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9. Any additional comments or feedback?

2 Thank you very much for organasing this event. It was very beneficial for me. Ruiyao and all the beam scientists 
were all very kind and helpful.

3
The small number of participants allowed everyone to be active during the practice sessions The presentations 
were of very good quality The time the instrument scientists spent with the participants during the whole workshop 
was very appreciated

4 I think you did a stellar job thanks again also to the whole team!

5

I really appreciate the time and effort to make this workshop happening, definitely a big understanding on all units 
will help to create a better link with the industry, coming from the manufacturing side, as we currently have limited 
knowledge, a better assessment could be of great benefit for both parts, specially when both interests seems a bit 
off one to another. Specifically on the workshop, everything was crystal clear, enough time to digest all the content. 
it might be that always the last day everyone is trying to rush, reducing waiting time might be beneficial for some, 
especially if they have to commute the same day.

6 Overall I am very happy with the workshop. And I certainly learned a lot about the technique and opportunities. 
Thanks for organising this.

7 The workshop was well-organized and the schedule allowed a good balance of lectures, demos, and hands-on lab 
work.

8 the workshop was really useful. I came away from it feeling satisfied. The content difficulty was at a good level to 
be able to follow it, and talks were engaging.

ISIS Neutron and 
Muon Source

Overview
Context and motivations

• Context and reason for this meeting 

• Activities of Neutronics group with FLUKA 
Achievements and  
Future developments 



(DSIT)

UK Research and Innovation

The Science and Technology Facilities Council is a body of UKRI.  

It is a UK government agency dedicated to advancing science and engineering.  

STFC operates independent research premises and facilities across the UK, offering state-of-the-art 
infrastructure for cutting-edge experiments and scientific investigations.  

It funds research in particle physics, nuclear physics, condensed matter physics, space science, and astronomy, 
and operates world-class research facilities across the UK.



UK Astronomy Technology Centre 
Edinburgh, Scotland

Polaris House 
Swindon, Wiltshire

Chilbolton Observatory 
Stockbridge, Hampshire

Daresbury Laboratory 
Sci-Tech Daresbury Warrington, Cheshire

Rutherford Appleton Laboratory 
Harwell Didcot, Oxfordshire

Boulby Underground 
Laboratory 
North Yorkshire

STFC SitesSTFC is one of Europe's largest 
multidisciplinary research 
organisations.  

STFC provides state-of-the-art 
facilities and expertise to drive 
advancements in science and 
technology across a wide range 
of disciplines. 

The Science and Technology 
Facilities Council (STFC) 
operates several major 
research campuses and 
national laboratories across the 
UK.  

RAL hosts the CLF, ISIS Neutron 
and Muon Source, devoted 
primarily to the study of 
condensed matter.



ISIS
CLF

Quantum 
Computing

RAL SPACE

STFC's organisational structure 
consists of 6 directorates, each 
managing distinct aspects of its 
operations.  

These include the Programmes 
Directorate, which defines science 
and technology strategy, and the 
National Laboratories 
Directorate, responsible for 
overseeing the UK’s national 
laboratories,



Neutronics

Accelerator

HPFS

NMID

Target Design/
Enginering

Detector

ISIS Senior Staff
ISIS staff are organized 
into specialized divisions 
that manage: 
• Enginery materials 
• Neutron spectroscopy 
• Diffraction and muons, 
• Accelerating Technology 

and Beams 
• Engineering Design 
• Experimental operation 
• Computing 
• Neutronics 
• Neutron and muons 

Instrument 
developments

Dr. Sarah Rogers was appointed as 
the Director of the ISIS Neutron 
and Muon Source in the UK, 
officially taking on the role on 
August 1, 2025

There is significant interest across ISIS in using the FLUKA code.

1

2

4

3

https://www.isis.stfc.ac.uk/team/sarah-rogers/
https://www.isis.stfc.ac.uk/team/sarah-rogers/
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Advantages of Assessing an Official Collaboration with FLUKA Team at CERN 

• Direct support for ISIS and other 
relevant STFC activities 

• Sharing of software tools and 
specialist expertise 

• Joint projects to develop 
advanced modelling capabilities 

• Access to CERN expertise and 
know-how through 
collaborative studies and 
technical exchanges 

• Collaboration on feasibility studies 
and technology development 
programmes 

"The Web is a perfect example of how existing pieces, when put together with a clear 
focus on users and a real problem, can create something far more powerful than the 

sum of their parts. " 

- Tim Berners-Lee



Neither MCNP nor FLUKA became global reference codes because of their original applications alone.  

Their long-term success resulted from continuous interaction with expanding user communities, whose 
evolving requirements drove the development of new capabilities far beyond the original reactor physics and 
high-energy physics domains.

Code  Original development 
Scopes

Current user community driven 
multidisciplinary applications

MCNP  Reactor physicics
Reactor design and safety, fusion systems, medical physics, radiation 

protection, homeland security, spent fuel analysis, space nuclear systems, 
neutron instrumentation, detector modelling

FLUKA High energy Phisics in 
accelerator context 

Accelerator design, radiation protection, shielding, medical physics and 
hadron therapy, space radiation analysis, detector design, dosimetry, 

nuclear engineering, isotope production, activation studies

Nuclear codes evolution beyond their initial scope
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FLUKA in Neutronics Activities



Neutronics Group in ISIS
Neutronics

simulations 
MCNP, FLUKA

List of codes: 

• MC codes: MCNP6, FLUKA, GEANT4, PHITS, Open 
MC, McStas 

• deterministic: FETCH2

Engineering Instrument 

source:neutrons 
from target

source:neutrons 
form moderators

McStas

Energy, Dose, 
Decay Heat

Particle pulse 
intensity and shape

(Average energy 
fluence)

(Time dependent 
neutron fluence)

Neutron Interactions with Matter

1. Diffraction:
Neutrons as Wave-like Probes of Matter

• Basic quantum mechanics tells us that the neutron exhibits wave-like properties.
• The wavelength is defined by the de Broglie relation.
• Thermal/cold neutrons have wavelengths on the order of crystal lattice spacing.
• Neutrons are therefore a natural complement to X-rays in condensed matter 

physics. They are sensitive to magnetic distributions, not charge distributions.

