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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
This talk describes the FLUKA simulations to estimate the radiation damage in ISIS TS1 

• General introduction on radiation damage 
models in FLUKA code 

• DPA estimates: NRT and ARC-dpa 

• Average vs Peak DPA 

• Description of FLUKA model of the TS1-TRAM  

• FLUKA results for ISIS TS1: DPA and gas 
production (H and He) plate by plate 
estimation 

• Benchmarking the FLUKA prediction by 
measuring temperatures profile in 2 irradiation 
(low and high irradiation) scenarios
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Why FLUKA?

FLUKA MODEL OF ISIS TS1: 
BENCHMARKING RADIONUCLIDES PRODUCTION
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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)                   
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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) 



The FLUKA-CERN Updates on Neutronics
Recent important milestones in neutronics and significant progress achieved in 

neutronics simulations with FLUKA-CERN

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

• 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 and 
file formats (e.g., ACE), enriching FLUKA's capabilities.  

• Integration of Ncrystal in FLUKA (in progress): this is 
within a collaboration among ISIS, ESS and CERN 

• Uploading meshed geometry from CAD files directly  
into FLUKA

Important in the framework of future tasks in 
on development of “better designed” cold 
moderator for more efficient neutron source 
(ISIS-2, NEMESIS program): 

https://web.infn.it/nemesis/ 

https://www.isis.stfc.ac.uk/about/future-of-isis/
isis-ii/

https://web.infn.it/nemesis/
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DPA: 
Definition and Implementation in FLUKA



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

DPA  general Definition
Equivalent way to define DPA and way it is estimated in FLUKA 

1

2

a1 a2

Represents the average number of 
times an atom in a material's crystal 
lattice is displaced from its original 
position due to irradiation: 

atom1 is displaced twice,  

atom2 is displaced 0,  

on average an atom is displaced once 

DPA =[times a1 is displaced + times a2 is 
displaced] / 2 Atoms

Represents the average number of  
displacements we count in a set of 
atoms from  their original position due 
to irradiation. 

2 displacements for atom1 

0 displacement  for atom2 

O n a v e r a g e t h e n u m b e r o f 
displacements are:  

DPA = [2 displacements  for a1 + 0 
displacements for a2] / 2 Atoms

dpa ∝ NF

NF = number of defects (Frenkel pairs) 
Each Frenkel pair originates from one displaced atom: 

one vacancy (an atom missing from its lattice site), and 
one interstitial (the same atom that has been displaced 
and now sits in a non-lattice position). 

Multiple atoms dislodged create a cascade of Frenkel pairs

vacancyinterstitial

Frenkel pairs
 Frenkel pairs NF (defect or disorder), is a compound 

crystallographic defect in which an interstitial lies near the vacancy. 
A Frenkel defect forms when an atom or ion leaves its place in the 
lattice (leaving a vacancy), and lodges nearby in the crystal 
(becoming an interstitial)

NNRT Defects by Norgert, Robinson and Torrens
κ=0.8 is the displacement efficiency
T kinetic energy of the primary

knock-on atom (PKA)
x(T) partition function (LSS theory)
x(T) T directly related to the NIEL

(non ionizing energy loss)
Eth damage threshold energy

 
th

FNRT E
TTξκ=NN

2
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DPA-NRT vs ARC-dpa
Different efficiency transfer N (Td)

DPA-NRT: Norgett Robinson Torrens model Arc-dpa: Athermal Recombination Corrected DPA

2.2 Models and scoring quantities 3

• ARC-DPA (Athermal Recombination Corrected
DPA)[1], [2]: recently implemented in Fluka, refines
NRT-DPA by incorporating recombination of vacancies
and interstitials during cascade relaxation, through effi-
ciency function, derived from MD models. Predictions
of ARC-DPA show to be closer to DPA-SCO.

All three models can be scored directly in Fluka without
the need for user coding, but simply by enabling the ap-
propriate input options. It should be noted, however, that
material degradation is not modelled dynamically: each
particle history is simulated under the assumption of pris-
tine material conditions.

2.2.1 DPA general formulation

All DPA variants implemented in Fluka are based on the
following general expression:

DPAx(E) =
NA ω

Aw

∫ Tmax

Ed

dT
dε(E)

dT
Nx(Td), (2)

where Td = L(T ) T is the damage energy, with L(T ) the
Lindhard partition function[9], [10], Ed the threshold dis-
placement energy, and Tmax the maximum transferable en-
ergy. The function Nx(Td) specifies the efficiency of the
process, as specified in the following subsections for each
DPA scoring model.

