagnostic

B.  Santos, N. Cruz et al, “Linux device driver for Radial Neutron Camera in view of ITER long pulses with variable data 
throughput”, 30th Symposium on Fusion Technology, 16-21 September 2018, Giardini Naxos, Sicily, Italy
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Real-Time Data Compression for ITER RNC

B. Santos, N. Cruz et al, “Real-time data compression for data acquisition systems applied to the ITER Radial Neutron 
Camera”, 21st Real Time Conference, June 9th - 15th, Colonial Williamsburg, Virginia, United States
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Real-Time Data Compression for ITER RNC
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ITER RNC Emissivity Profile 

Measurement 

To obtain the real time
measurement of the neutron
emissivity profile 3 tasks were
identified:
• Task 1 - Acquire and process

neutron detector pulses;
• Task 2 - Retrieve and calculate

the necessary inputs from the
plasma equilibrium data;

• Task 3 - Calculate the neutron
emissivity profile using Tikhonov
inversion method.

N. Cruz et al, “The Design and Performance of the Real-time Software Architecture for the ITER Radial Neutron 
Camera”, 21st Real Time Conference, June 9th - 15th, Colonial Williamsburg, Virginia, United States

Presentation at “Café com Física” Physics Department University of Coimbra,  March 9th 2022 | Slide 41



ITER RNC - Real Time Control Cycle

Tasks distribution to perform the control cycle under 10 ms:
• Task 1 must run before any other for the complete period of a control cycle;
• Task 2 uses data retrieved in the previous control cycle and calculates the

necessary inputs from the plasma equilibrium data in the present control cycle;
• Task 3 calculate the neutron emissivity profile using all the available data from

previous and present control cycle.
• The 3 tasks run in parallel using different CPUs.

N. Cruz et al, “The Design and Performance of the Real-time Software Architecture for the ITER Radial Neutron 
Camera”, 21st Real Time Conference, June 9th - 15th, Colonial Williamsburg, Virginia, United States
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ITER RNC Host Pulse Processing

The real time pulse processing includes:
• Baseline evaluation
• Saturation detection
• Pile up detection
• Signal integration (energy calculation)
• Signal and particle separation

Real time spectrum calibration:
• The application of LED correction at the end of 

the control cycle to calibrate the energy spectra 
in real time is under evaluation.

• In former offline pulse processing, LED 
correction has been applied to each pulse 
individually.

• Pile-up and saturated signals detection is used 
for final spectrum count correction.
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ITER RNC Validation Pulse Processing

• Validation using known CAEN DT5800D generator

• Cross validation with FPGA code results

• Validation and performance measurements using Frascati Neutron Generator

FPGA RT algorithmHost algorithm

Gamma spectrum emulation Neutron spectrum emulationPulse shape 
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ITER RNC Inversion Algorithm

Tikhonov regularization 
method 

Solve the linear system using the
procedure, based on Tikhonov
regularization minimizing the
functional

Regularization parameter to be 

minimized

Regularization operator to impose 

physical constraints to the solution
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ITER RNC Validation of Inversion Algorithm

Validation for relevant ITER scenarios of
the algorithm results was the first step to
understand if the code run and converge
with the correspondent simulated
emissivity.

Crosscheck of the reconstructed
emissivity, for different level of random
noise (1%, 3% and 12%) using 20
magnetic surfaces, with the
correspondent simulated emissivity was
done for ITER relevant scenarios.

ITER Scenarios:
• 15 MA scenario;
• Q=5 scenario;
• DD-Low scenario;
• DD-High scenario;
• 17 MA scenario;
• DT-Low scenario.

15 MA Q=5

DD-Low DD-High

17 MA DT-Low
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Summary & Conclusions
⚫ Different system architectures and studies have been executed to implement 

high performance systems aiming at:

⚫ High availability

⚫ Redundancy at all possible levels

⚫ Efficient system remote monitoring, management and control

⚫ Data integrity

⚫ Resilient and safe operation 

⚫ System prototypes have been designed  to

⚫ Implement critical algorithms

⚫ Validate the results of the algorithms

⚫ Measure the systems performance

⚫ Performance tests helped to retrieve valuable information to size the optimal 
system configurations and future developments design

⚫ FPGA and CPU algorithms have been implemented successfully stressing the 
limits of high performant software architectures and hardware 
implementations
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