MIT Dept. of Nuclear Engineering

High energy 

Low  energy 
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Why FLUKA?

FLUKA in a nutshell (overly simplified!)
• FLUKA handles the transport+interaction of:                         

• Rich physics engine with state-of-the-art modelling of all relevant radiation-matter 
interaction mechanisms:

• Secondary particle production (particle showers)                   

5RADSUM
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scattering

https://flukafiles.web.cern.ch/manual/chapters/quick_look.html 
https://indico.cern.ch/event/1444491/timetable/#20241202 

• FLUKA is a Monte Carlo code capable of simulating the 
transport of elementary particles and ions in complex 
geometries and materials.  

• It allows to estimate prompt energy deposition and 
secondary particles production and interactions  

• Within the same input it is possible to carry out decay 
heat calculation and radioactivity calculation as 
function of time (no need to couple FLUKA with 
different codes to follow the evolution of the Radionuclei 
Inventory as a function of time) 

• All the decay products can be explicitly transported 
within FLUKA (alpha, beta, gamma, e-, e+) 

• Radiation damage (DPA, gas production, etc.) is enabled 
with advanced upgraded models (dpa-NRT, acrc-DPA)

DPA spatial distribution in the whole target
Results in the label are per primary

dpa distribution 

FLUKA MODEL OF ISIS TS1: 
BENCHMARKING RADIONUCLIDES PRODUCTION
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For clarity, the DPA dose rate is expressed in units
of s→1. The DPA dose corresponds to the time-integrated
DPA rate over the irradiation period and is therefore di-
mensionless, consistently with the standard definition of
displacement damage metrics [18],[19].

6.2 Contributions of different particle species to

ARC-DPA

Figure 16 shows the ARC-DPA contributions from pro-
tons (left) and neutrons (right). It is evident that the domi-
nant contribution to displacement damage originates from
charged hadrons, primarily protons, which produce the
highest DPA levels concentrated in the region where the
beam penetrates the target. In contrast, the DPA induced
by neutrons follows a different spatial pattern, charac-
terised by a more diffuse and extended distribution across
the target plates. This highlights the distinct roles of neu-
tral and charged particles in the overall radiation damage
process. Figure 17 reports the particle fluence energy spec-

Figure 16. Spatial distribution of DPA across the target: Proton
contribution (Left); Neutron contribution (Right)

tra for secondary particles within the tungsten core of plate
1 and 10. A comparison between the upstream and down-
stream plates clearly shows the spectral evolution as the
beam energy is degraded. An isolethargic representation
of the energy spectra provides an even clearer insight into
the relevant energy ranges contributing to the observed
damage, by enhancing the visibility of features across sev-
eral orders of magnitude in energy.

The neutron average fluence spectrum is reported for
each plate in figure 18: the highest neutron tracklength
density per unit volume is registed in plate 4.

7 Gas production estimates

The generation of gaseous isotopes was also investigated,
with particular emphasis on hydrogen ( and all its isotopes)
and helium produced within the tungsten core and tanta-
lum cladding of the target plates. Two complementary
FLUKA scoring methods were employed for the scope:

Figure 17. Fluence energy spectrum of particles in target
(isoloetharfic represntation): Plate 1 (up); Plate10 (down)

Figure 18. Fluence energy spectrum of neutrons in target

RESNUCLEI, providing inventory-based estimates of iso-
tope yields, and USRBIN, which allows for spatially re-
solved distributions.

For hydrogen (Z = 1), the production of protium
(A = 1) amounts to 1.46 ± 3% atoms/primary, obtained
by summing the contributions from the tungsten core
(1.23 atoms/primary) and the tantalum cladding (2.3 ↑
10→1 atoms/primary), respectively.

n

p 𝜋±
e±ph

stations by spallation of 800 MeV protons on a tungsten target. However, while there is a tail
in the neutron spectrum of higher energies up to 800 MeV, there is also a high flux of thermal
neutrons. This is because the neutrons are required to be moderated for use in neutron scattering
experiments. The average incident neutron energy on the surface of SPNDs studied in this work
is around 500 keV. Figure 1a shows the spectra of neutron and gamma flux integrated over the
total surface area of an SPND close to a target. The superposed interaction cross-sections for
chromium, a common SPND material, show the higher radiative capture cross-section at the low
end of the spectrum, but also the accessibility of threshold reactions at the higher energy end.
To judge the feasibility of implementing SPNDs for beam position monitoring, an understanding
is needed of which interactions would dominate in a detector in the neutron and gamma field
of the TS-1 target reflector and moderator assembly (TRaM). This will inform decisions on
whether to pursue further consideration and experimental investigations in this direction.

Figure 1: (a) The neutron and gamma spectra incident on the surface of an SPND in the ISIS
TRaM, alongside the ENDF/B-VIII [9] interaction cross-sections of chromium. The photon
transport is cut o! below 100 keV, and neutron transport below 0.01 meV in the simulation.
(b) A cross-section of an SPND, with electron currents across the boundaries indicated.

2 Background
2.1 Detection

Figure 1b shows the co-axial internal structure of the most common SPND design. Incident
neutrons and photons, through various interactions, cause the emitter to release electrons and
gain a positive charge. The electrons have a net flow outwards towards the collector, through
the insulating layer, which is typically a mineral oxide. The layers must be thin to reduce self-
shielding of the electrons as they travel away from the emitter; they are typically on the order
of 0.1 cm thick, and the length of the rod on the order of 10 cm.