2.2.2 NRT-DPA

In the Norgett Robinson Torrens (NRT) model [11], the
efficiency function is given by:

NNRT(Td) =




0 if 0 < Td < Ed,

1 if Ed < Td <
2Ed

0.8
,

0.8 Td

2Ed
if Td >

2Ed

0.8
.

(3)

The factor of 0.8 accounts for the use of a more real-
istic atomic potential, as opposed to the hard-sphere scat-
tering assumed in the original Kinchin-Pease model[13],
and also provides a crude treatment of recombination effi-
ciency.

Fluka implements the NRT-DPA by integrating pri-
mary knock-on atom recoils above the transport thresh-
old using the NRT rules (0 below Ed, 1 between Ed and
2Ed/0.8, and linear beyond). Below the transport thresh-
old, the Lindhard partition function is used to split be-
tween nuclear (NIEL) and electronic losses, which are
then converted to NRT-DPA using the same rule.

In the NRT-DPA formalism, the number of Frenkel
pairs produced by a primary knock-on atom of kinetic en-
ergy T is given by:

NF,NRT(T ) = ϑ
L(T ) T

2Ed
,

where ϑ is the displacement efficiency (typically 0.8) [14].

Molecular dynamics simulations indicate that the ac-
tual defect survival efficiency decreases with increasing
PKA energy, due to recombination within overlapping cas-
cades. One empirical approximation is:

NMD

NNRT
→ 0.3+

8.81
17.1

X↑4/3 +
9.57

0.3 + 1.3X5/3 , X =
T

20 keV
.

It should be noted that the binary collision simula-
tions underlying the NRT model focused only on the colli-
sional phase of the displacement cascade, neglecting cas-
cade evolution as atomic velocities decrease. As a con-
sequence, NRT-DPA is known to overestimate stable de-
fect production, typically by about a factor of three [1].
Figure 1 shows the time evolution of a collision cascade,
obtained from typical molecular dynamics simulations of
10 keV primary knock-on atom in Au [1]. The individ-
ual dots show atom positions. Blue circles illustrate atoms
with low temperature and red and whitish atoms have high
kinetic energies, with the energy scale given to the right.
Initially, when the atoms are hot (high kinetic energy),
a large number of atoms are displaced from their lattice
sites. However, as the cascade cools down, almost all
atoms regain positions in the perfect lattice sites. It is
because of these two so-called heat spike effects that the
number of atoms replacing other atoms is much larger and
the amount of final defects generated much smaller than
the prediction from simple linear collision cascade models
like the NRT-DPA model

Quantification of the amount of displacement damage
introduced by energetic particle interactions in matter is
important for a broad range of fundamental science and

applied engineering applications ranging from semiconductor
physics to nuclear energy generation1. Kinchin and Pease2

developed the basis for an early model to calculate displacements
per atom (dpa) by considering kinetic energy transfers above a
threshold material-specific displacement energy. The current de
facto international standard for quantifying atomic displacement
levels in irradiated materials is based on the more than 40-year-
old binary collision computer simulations of ion collisions in
solids3,4. The predicted number of atomic displacements (Nd) as a
function of cascade energy, or the damage function, is given in
this model by

Nd Td! Þ ¼
0 ; Td<Ed
1 ; Ed<Td< 2Ed

0:8
0:8Td
2Ed

; 2Ed
0:8 <Td<1

2

64

3

75; !1Þ

where Td is the damage energy, i.e. the kinetic energy available for
creating atomic displacements. The damage energy for a single
ion is given by the total ion energy minus the energy lost to
electronic interactions (ionization). Typical values of Ed for dif-
ferent materials range from 20 to 100 eV5,6. This is essentially the
Kinchin–Pease model, except that the original kinetic energy term
was replaced by the damage energy to account for ionization
effects and a factor of 0.8 was introduced to account for more
realistic interatomic potentials.

