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An increasing number of accelerators

← IAEA listed in 59 different countries 577 
accelerators (as of 2020) with 19 manufacturers [1]

When PTCOG catalogued, in 22 countries, 123 particle 
therapy facilities in clinical operation (as of May 2023)

 [2] with an acceleration since 2010 →  

Such facilities are becoming a dismantling hazard 
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Accelerator Driven Systems : an emerging solution

ADS are a new gen nuclear reactor coupling a 
particle accelerator and a nuclear reactor for safer 
energy and allowing nuclear waste transmutation
Fission process is sustained by the spallation neutrons 
created with high energy proton beam

START (Subcritical Transmuting Accelerated Reactor 
Technology) Project

● Reactor : molten lead reactor
● Technology : Fast neutron
● Proton beam :  5mA with 800 MeV (4 MW)

Some ADS around the world :
● Transmutation Experimental Facility (TEF) [Japan]

● Proton beam → 100 MeV (max. 400 MeV/250kW) [5]
● Multipurpose Hybrid Research Reactor for High-tech Applications 

(MYRRHA) [Belgium]
● Proton beam → 600 MeV with 4 mA [6]

● Chinese Initiative Accelerator Driven Systems (CiADS) [China]
● Proton beam → 250 MeV with 10 mA (max 1 GeV) [7]

Key advantages :
● Reduce toxicity of existing nuclear waste from 

300 000 years and more to less than 500 years.
● Intrisically safe-carbon free energy production 

due to its subcritical characteristics
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A decommissioning challenge

Different countries with different radioactive 
waste classification  [3]:
● France, the classification of radioactive 

waste is based on level of radioactivity and 
half-life

● Japan, have chosen a classification by 
production chain

● Germany, classification mainly concerns the 
exothermic nature of the waste

↘ recommends for decommissioning plans 
before any facilities construction and must be 
regularly updated [4]

⇒ radionuclide inventory

Facilities have expanded their expertise by 
creating dedicated groups or developing 
software like ActiWiz (CERN)

...
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PhD project – 
“Activation/Dismantling of materials and radionulides inventory in ADS systems”

Objectives :

● Draft dismantling plans for future TMX prototypes

● First radionuclides inventory produced by activation

➢ Development of a dedicated tool for TMX installations, a 
hybride of analytical and MC codes

Milestones :

● State-of-the-art on available data for the reactions of 
interest (p, xn), (ɣ, xn), ...

● Intervalidation of codes Fluka/Geant4/MCNP/PHITS 
for neutron activation

Context :

● IAEA listed 2 dozens of commonly found 
materials around accelerator facilities (inside 
most activated components) [4]

● Large energy spectrum of proton :
from 1 MeV up to 1 GeV

● Studies split in several range of energies
● Starters : below 20 MeV
● Expanded over available facilities like 

Arronax, PSI
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A journey in OECD JANIS cross section -  myJanis

Idea :
Pythonic tool clean-up and automatised comparison of crossections from JANIS OECD 
(regrouping in particular ENDF, JENDL, JEFF, TENDL, …) and EXFOR, then MC codes

● Will reformat all files to a standardised structure
● Do average, delta, ratios to have systematic comparison of every models available
● Create an existence matrix, are models fully assertained by experimental data
● Collapse data (by integration) on ranges of interest 
● Find threshold of reactions (mostly (p,n) and (ɣ, n) )
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A journey in OECD JANIS cross section -  myJanis

Extraction status :
➢ For the materials present around accelerator (70 isotopes, all available models and reactions for :

● Incident proton
● Incident neutron have been extracted (only MT1, MT2 and MT102 were taken when available)

✗ EXFOR extraction → due to large file difference from JANIS + non aligment of data points with models
✗ MC extraction → in progress

Script status:
● Averaging functionalities ; interval reducing function (integration) implemented
● Deltas (abs, relative) / Ratio / Threhold extraction
● Plotting functions for σ(E) / Collapsing  
✗ Jupyter conversion / Existence matrix
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MyJANIS for Evaluated Nuclear Data Libraries

Step 1 : Original data : from JANIS filename should contain target/product/MT code

Step 2 : Reformatted data : unique header/standard infos (target, product, MT, model content)

t-065Tb159_p-065Tb160_c-MT102_m-ABEFJT.csv

t-065Tb159_p-065Tb160_c-MT102_raw.csv
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A journey in OECD JANIS cross section -  myJanis