The SPND type most used in fission reactors is the ‘delayed’ type, wherein the primary
channel of electron emission is the beta decay of residual nuclei following neutron capture. The
emitter in these is chosen based mainly on: a high (n,ω) cross-section and large branching ratio
for beta-decay of the residuals; a short half-life, to give a short signal saturation time; and a
high average beta particle energy to minimise self-shielding.

In ‘prompt’ type SPNDs, the signal current is dominated by the radiative capture gamma
rays in the emitter generating Compton electrons, photoelectrons and electron-positron pairs.
An emitter from a higher atomic mass material can alternatively make a self-powered gamma
detector (SPGD), where the electrons are instead primarily produced by incident gamma rays

SPND by K. Gelborova



The FLUKA-CERN Updates on Neutronics
Recent important progress achieved in neutronics simulations with FLUKA.CERN

• Implementation of Point-Wise XS and treatment (this 
allows explicit transportation of secondaries of nuclear 
interactions). 

• Enhanced Capabilities at low energy/temperature: 
Improved simulation of low-energy neutrons, particularly 
thermal and cold neutrons, with available scattering 
kernels S(𝛼,β,T) XS for numerous materials at low 
temperatures at various fixed temperatures.  

• Expanded Data Library: Users now have the flexibility 
to select from various data libraries (JEFF, ENDF, JENDL, 
BROND) and file formats (e.g., ACE), enriching FLUKA's 
capabilities.  

• Integration of Ncrystal in FLUKA (in progress): Dynamic 
linking to NCRYSTAL data Libarary. This is within a 
collaboration among ISIS, ESS and CERN

V.Vlachoudis 

 

Motivation
● A major drawback of FLUKA was the transport of low energy 

neutrons (En≤20MeV) using a multi-group approach.

 

Graphite

 

Current Status [1/2]

After ~1y of intensive implementation the work is complete

i. Modern implementation in C++ with emphasis on:
• physics results
• optimization:

a) by caching a lot of necessary information

b) using adaptive algorithms to improve performance
e.g. for the online exact Doppler broadening of the cross
sections at any temperature

c) improved sampling of secondary distributions

d) An innovative idea: making a fast indexing of cross sections
using a CPU-cheap log2 approximation by bit-shifting the internal
representation of a IEEE754 floating point number, 
→ greatly sped by a huge factor the cross section sampling.

• “low” memory consumption

ii. Loading all G4NDL information including S(α,β,T)

iii.Doppler broadening at any temperature on loading

iv. Perform “fully” correlated emission of reaction products by treating an N-body final state as a 
subsequent 2-body emission (kinematics gradually constraining database distributions) 

Doppler broadening exampleDoppler broadening example

S(α,β,Τ) on ZrHS(α,β,Τ) on ZrH

mailto:vasilis.Vlachoudis@cern.ch
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… 
the current implementation for 
fluka is complete and can be 
merged in the development 

version 
private communication from 

Vasilis!!
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Benchmarking  FLUKA Models of TS1 TRAM

Figure 7. (a) Steady-state simulation of the temperature in the ?? xth plate as a function of the beam current. (b) Decay heat in
tungsten: comparison between Fluka predictions and experimental data. (c) CFD simulation of decay heat during cooling-stop phases.
The continuous curve corresponds to results obtained with MCNPX/CINDER thermal loads; the dashed line shows results with Fluka
thermal loads; the dotted line represents experimental temperature measurements.

Table 3. Primary beam characteristics.

Proton Beam
Energy profile Spatial profile

Distrib. Gaussian Distrib. Gaussian
Mean E 800 MeV Div. V 100 ω mm·mrad
∆E ±0.4% Div. H 90 ω mm·mrad
FWHM 7.4 MeV Ang. div. 0.88 mrad

and carc→dpa are assigned to the most relevant materials of
the ISIS TS1 target.

The transport thresholds for particles have been set to
the lowest possible values for charged particles (1 keV),
except for electrons and photons. This because many re-
coils are created at very low energies (keV scale). If the
transport threshold is too high, these low-energy secon-
daries are simply discarded and their contribution to dis-
placements is lost. This leads to an underestimation of
DPA because a significant portion of the defect produc-
tion happens at the tail end of the cascade. By low-
ering the transport threshold for charged particles to 1
keV, FLUKA ensures that even short-range low-energy re-
coils are tracked and their contribution to damage is in-

Figure 8. Relevant input parameters chosen by users for ARC-
DPA simualtions

cluded. On the contrary, electrons, although abundant,
mainly lose energy through ionisation and bremsstrahlung.
Their contribution to atomic displacements is negligible
compared to ions/nuclei. Tracking them down to 1 keV
would increase computing time without changing DPA
results. Similarly, since photons interact predominantly
through electromagnetic processes (Compton scattering,
pair production, and the photoelectric effect), they transfer
insufficient momentum to displace lattice atoms, making

Published  works

• The FLUKA models of the TS1 targets (new and 
old) have been successfully validated wrt Power 
deposition, Decay Heat, RN inventory

D. Wilcox et 
al., “Simulated and measured 
performance of the ISIS TS-1 Project 
target”, Journal of Neutron 
Research, vol. 26, pp. 47–58, 2024.
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Decay heat in ISIS spallation target:
simulations and measurements

Lina Quintieri ∗, Steven Lilley, Dan Wilcox, David Findlay, David Jenkins, Stephen Gallimore and
David Haynes
ISIS Neutron and Muon Source, Rutherford Appleton Laboratory STFC, OX11 0QX, Didcot, United Kingdom
E-mail: lina.quintieri@stfc.ac.uk

Abstract. Spallation targets for neutron production with high energy protons are made of high density and high atomic number materials in
order to maximise the yield of neutrons for all the instruments around. Operating a proton beam onto a spallation target produces residual
radioactive nuclei either as direct product of the spallation process and as secondary low energy neutron absorption. A reliable estimation of
the overall activation and decay heat, as a function of the cooling time and irradiation profile history, is fundamental for a valuable design of the
radiation shielding and cooling system during the operation phase as well for envisaging the optimal storage solution at the end of life of the
target. This work presents the comparison between the FLUKA predictions of the decay heat in the ISIS TS1 target operated between 2014 and
2019 and the decay heat estimations derived from the measurement of the temperature in each plate at different cooling times. The agreement
between the FLUKA predictions and the experimentally assessed values shows and quantifies the goodness of the FLUKA model in predicting
measurable physical quantities relevant for the engineering thermal design of the target/reflector and moderator (TRAM) assembly. In addition,
it also provides an indirect evidence of the accuracy of the simulated spallation physics and neutron transport throughout the TRAM assembly.
Finally this work attempts to highlight and propose a general empirical procedure that could be eventually applied and used to proficiently
measure the decay heat at whatever cooling time in targets with similar ISIS design.