The importance of the calculated dpa parameter is that it is the
starting point for calculations of virtually all radiation effects in
solid materials, and it facilitates quantitative comparisons of
different materials irradiated with the same irradiation source as
well as materials irradiated in different irradiation sources such as
electron, ion and neutron irradiation1–8 facilities. Estimation of
the damage is also important in modern materials processing by
focused ion beams, or when irradiating nanomaterials9,10. How-
ever, it has been recognized for several decades that the dpa value
calculated from Eq. (1) for energetic cascades in pure metals on

the one hand overestimates the number of stable defects by a
factor of 3 to 4 (refs. 11–14), and on the other hand underestimates
the amount of atomic mixing (atoms permanently displaced from
their initial lattice position to replace an atom in another posi-
tion)13,15,16 that takes place as a result of the cascade. Even
though the initial effect is on the nanometric scale, it has also
been estimated that it can lead to macroscopic consequences such
as a 5-year underestimation of the lifetime of a nuclear reactor
pressure vessel exposed to a very high thermal flux17. Similar
trends have also been reported for intermetallic alloys18 and
ceramics19–21. Figure 1 illustrates the time-dependent evolution
of a displacement cascade based on molecular dynamics (MD)
simulations in a typical metal (see Methods section). Such a
displacement cascade can be induced by a passing neutron or
other high-energy (MeV or more) particle. The first lattice atom
to receive a recoil energy is called the primary knock-on atom.
Note how initially, when the atoms are highly excited, many of
them are displaced from their lattice sites. However, as the cas-
cade begins to thermally equilibrate with its surroundings, nearly
all atoms regain positions in the perfect lattice structure. It is
because of these two so-called heat spike effects22,23 (also known
in parts of the literature as ‘thermal spike’) that the amount of
final defects generated is much smaller, and the number of atoms
replacing other atoms (atomic mixing) much larger than the
prediction from simple linear collision cascade models such as the
NRT-dpa model (see Fig. 2). The physical reasons to this are
discussed in detail in the following two subsections (building
upon an earlier review work by us24), which also present
improved functional forms and tests of these against experimental
and new simulation data.

Results
In-cascade recombination effects on defect production. The
physical basis for the overprediction by the NRT-dpa model of
the defect production at high energies is the enhanced recombi-
nation of defects in close proximity in energetic displacement
cascades. The binary collision simulations used as the basis of the
NRT-dpa model3 focused on the collisional phase of the
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Fig. 1 Collision cascade. A cross-sectional view of a collision cascade induced by a 10 keV primary knock-on atom in Au obtained from typical molecular
dynamics simulations. The individual dots show atom positions. Blue circles illustrate atoms with low temperature and red and whitish atoms have high
kinetic energies, with the energy scale given to the right. Note how initially, when the atoms are hot (high kinetic energy), a large number of atoms are
displaced from their lattice sites. However, as the cascade cools down, almost all atoms regain positions in the perfect lattice sites. It is because of these
two so-called ‘heat spike’ effects that the number of atoms replacing other atoms is much larger and the amount of final defects generated much smaller
than the prediction from simple linear collision cascade models like the NRT-dpa model
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Figure 1. Time lapse of the Molecular Dynamic simulation[1]

2.2.3 DPA-SCO

In Fluka, the DPA-SCO scoring scheme is derived from
the conventional NRT-DPA formalism by introducing
an approximate, energy-dependent efficiency coefficient
ϑSCO(T ), based on molecular dynamics simulations:

ϑSCO(T ) = f
(

T
Ed

)
, (4)

where T is the recoil energy of the primary knock-
on atom and Ed is the threshold displacement energy.
The functional form f (·) represents the fraction of NRT-
predicted defects that survive recombination, and it is ex-
pected to:
• decrease monotonically with increasing recoil energy T ,

• be fitted to results from molecular dynamics simula-
tions,

• account for recombination processes neglected in the
NRT model, and

• reduce the systematic overestimation of defect produc-
tion that characterises simpler formalisms.

Accordingly, the number of DPA-SCO produced at a
given recoil energy can be expressed as:

DPASCO(T ) = ωSCO(T ) DPANRT(T ). (5)

This formulation ensures that the SCO approach re-
mains consistent with the NRT framework, while introduc-
ing physically motivated corrections that bring the predic-
tions into closer agreement with atomistic simulations.

2.2.4 ARC-DPA tally: a new approach

The Athermal Recombination Corrected displacement per
atom (ARC-DPA) is a refined method for quantifying radi-
ation damage, particularly relevant for materials exposed
to high-energy irradiation in reactors or accelerators. It
improves upon the traditional NRT-DPA model by explic-
itly accounting for Frenkel pair recombination during the
displacement cascade, thereby providing more physically
realistic predictions.