Step 3 : Generation of plots by energy sections ->

Full energy range [1e4 – 1e6 ] eV [20e6 – 40e6 ] eV
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Mid conclusion

● Range existence still need to be compared
● EXFOR need to be extracted

● Beware to very different structures → 
● Monte Carlo extraction :

● PHITS the most ergonomic
● Icntl = 3 → choice of energy based 

of corresponding in Evaluated
Data Libraries

● Geant4 → Use of Stepping Action and MT recognition
● Fluka → Home-made fortran snippet needed

● At least, particle yield for several slab of thickness
100 keV → 
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Secondary Neutron Field from cyclotron

• TR24 from Advanced Cyclotron System Inc

• Irradiation line :
• Energy range : 16-25 MeV (lower can be 

achieved thanks to aluminium 
degrader)

• Current : fA to 10 nA

CYRCé production line :
• liquid H218O for 18F production :

• Irradiation of 20 minutes to 1 hours
• 18 MeV with 80 µA (3.8 mL)
• 16.5 MeV with 35 µA (1 mL)

• solid 64Ni for 64Cu production :
• Irradiation of 4 to 5 hours
• 11 MeV with 150-200 µA/h

• solid 89Y for 89Zr production : 
• < 13 MeV with 150-200 µA/h
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Discrepancies between codes : 
Activation around a medical isotope production unit

⇒ Tantalum/Terbium/Scandium/Gold

Expected neutron fluence inside the 
cyclotron room [Fluka]

Measurement of activation of 
different samples inside the 

“casemate”

Activation estimation 
by HpGe gamme spectrometry
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Furthering of experiment - I

● Run 2021 (I) /2022 (II) : Samples located on cyclotron yoke and nearby wall → 1 mL H2O18 target with energy : 
16.5 MeV ; current : 35 µA ;  profile : 4*20 minutes

● Run III → Samples located on cyclotron yoke, nearby wall and inside biological shielding → solid 89Zr target 
with energy : 12.5 MeV current : 60 µA ; profile : 1*3h

● Run IV → Samples located on cyclotron yoke and nearby walls, inside biological shielding → 3.8 mL H2O18 
target with energy : 18 MeV current : 75 µA ; profile : 1*45min
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Furthering of experiment - II
Run III Run IV
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Model of 3.8 mL H2O18 setup :
➢ Fluka
➢ FlukaCERN
➢ PHITS
➢ (MCNP)
➢ Geant4 

Monte Carlo simulations

Combinatorial 
geometry

Access to neutron spectrum :
Fluka/FlukaCERN → USRTRACK
PHITS → [T-Track]
Geant4 → Stepping Action (fGeomBoundary)

Access to decay gamma spectrum :
Fluka/FlukaCERN → USRTRACK + DCYTIMES
PHITS → D-CHAIN
Geant4 

Access to Activity (Bq)
Fluka → RESNUCLEi
FlukaCERN → RESNUCLEi
PHITS → D-CHAIN

FISPACT-II
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Compilation of results – Simulation/Experiment ratio 
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Compilation of results 

Systematic errors between codes is 
the biggest differentiator, especially 
for multi steps simulation
⇒ Experiments are the only 
validation

Biggest impact of evaluated data 
library choice is for instantaneous 
look (cyclotron yoke samples) 
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Compilation of results 

For this neutron secondary field, PHITS seems to have the best agreement. 
Discrepancies starts at 18F production (overestimation of Fluka) 

Systematic errors between codes is 
the biggest differentiator, especially 
for multi steps simulation
⇒ Experiments are the only 
validation

Biggest impact of evaluated data 
library choice is for instantaneous 
look (cyclotron yoke samples) 
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                                                ShieldingLEND

                                                QGSP_BIC_HP

Conclusion – Take Home message

● For well known, and simple reaction (i.e. only nCapture), nuclear library is 
mostly refinment factor
– But with different branching ratios, it becomes a mandatory consideration

Especially for radio protection operators during facility functionment
● What’s to be done :

– Check the solid target to see if PHITS best competitor

– Add FISPACT-II  activity comparison to avoid local tambouille 

– Add comparison of neutron spectrum, with SSNTD (solid
state nuclear track detector) as experimental discriminant
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