Keywords: Decay heat, spallation source, neutron activation, FLUKA

1. Introduction

This paper describes and documents part of the work done for benchmarking the FLUKA [11,12,22] model of
the Target Reflector Moderator Assembly (TRAM) of the ISIS Target Station-1 (TS1) [3] by comparing the code
predictions of the decay heat deposited in the target with the measured values, after 5 years of operation, between
2014 and 2019. Residual radioactive nuclei are, in fact, produced in the target, in the reflector and moderators
either as a direct product of the spallation process or as a result of secondary low energy neutron absorption. The
interaction of the decay radiation of all the produced radioactive nuclei is responsible for the heating after the
proton beam-off.

The TS1 target is segmented in 12 plates made of a tungsten core externally cladded with tantalum. Taking
advantage of the fact that each plate hosts a thermocouple, the decay heat in the target can be derived indirectly
from the temperature measurements by using suitable mathematical models (either theoretical or based on thermo-
fluid-dynamic finite element methods). The experimentally assessed values for the decay heat in the target have
been compared to the Monte Carlo predictions obtained with the FLUKA code at selected times during the cooling
period (i.e 1 min, 1 hour, 3 hours, 1 day, 3 days, 1 week, 2 weeks), after the proton beam stop. The excellent
agreement found between calculations and measurements shows that the FLUKA model of the TS1 TRAM can be
reliably and proficiently used to predict measurable physical quantities relevant for the engineering thermal design
and operation of the whole target/reflector and moderator assembly.

*Corresponding author. E-mail: lina.quintieri@stfc.ac.uk.

1023-8166/$35.00 © 2022 – IOS Press. All rights reserved.
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Radionuclei inventory in ISIS TS1 target: measurements and comparison with
FLUKA-CERN predictions

Lina Quintieri1,→, Steven Lilley1, Dan Wilcox1, Xavier Queralt1, Gordon Burns1, and Angelo Grossi2

1ISIS Neutron and Muon Source, Rutherford Appleton Laboratory STFC, OX11 0QX, Didcot, United Kingdom
2ENEA- Dept. Fusion and Technologies for Nuclear Safety and Security, Centro Ricerche Casaccia, Anguillara (Roma), Italy

Abstract. The TS1 spallation target, operated at ISIS between 2014 and 2019 for neutron production with
high-energy protons (700-800 MeV), consisted of 12 tungsten plates clad with tantalum and cooled by water.
Residual radioactive nuclei were generated in the target either directly through the spallation process or via sec-
ondary absorption of low-energy neutrons. This work presents a benchmarking study of FLUKA predictions
for the radionuclide inventory, experimentally assessed by ω spectroscopy measurements. These measurements
were performed during the disposal phase of the target, while stored in a flask at RAL, using two high-purity
germanium detectors. The comparison between experimental data and Monte Carlo predictions shows good
agreement within the associated uncertainties. The encouraging results of this benchmarking highlight the
reliability of the FLUKA model developed to predict measurable physical quantities relevant to both radio-
protection considerations and the engineering thermal design of the target/reflector and moderator (TRAM)
assembly. In particular, the accurate prediction of radionuclide production is essential for estimating the magni-
tude and spatial distribution of decay heat in the target, which must be managed after irradiation. Furthermore,
this benchmarking provides indirect evidence of the accuracy of the simulated spallation physics and neutron
interactions throughout the TRAM assembly.

1 Introduction

This study presents the experimental determination of the
radionuclide (RN) inventory in the tungsten core and tan-
talum cladding of the ISIS TS1 target (see Figure 1) af-
ter five years of proton beam irradiation, and compares
these results with predictions obtained using Fluka-Cern
[1][2],[3] simulations. In addition, the simulations carried
out in this work allowed for the benchmarking of the decay
heat generated in the target, arising from the radionuclide
inventory.

Figure 1. Schematic of the target

→e-mail: lina.quintieri@stfc.ac.uk

Decay heat measurement: Decay heat was determined
during a dedicated experimental campaign [4] in which
the cooling water circulation was repeatedly interrupted
for periods of about two hours in order to allow the in-situ
temperature of the target to rise. The temperature increase
in each plate was monitored by thermocouples placed at
the centre of each target plate. These measurements were
complemented by both theoretical calculations and Finite
Element Method (FEM) models, to separate the individual
contributions of the decay heat in the tungsten core and
the tantalum cladding. The detailed methodology and re-
sults of this study are reported in [4], showing an excellent
agreement between measurements and simulations.

Figure 2. Gaussian spot of the impinging proton beam on the
target (left) and TRAM model with Fluka-Cern (right).