Figure 2 illustrates how the ARC-DPA formalism re-
produces more closely the effective number of defects in
tungsten sample, as obtained from molecular dynamics
simulations, in contrast to the systematic overestimation
of displacements predicted by the NRT-DPA model.

Similarly, Figure 3 shows that DPA in tungsten mate-
rial was produced closely by ARC-DPA, bridging the gap
between simplified analytical models and detailed molecu-
lar dynamics simulations.The schematic comparison high-
lights that while the NRT model predicts only the num-
ber of Frenkel pairs initially created, the ARC-DPA ap-
proach incorporates the significant fraction of recombined
defects, yielding a prediction much closer to the actual
number of stable defects.

The ARC-DPA efficiency function is:

Nd,arc-dpa(Td) =




0, Td < Ed,

1, Ed < Td < 2Ed,

0.8
2Ed

Td εarc-dpa(Td), 2Ed
0.8 < Td < →.

(6)
where:

εARC-DPA(Td) =
(
1 ↑ carc-dpa

) (2Ed

0.8

)barc-dpa

T barc-dpa

d + carc-dpa.

(7)
The parameters Ed, barc↑dpa and carc↑dpa are deter-

mined either from molecular dynamics simulations or
from dedicated experiments for the materials under in-
vestigation. These parameters quantify the extent of de-
fect recombination and cascade relaxation effects included
in the ARC-DPA formalism. In the limiting case where

Figure 2. Improvement of DPA prediction with ARC-DPA in W
material

Figure 3. Left: Damage production predicted by the NRT-DPA
model. Right: actual damage production, addressed by the new
ARC-DPA [1]

barc↑dpa = 0 and carc↑dpa = 0, the ARC-DPA model re-
duces to the conventional NRT-dpa formulation.

A comprehensive compilation of recommended pa-
rameter values for different materials is available in
Konobeyev et al. [8], which provides a reference database
for practical implementations of ARC-DPA in radiation
damage simulations.

The parameters used in our simulations for the relevant
materials of the ISIS TS1 target are summarised in table 1

Table 1. ARC-DPA material constants for selected metals. The
errors are given as standard error of the mean (s.e.m.).

Material Ed (eV) barc-dpa carc-dpa
Ni 39 ↑1.01 ± 0.11 0.23 ± 0.01
W&Ta 70 ↑0.56 ± 0.02 0.12 ± 0.01

3 Simulation setup: the upgraded TRAM

The new ISIS TS1 target, in operation since 2020 follow-
ing the TRAM upgrade, is shown in Figure 4, together
with the previous target for comparison. The design was
conceived primarily to reduce the amount of material that
can be regarded as “parasitic” with respect to neutron pro-
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fect recombination and cascade relaxation effects included
in the ARC-DPA formalism. In the limiting case where
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Figure 3. Left: Damage production predicted by the NRT-DPA
model. Right: actual damage production, addressed by the new
ARC-DPA [1]

barc↑dpa = 0 and carc↑dpa = 0, the ARC-DPA model re-
duces to the conventional NRT-dpa formulation.

A comprehensive compilation of recommended pa-
rameter values for different materials is available in
Konobeyev et al. [8], which provides a reference database
for practical implementations of ARC-DPA in radiation
damage simulations.

The parameters used in our simulations for the relevant
materials of the ISIS TS1 target are summarised in table 1

Table 1. ARC-DPA material constants for selected metals. The
errors are given as standard error of the mean (s.e.m.).

Material Ed (eV) barc-dpa carc-dpa
Ni 39 ↑1.01 ± 0.11 0.23 ± 0.01
W&Ta 70 ↑0.56 ± 0.02 0.12 ± 0.01

3 Simulation setup: the upgraded TRAM

The new ISIS TS1 target, in operation since 2020 follow-
ing the TRAM upgrade, is shown in Figure 4, together
with the previous target for comparison. The design was
conceived primarily to reduce the amount of material that
can be regarded as “parasitic” with respect to neutron pro-

It refines the more common NRT-dpa 
(Norgett-Robinson-Torrens) model by 
accounting for the recombination of Frenkel 
pairs (vacancies and interstitials) that occur 
during the displacement cascade (i.e 
recombination within overlapping cascades)

The binary collision simulations used as 
the basis of the NRT-DPA model 
focused, de facto, on the collisional 
phase of the displacement cascade and 
did not consider the dynamics of 
cascade evolution as atomic velocities 
fell  down

• decrease monotonically with increasing recoil energy T ,

• be fitted to results from molecular dynamics simula-
tions,

• account for recombination processes neglected in the
NRT model, and

• reduce the systematic overestimation of defect produc-
tion that characterises simpler formalisms.