Radionuclide inventory: The radionuclide inventory was
assessed by ω spectrometry, while the target was stored
in a disposal flask, using two High-Purity Germanium
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five years of operation with an 800 MeV proton beam, cor-
responding to an integrated charge of 3350 milliampere-
hours at 80% beam availability. To assess the 60

Co ac-
tivity in the stainless-steel vessel, it is crucial to recog-
nise that the activity originates predominantly from Co-
59 and Ni impurities. The Co-59 concentrations adopted
in the Fluka-Cern input were taken from Oak Ridge data
for SS304 [9], ranging from 1340 to 1630 ppm, with an
average value of 1414 ppm. Accurate representation of
these impurities is essential to reproduce the experimen-
tally observed 60

Co activity and to ensure the reliability
of the activation simulations. Table 4 presents the com-
parison between Fluka-Cern predictions and experimen-
tal measurements. The largest uncertainties are associated
with radionuclides located in the innermost regions, where
self-absorption significantly attenuates the emitted ω radi-
ation. Moreover, the dominant contribution to the overall
uncertainty in the activity determination arises from the
estimation of the shielding factor for all the radionuclides.

Table 4. Comparison between simulated (Fluka-Cern) and
experimental activities for selected radionuclides.

RN Activity Region
FLUKA Experimental

172
H f 5.6 ± 1.1 TBq 7.6 ± 1.9 TBq W core

182
Ta 62.6 ± 10 GBq 82 ± 20 GBq Ta cladding

60
Co 5.9 ± 1.2 TBq 5.0 ± 1.1 TBq SS vessel

Referring to the measurement date of 22 May 2019,
the overall activity in the target has been estimated to be
8.529E+13Bq±15% with a corresponding (Z, A) distribu-
tion of all radionuclides in the ISIS TS1 target as presented
in Figure 10 .

Figure 10. Estimated overall RN activity in the target on 22nd
May 2019

A sensitivity analysis was performed to assess the in-
fluence of the main parameters on the overall uncertainty
of the activity as described hereafter. The model of the
target has been implemented with high accuracy of techni-
cal details. The small tolerances in the target dimensions
(order of fraction of mm) allow to consider them to have

a negligible impact on radionuclide inventory and the de-
cay heat uncertainty. On the contrary, the contribution of
the uncertainties of other parameters such as proton beam
current, nuclear cross section data and effective irradiation
time (i.e. mA-hours) could be relevant in the assessment
of the whole uncertainty of the activity of radionuclei pro-
duced and decay heat. Their impact has been estimated
by a parameter sensitivity analysis in the range of proton
beam operating conditions and using different nuclear data
cross sections. The list of the main sources of uncertainties
for the decay heat results and their estimations by compu-
tational analysis is reported below:

• Variations in the proton beam current due to small insta-
bilities have been taken into account, εbeam = ±2.%

• Small variations in beam spot-size (5% 2in FWHM
gaussian spatial distribution) give an uncertainty figure
of εspot = ±1%.

• 20% uncertainty in the effective mA-hours for the ir-
radiation scenario gives an associated uncertainty of
εirr = ±9%

• Using different nuclear data libraries for the cross sec-
tions of tungsten and tantalum for neutron transport re-
flects in an estimated uncertainty of εxs = ±10%

4 Conclusion

The FLUKA predictions for the activities of 172
H f in the

tungsten core, 182
Ta in the cladding, and 60

Co in the tar-
get stainless steel vessel, have been successfully validated.
MC estimations agree with experimental values within the
uncertainties. These results confirm the ability of our
mode of the ISIS TS1 TRAM with Fluka-Cern to accu-
rately reproduce both the integrated activity and the spatial
distribution of the radionuclides within the target.
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2The spot size design achieved tolerances of ±5 mm in both the 95%
containment radius and the centroid position, corresponding to an effec-
tive uncertainty of about 11% in the two-dimensional Gaussian FWHM.
In operation, however, the beam centre was observed to remain stable
within ±2 mm. On this basis, a 5% variation in the FWHM was con-
sidered a realistic and representative estimate, and was adopted for the
sensitivity study.

This analysis was carried out by simulating the tar-
get inside the flask together with the surrounding detec-
tors, while replacing the flask shielding materials with air.
This approach allowed to isolate the self-absorption effect
within the target from the additional attenuation caused
by the flask shielding, that will be treated in detail in
the following §2.4. Although the vertical positions of the
detectors (distance of the center from the ground) were
well constrained experimentally, no unambiguous refer-
ence was initially available for defining their exact angu-
lar positions in the horizontal plane relative to the target
cross-section. The simulation results indicate that, in or-
der to reproduce the experimentally observed photopeak
efficiency ratio of 2.5 between BeGe2380 (detector 2) and
BeGe3825 (detector 1), the detector must be rotated by an
angle ω of about 10→-20→ with respect to the axes of the
horizontal target cross-section, as shown in Figure 7. This
outcome provides a consistent geometrical interpretation
of the experimental efficiency data and demonstrates the
sensitivity of detector response to relatively small angular
displacements in the horizontal plane. In particular, within
this range, a maximum value of

R =
ε[2]

ε[1]
= 2.7

was obtained for the Ta photopeaks efficiency ratio for all
the ϑ energies.

Figure 7. Fluka-Cern model of the ϑ measurement experimental
set-up

Once the angular configuration of the detectors had
been established, the self-attenuation coefficient for this
configuration was evaluated through dedicated simulations
of the target–in–flask and detector system, with all flask
materials replaced by air. More specifically, two config-
urations were considered: (i) the actual target modelled
with real geometry and materials, and (ii) the target vol-
ume replaced by vacuum. In both cases, the effective ϑ
source spatial distribution for each radionuclide, as es-
timated during the prompt irradiation phase of the tar-
get in the TRAM, was used. The spatial distribution of
these sources was obtained using the SPECSOUR option of
USRBIN, which samples the radionuclide distributions cal-
culated in the first simulation step for each radionuclide of
interest.

The comparison between the two configurations en-
abled the quantification of the self-attenuation effect of
the target materials on the measured ϑ emissions. Self-
attenuation directly affects the full-energy peak count rate

Figure 8. Angular dependence of the detector’s photopeak effi-
ciency. Photopeak efficiencies of detectors 1 (blue curve) and
2 (red curve) shown on the left ordinates and efficiency ratio
(R = ε2ε1 ) shown on the right ordinates (black curve).

recorded in the reference angular configuration, provid-
ing a measure of the photon intensity loss due to absorp-
tion within the target itself. The numerical results for the
shielding correction factors are summarised in Table 2 for
1221 keV ϑ line of 182Ta, while Figure 9 clearly illustrates
the impact of the target materials on the ϑ density spatial
distribution.

BEGe 3825 BEGe 2830
1221 keV ϑs det1 det2

ε1 ε2
real material target 4.78E-07 1.30E-06
target in vacuum 8.07E-06 9.78E-06

fsa =
εreal

εvacuum

0.06 0.13

Table 2. Self absorption assessment for 1221 keV ϑ from 182
Ta

2.4 Shielding correction factor evaluation

The most computationally demanding simulations were
those dedicated to the estimation of the shielding correc-
tion factor. During the measurement campaign, the tar-
get was stored inside a flask, whose structural details are
shown in the left side of Figure 3. From outside to in-
side, the flask consisted of the following shielding layers:
stainless steel outer wall (1.6 cm), lead (16.8 cm), stain-
less steel inner wall (0.6 cm), aluminium (3 cm), and a
stainless steel canister (0.2 cm).

Variance-reduction (biasing) techniques were applied
to improve the statistical efficiency of the simulations.
Since the analysis focused on ϑ rays in the range of a few

old target

old target

new target 

new target 



Final Benchmarking k(DPA-NRT) for Tungsten in ISIS-TS1 target
• The Mason K(cDPA) provides a model to link thermal 

conductivity with Arc-DPA 

• FLUKA predictions on the plot have been located according 
the correspondence between DPA-NRT and ARC-DPA as 
reported in the table below ( ARC-DPA almost a factor 4 lower 
than DPA-NBRT)

Comparison with Habaniya values measured at 
PSI with LFA and D.Findaly at RAL

Spatial distribution of ARC-DPA in Plate2

The thermal conductivity values derived from FLUKA predictions, using Model of Mason et al, are overall 
consistent with the experimental measurements, with good agreement within the associated uncertainties.  

The main discrepancy is observed, for plate 2, at highly irradiated scenario  (935 mA· h) case, where the 
calculations based on FLUKA predict a smaller degradation of thermal conductivity driven by the DPA 
contribution, with a di!erence of less than 20% between the experimentally inferred from temperature profile 
fitting (D. Findlay et al) in  and calculated values of k.

(contributions from Acc., Target division) 



9. Any additional comments or feedback?

2 Thank you very much for organasing this event. It was very beneficial for me. Ruiyao and all the beam scientists 
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3
The small number of participants allowed everyone to be active during the practice sessions The presentations 
were of very good quality The time the instrument scientists spent with the participants during the whole workshop 
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4 I think you did a stellar job thanks again also to the whole team!

5

I really appreciate the time and effort to make this workshop happening, definitely a big understanding on all units 
will help to create a better link with the industry, coming from the manufacturing side, as we currently have limited 
knowledge, a better assessment could be of great benefit for both parts, specially when both interests seems a bit 
off one to another. Specifically on the workshop, everything was crystal clear, enough time to digest all the content. 
it might be that always the last day everyone is trying to rush, reducing waiting time might be beneficial for some, 
especially if they have to commute the same day.

6 Overall I am very happy with the workshop. And I certainly learned a lot about the technique and opportunities. 
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be able to follow it, and talks were engaging.

ISIS Neutron and 
Muon Source

Importing CAD Geometry into FLUKA: Recent Results for 
Vesuvio Detectors

• UNSTRUCTURED MESH importing: We 
successfully implemented highly complex 
detector geometries in FLUKA, simplifying 
the model with Spaceclaim/Ansys and 
producing volume mesh with ANYS 
(file.abaq). 

• This highlighted the need of a consistent 
wo r k f l ow b e t we e n n e u t ro n i c s an d 
mechanical engineers for enabling efficient 
geometry clean-up and preparation for 
Monte Carlo modelling.

Synergic interaction with engineering service. 
(Thanks to P.Harrison) 



…..and Many Applications so far

R. Rossini et al. The muon beam monitor for the FAMU experiment

Table 2. Comparison between parameters estimated by the Geant4 and FLUKA simulation with
106 events simulated. The uncertainty balances are obtained through parameter variation, whereas
those marked with ”stat” are statistical only. The values of W2 are consistent with each other,
while the values of W1 are qualitatively comparable and differ by less than 3 standard deviations (t-
Student test). The estimates of E2, E1 and ⌘ are consistent between the two independent simulation toolkits.

Toolkit W2 W1 E2 (MeV) E1 (MeV) ⌘ = E2/E1

Geant4 24.9± 0.4 49.61± 0.09 1.23± 0.06 0.58± 0.03 2.11± 0.05
FLUKA 25.17± (0.06)stat 49.94± (0.07)stat 1.32± 0.03 0.62± 0.02 2.13± 0.08

space distribution of the energy deposition, which is higher in the detector fibres than in air, reflects the244
gaussian shape of the beam on the xy plane. Muon inelastic processes are negligible for the sake of the245
experiment. The main mechanism of muon energy loss is by delta ray emission and elastic scattering246
processes.247
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Figure 10. Comparison of Geant4 (blue squares) and FLUKA (red circles) simulated energy deposited
in hodoscope fibres (106 events). The two energy peaks differ by 6-7%, which is considered good
qualitative accordance between the two approaches. Fine differences between the spectra are currently
being investigated.