Accordingly, the number of DPA-SCO produced at a
given recoil energy can be expressed as:

DPASCO(T ) = ωSCO(T ) DPANRT(T ). (5)

This formulation ensures that the SCO approach re-
mains consistent with the NRT framework, while introduc-
ing physically motivated corrections that bring the predic-
tions into closer agreement with atomistic simulations.

2.2.4 ARC-DPA tally: a new approach

The Athermal Recombination Corrected displacement per
atom (ARC-DPA) is a refined method for quantifying radi-
ation damage, particularly relevant for materials exposed
to high-energy irradiation in reactors or accelerators. It
improves upon the traditional NRT-DPA model by explic-
itly accounting for Frenkel pair recombination during the
displacement cascade, thereby providing more physically
realistic predictions.

Figure 2 illustrates how the ARC-DPA formalism re-
produces more closely the effective number of defects in
tungsten sample, as obtained from molecular dynamics
simulations, in contrast to the systematic overestimation
of displacements predicted by the NRT-DPA model.

Similarly, Figure 3 shows that DPA in tungsten mate-
rial was produced closely by ARC-DPA, bridging the gap
between simplified analytical models and detailed molecu-
lar dynamics simulations.The schematic comparison high-
lights that while the NRT model predicts only the num-
ber of Frenkel pairs initially created, the ARC-DPA ap-
proach incorporates the significant fraction of recombined
defects, yielding a prediction much closer to the actual
number of stable defects.

The ARC-DPA efficiency function is:

Nd,arc-dpa(Td) =




0, Td < Ed,

1, Ed < Td < 2Ed,

0.8
2Ed

Td εarc-dpa(Td), 2Ed
0.8 < Td < →.

(6)
where:

εARC-DPA(Td) =
(
1 ↑ carc-dpa

) (2Ed

0.8

)barc-dpa

T barc-dpa

d + carc-dpa.

(7)
The parameters Ed, barc↑dpa and carc↑dpa are deter-

mined either from molecular dynamics simulations or
from dedicated experiments for the materials under in-
vestigation. These parameters quantify the extent of de-
fect recombination and cascade relaxation effects included
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Figure 3. Left: Damage production predicted by the NRT-DPA
model. Right: actual damage production, addressed by the new
ARC-DPA [1]

in the ARC-DPA formalism. In the limiting case where
barc↑dpa = 0 and carc↑dpa = 0, the ARC-DPA model re-
duces to the conventional NRT-dpa formulation.

A comprehensive compilation of recommended pa-
rameter values for different materials is available in
Konobeyev et al. [8], which provides a reference database
for practical implementations of ARC-DPA in radiation
damage simulations.

The parameters used in our simulations for the relevant
materials of the ISIS TS1 target are summarised in table 1

Table 1. ARC-DPA material constants for selected metals. The
errors are given as standard error of the mean (s.e.m.).

Material Ed (eV) barc-dpa carc-dpa
Ni 39 ↑1.01 ± 0.11 0.23 ± 0.01
W&Ta 70 ↑0.56 ± 0.02 0.12 ± 0.01

3 Simulation setup: the upgraded TRAM

The new ISIS TS1 target, in operation since 2020 follow-
ing the TRAM upgrade, is shown in Figure 4, together
with the previous target for comparison. The design was
conceived primarily to reduce the amount of material that

2.2 Models and scoring quantities 3

• ARC-DPA (Athermal Recombination Corrected
DPA)[1], [2]: recently implemented in Fluka, refines
NRT-DPA by incorporating recombination of vacancies
and interstitials during cascade relaxation, through effi-
ciency function, derived from MD models. Predictions
of ARC-DPA show to be closer to DPA-SCO.

All three models can be scored directly in Fluka without
the need for user coding, but simply by enabling the ap-
propriate input options. It should be noted, however, that
material degradation is not modelled dynamically: each
particle history is simulated under the assumption of pris-
tine material conditions.

2.2.1 DPA general formulation

All DPA variants implemented in Fluka are based on the
following general expression:

DPAx(E) =
NA ω

Aw

∫ Tmax

Ed

dT
dε(E)

dT
Nx(Td), (2)

where Td = L(T ) T is the damage energy, with L(T ) the
Lindhard partition function[9], [10], Ed the threshold dis-
placement energy, and Tmax the maximum transferable en-
ergy. The function Nx(Td) specifies the efficiency of the
process, as specified in the following subsections for each
DPA scoring model.