6 RESULTS

Following the procedures explained in the previous Sections of this work, it has been possible to estimate248
the values of Qµ = (14080 ± 50) ADC channels, W2 = (24.9 ± 0.4)%, W1 = (49.61 ± 0.09)% and249
⌘ = E2/E1 = 2.11± 0.05. The values of W1, W2 and ⌘ are extracted from the Geant4 simulation as it has250
already been optimised for muons in this energy range. The physics in the FLUKA simulation is currently251

Frontiers 13

0 0.5 1 1.5 2 2.5 3
E [MeV]∆ 

1

10

210

310

410

510 C
ou

nt
s

hodoEtot_raw
Entries  1000000
Mean    0.644
Std Dev    0.4771

0-hit

1-hit

2-hit

Total

Total deposited energy

Geant4 simulationFAMU 

Figure 8: Geant4 simulation (106 events): energy deposited in scintillating fi-
bres by muons interacting with 0 (blue squares), 1 (orange circles) and 2 (green
diamonds) fibres. The total contribution (thick red line) is the expected response
function of the detector.

Elementary cell

0

1 2

1

Figure 9: Graphical representation of the hodoscope subdivision in elementary
cells (red). As one can derive from the scheme, assuming uniform flux, muons
can interact with either 0 (blue), 1 (orange) or 2 fibres (green) with probabilities
⇠ 25%, 50% and 25%, respectively. As a consequence, the heuristic values to
be compared to the simulation are W2 ⇠ 0.25 and W1 ⇠ 0.5.

0, 1 or 2 fibres. The contribution of these muons are plotted
separately and also jointly in Figure 8. The probability of hit-
ting 0, 1 or 2 fibres is about 25%, 50% and 25%, respectively,
as one can derive from geometrical considerations as in Figure
9. However, the exact values of W2 and W1 depend on beam
geometry, scattering processes and coating thickness, as a con-
sequence they have to be extracted from the simulation. W1 is
equal to the fraction of particles interacting with only 1 fibre,
while W2 is the fraction of muons passing by two fibres, one
per plane.

In the Geant4 simulation, 106 negative muons with momen-
tum 55 MeV/c were launched. The beam geometry is the one
extracted from 12 hours of full-rate hodoscope measurements.
As expected, about 1

4 of the muons were marked as passing
by two fibres, with a statistical counting uncertainty of around
0.2%. The uncertainty budget was completed by repeating the
simulation with variations in the coating thickness within 5 µm,
the beam momentum within 10% and the beam shape within the
measured uncertainty. The total contribution, which is domi-

nated by the uncertainty on the coating thickness, is about 1.8%
on the number of muons passing by 2 fibres. The final estimate
for the double-hit fraction is W2 = (24.9 ± 0.4)%. This value
is consistent with the heuristic value of 25% estimated from the
geometry of the detector elementary cells.

Similarly, the single-hit fraction estimate is W1 = (49.61 ±
0.09)%, which is again consistent with the geometric estimation
of 1

2 (see Figure 9).
In addition, the ratio ⌘ between the double-hit and the single-

hit mean deposited energy had to be computed. In fact, the data
selection described in Section 4 enables only the inclusion of
double-hit events. As a consequence, the value of Qµ calcu-
lated from the measurements is only the mean charge deposited
by particles hitting two fibres. In principle, with a local lin-
ear approximation of the energy-loss curve, one could assume
that the energy released by single-hitting muons is Qµ/2 (i.e.
that ⌘ = 2, but this has to be verified, as the linear approxi-
mation might not hold. To do so, the single- and double-hit
simulated spectra (see Figure 8) have been fit with Equation 2.
The fit stability was tested and used to determine the uncertain-
ties as in the case of data coming from low rate measurements
(see Section 4). The estimated values of deposited energy are
E2 = (1.231±0.004) MeV for the 2-hit and E2 = (0.584±0.002)
MeV for the 1-hit. As a consequence, the estimate for the ra-
tio between the double-hit and the single-hit mean deposited
energy is ⌘ = E2/E1 = 2.108 ± 0.010.

In parallel, an independent simulation based on the
FLUKA[14, 15] toolkit was also developed using the Flair
interface[16] for comparison. TBC: description of the

FLUKA simulation + Geant4-FLUKA parameter compari-

son + 3D rendering of few simulated particles.

6. Results

Following the procedures explained in the previous Sections
of this work, it has been possible to estimate the values of Qµ =
(14080±50) ADC channels, W2 = (24.9±0.4)%, W1 = (49.61±
0.09)% and ⌘ = E2/E1 = 2.108 ± 0.010. Hence, the value of
the calibration constant k in Eq. 1 is

k = (5.87 ± 0.10) · 10�3(s · ADC ch.)�1. (3)

By fitting with a Gauss profile the full rate beam histogram of
the charge deposited in the hodoscope in each muon spill (see
Figure 10), it is possible to extract the average value of Qtot
for the analysed run. However, this flux estimation can also
be carried out event-by-event simply taking the punctual value
of Qtot and converting it into punctual muon flux. Taking the
mean value and converting it into mean muon rate by applying
Eq. 1 with the value of k in Eq. 3, one gets (1.17 ± 0.02) · 104

muons/s. This value has been obtained with synchrotron curent
⇠ 85% the maximum value. It is consistent with the expected
order of magnitude for the 55 MeV/c negative muon flux at full
synchrotron current (> 104 muons/s)[6, 7].
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NDA simualtions

R.S. Pinna et al. Nuclear Inst. and Methods in Physics Research, A 896 (2018) 68–74

Fig. 3. Measured (left) and simulated (right) neutron beam profile at the TOSCA sample position with the guide installed. The measured and calculated values
of time averaged neutron flux, integrated across 0.28 Å to 4.65 Å wavelength range of interest to TOSCA were obtained with i.e. scaled to the average proton
current-on-target of 160 �A, respectively.

since the simulation was performed in vacuum while in reality, at the
time of this experiment out of 17.01 m long flightpath between the
moderator centre and the TOSCA sample position 14.1465 m were
under vacuum, while 1.3030 m were in air, 1.5560 m were in helium,
and 0.0045 m were in aluminium. Thus in order to compare with the
experiment, the simulated values should be corrected by the factor of
0.8765 which corresponds to the transmitted neutron flux upon travel
along the above described flightpath. The corrected simulated values
are shown in Fig. 4 as well. They are still 2.22 (2.53 ù 0.8765) times
larger than the experimental values, and the difference can be ascribed
to various factors. Firstly, the muon producing target (located upstream
of the TS-1 target) is not in the MCNPX model so the calculated flux
should be corrected by a factor of 0.95. Secondly, the physics model
choice for MCNPX simulations can affect the flux at the level of 10%–
15%. For example, if the CEM03 physics model (used in this set of
simulations) is replaced by INCL4-ABLA model — the correction factor
is 0.86. Thirdly, the building of TS-1 MCNPX model [22] is still a
work in progress. Recent findings [15] showed that the TS-1 target
cooling water is not pure heavy water (as defined in the model) but
a mixture of 80% heavy water and 20% light water, and that the
6 mm thick boral plate is positioned between the target and the water
moderator. As a result, the calculated flux should be corrected by an
additional factor of 0.87. After applying all of these corrections, the
agreement between experimental and calculated flux is well below a
factor of 2. Please note that further uncertainties exist which appear
to be more difficult to estimate quantitatively such as the details of
material composition of the decouplers around the TS-1 moderators,
precise position of the poisoning foil, the (real) vertical position of the
TOSCA shutter insert, and possible operational effects [23] etc., but may
explain the discrepancy.

As can be seen from Fig. 3, the measured and the calculated
neutron flux at the centre of the sample, the (0,0) position (see SI),
are 2.54 ù 107 neutron cm*2 s*1 and 7.32 ù 107 neutron cm*2

s*1, respectively. The corresponding values spatially averaged across
3.0 ù 3.0 cm2 and 4.0 ù 4.0 cm2 surface centred around (0,0) position
are 2.11 ù 107 neutron cm*2 s*1 and 5.35 ù 107 neutron cm*2 s*1,
respectively. Between the latter two values a normalisation factor of
2.53 must be applied to match the absolute values. The neutron flux
values associated with the plateau shown in Fig. 4, and averaged along
the vertical axis (between *2.0 cm and +2.0 cm) are slightly smaller. In
particular the simulated values were derived with the help of the linear
flux monitor, not the position sensitive detector used in the case of the
beam profile shown in Fig. 3.

Fig. 5 shows the TOSCA simulated divergence profile at the sample
position before and after the guide upgrade. In line with expectations,
after the upgrade the neutrons arriving at the sample position have
a larger divergence distribution: the full width at half maximum is

Fig. 4. The experimental (green filled squares), the simulated (black empty
triangles) and the corrected simulated (for attenuation in the helium, aluminium
and air; blue empty diamonds) neutron beam profile projected along the
horizontal axis at the TOSCA sample position. The beam flux has been averaged
along the vertical axis (between *2.0 cm and +2.0 cm, i.e. within the beam
height) and includes only neutrons within the wavelength range of interest to
TOSCA (from 0.28 Å to 4.65 Å).

approximately 1.3˝, as opposed to 0.3˝ before the upgrade. As already
described, the neutron guide is able to retain neutrons (with an incident
angle < �c) within the guide tube, rather than acting only as a simple
collimator and thus by the time they reach the sample surface they can
cross it at an angle larger than allowed by the direct line of sight between
the moderator and the sample.

As a result of the guide being installed on TOSCA, the neutron flux
at the sample position has been significantly increased, see Fig. 6. The
green trace shows the experimentally determined gain as a function of
wavelength and the black trace corresponds to the gain derived from
the Monte Carlo simulations. Since measurements of the neutron flux
at the sample position for the final C2, and before the upgrade C0,
configurations were performed with the proton energy on target of
800 MeV and 700 MeV, respectively, the former C2 neutron flux has
been scaled down by a factor of 1.17 [see Fig. S5 in SI] before taking
the ratio to calculate the experimental gain due to the neutron guide.
Additionally, as theoretical calculations were performed in vacuum,
these values of the neutron flux gain need to be corrected for the
attenuation as neutrons travel through helium, aluminium windows and
air (blue trace) before they are compared with the experimental data.
The gain in neutron flux is 6 times for neutrons with a wavelength of
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The measured and calculated neutron flux at the center of the 
sample, the (0,0) position of TOSCA instrument : 

• 2.11 × 10^7 n cm^(-2) s^(-1) (measured) 

• 2.7 × 10^7 n cm^(-2) s^(-1) (FLUKA/McStas calculated) 

• 5,.4 × 10^7 n cm^(-2) s^(-1) (MCNP/McStas calculated)

Neutron map at the sample location in the TOSCA TS1 instrument

Time evolution 
of neutrons 
spectrum in 
oho-para H

Spatial mapping of neutrons at NILE 
facility in several energy ranges



Conclusions
• FLUKA -Cern is a fundamental tool for neutronics work 

• Advanced features of neutronics make FLUKA a suitable code for designing cold 
moderators and supporting neutron instrument developments (Dynamic link to NCRYSTAL 
library)  

• The FLUKA code features as a valuable tool for optimizing neutron source facilities by 
enabling comprehensive tracking of neutrons from the target to the sample 

• FLUKA allows Energy deposition and DH calculation with the same simulation  

• Successful implementation requires some advanced features and the development of an 
appropriate interface between the FLUKA model and optical simulation codes like McStas, 
which are used to simulate instruments. We are now in the phase of finalising the coupling 
between FLUKA model of TS1 and McStas instrument models



Thanks to all the FLUKA.CERN team  
for the excellent and remarkable work done, 

that allowed important progress in the 
ongoing neutronics key projects at ISIS……

Research is a co!abora"ve art, not a compe""on” 
- Amar Bose

AD MAIORA!!

measurements and comparison with FLUKA-CERN predictions  
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