2.2.2 NRT-DPA

In the Norgett Robinson Torrens (NRT) model [11], the
efficiency function is given by:

NNRT(Td) =




0 if 0 < Td < Ed,

1 if Ed < Td <
2Ed

0.8
,

0.8 Td

2Ed
if Td >

2Ed

0.8
.

(3)

The factor of 0.8 accounts for the use of a more real-
istic atomic potential, as opposed to the hard-sphere scat-
tering assumed in the original Kinchin-Pease model[13],
and also provides a crude treatment of recombination effi-
ciency.

Fluka implements the NRT-DPA by integrating pri-
mary knock-on atom recoils above the transport thresh-
old using the NRT rules (0 below Ed, 1 between Ed and
2Ed/0.8, and linear beyond). Below the transport thresh-
old, the Lindhard partition function is used to split be-
tween nuclear (NIEL) and electronic losses, which are
then converted to NRT-DPA using the same rule.

In the NRT-DPA formalism, the number of Frenkel
pairs produced by a primary knock-on atom of kinetic en-
ergy T is given by:

NF,NRT(T ) = ϑ
L(T ) T

2Ed
,

where ϑ is the displacement efficiency (typically 0.8) [14].

Molecular dynamics simulations indicate that the ac-
tual defect survival efficiency decreases with increasing
PKA energy, due to recombination within overlapping cas-
cades. One empirical approximation is:

NMD

NNRT
→ 0.3+

8.81
17.1

X↑4/3 +
9.57

0.3 + 1.3X5/3 , X =
T

20 keV
.

It should be noted that the binary collision simula-
tions underlying the NRT model focused only on the colli-
sional phase of the displacement cascade, neglecting cas-
cade evolution as atomic velocities decrease. As a con-
sequence, NRT-DPA is known to overestimate stable de-
fect production, typically by about a factor of three [1].
Figure 1 shows the time evolution of a collision cascade,
obtained from typical molecular dynamics simulations of
10 keV primary knock-on atom in Au [1]. The individ-
ual dots show atom positions. Blue circles illustrate atoms
with low temperature and red and whitish atoms have high
kinetic energies, with the energy scale given to the right.
Initially, when the atoms are hot (high kinetic energy),
a large number of atoms are displaced from their lattice
sites. However, as the cascade cools down, almost all
atoms regain positions in the perfect lattice sites. It is
because of these two so-called heat spike effects that the
number of atoms replacing other atoms is much larger and
the amount of final defects generated much smaller than
the prediction from simple linear collision cascade models
like the NRT-DPA model

Quantification of the amount of displacement damage
introduced by energetic particle interactions in matter is
important for a broad range of fundamental science and

applied engineering applications ranging from semiconductor
physics to nuclear energy generation1. Kinchin and Pease2

developed the basis for an early model to calculate displacements
per atom (dpa) by considering kinetic energy transfers above a
threshold material-specific displacement energy. The current de
facto international standard for quantifying atomic displacement
levels in irradiated materials is based on the more than 40-year-
old binary collision computer simulations of ion collisions in
solids3,4. The predicted number of atomic displacements (Nd) as a
function of cascade energy, or the damage function, is given in
this model by

Nd Td! Þ ¼
0 ; Td<Ed
1 ; Ed<Td< 2Ed

0:8
0:8Td
2Ed

; 2Ed
0:8 <Td<1

2
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where Td is the damage energy, i.e. the kinetic energy available for
creating atomic displacements. The damage energy for a single
ion is given by the total ion energy minus the energy lost to
electronic interactions (ionization). Typical values of Ed for dif-
ferent materials range from 20 to 100 eV5,6. This is essentially the
Kinchin–Pease model, except that the original kinetic energy term
was replaced by the damage energy to account for ionization
effects and a factor of 0.8 was introduced to account for more
realistic interatomic potentials.

The importance of the calculated dpa parameter is that it is the
starting point for calculations of virtually all radiation effects in
solid materials, and it facilitates quantitative comparisons of
different materials irradiated with the same irradiation source as
well as materials irradiated in different irradiation sources such as
electron, ion and neutron irradiation1–8 facilities. Estimation of
the damage is also important in modern materials processing by
focused ion beams, or when irradiating nanomaterials9,10. How-
ever, it has been recognized for several decades that the dpa value
calculated from Eq. (1) for energetic cascades in pure metals on

the one hand overestimates the number of stable defects by a
factor of 3 to 4 (refs. 11–14), and on the other hand underestimates
the amount of atomic mixing (atoms permanently displaced from
their initial lattice position to replace an atom in another posi-
tion)13,15,16 that takes place as a result of the cascade. Even
though the initial effect is on the nanometric scale, it has also
been estimated that it can lead to macroscopic consequences such
as a 5-year underestimation of the lifetime of a nuclear reactor
pressure vessel exposed to a very high thermal flux17. Similar
trends have also been reported for intermetallic alloys18 and
ceramics19–21. Figure 1 illustrates the time-dependent evolution
of a displacement cascade based on molecular dynamics (MD)
simulations in a typical metal (see Methods section). Such a
displacement cascade can be induced by a passing neutron or
other high-energy (MeV or more) particle. The first lattice atom
to receive a recoil energy is called the primary knock-on atom.
Note how initially, when the atoms are highly excited, many of
them are displaced from their lattice sites. However, as the cas-
cade begins to thermally equilibrate with its surroundings, nearly
all atoms regain positions in the perfect lattice structure. It is
because of these two so-called heat spike effects22,23 (also known
in parts of the literature as ‘thermal spike’) that the amount of
final defects generated is much smaller, and the number of atoms
replacing other atoms (atomic mixing) much larger than the
prediction from simple linear collision cascade models such as the
NRT-dpa model (see Fig. 2). The physical reasons to this are
discussed in detail in the following two subsections (building
upon an earlier review work by us24), which also present
improved functional forms and tests of these against experimental
and new simulation data.

Results
In-cascade recombination effects on defect production. The
physical basis for the overprediction by the NRT-dpa model of
the defect production at high energies is the enhanced recombi-
nation of defects in close proximity in energetic displacement
cascades. The binary collision simulations used as the basis of the
NRT-dpa model3 focused on the collisional phase of the
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Fig. 1 Collision cascade. A cross-sectional view of a collision cascade induced by a 10 keV primary knock-on atom in Au obtained from typical molecular
dynamics simulations. The individual dots show atom positions. Blue circles illustrate atoms with low temperature and red and whitish atoms have high
kinetic energies, with the energy scale given to the right. Note how initially, when the atoms are hot (high kinetic energy), a large number of atoms are
displaced from their lattice sites. However, as the cascade cools down, almost all atoms regain positions in the perfect lattice sites. It is because of these
two so-called ‘heat spike’ effects that the number of atoms replacing other atoms is much larger and the amount of final defects generated much smaller
than the prediction from simple linear collision cascade models like the NRT-dpa model
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Figure 1. Time lapse of the Molecular Dynamic simulation[1]

2.2.3 DPA-SCO

In Fluka, the DPA-SCO scoring scheme is derived from
the conventional NRT-DPA formalism by introducing
an approximate, energy-dependent efficiency coefficient
ϑSCO(T ), based on molecular dynamics simulations:

ϑSCO(T ) = f
(

T
Ed

)
, (4)

where T is the recoil energy of the primary knock-
on atom and Ed is the threshold displacement energy.
The functional form f (·) represents the fraction of NRT-
predicted defects that survive recombination, and it is ex-
pected to:
• decrease monotonically with increasing recoil energy T ,

Not every T dislodges atoms: damage threshold energy
• Only recoil energies above the 

damage threshold Ed 
(typically 10s of eV) dislodge 
the target ion from its lattice 
site (PKA)

16RADSUM

• Considerable variation of Ed as a function of 
lattice site, momentum-transfer direction, etc

• FLUKA asks user for average displacement 
threshold (user-input or 30 eV by default)https://doi.org/10.1073/pnas.2134173100

https://doi.org/10.1016/j.nucet.2017.08.007 



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

DPA-NRT vs ARC-dpa
Different efficiency transfer N (Td)

DPA-NRT: Norgett Robinson Torrens model Arc-dpa: Athermal Recombination Corrected DPA

2.2 Models and scoring quantities 3

• ARC-DPA (Athermal Recombination Corrected
DPA)[1], [2]: recently implemented in Fluka, refines
NRT-DPA by incorporating recombination of vacancies
and interstitials during cascade relaxation, through effi-
ciency function, derived from MD models. Predictions
of ARC-DPA show to be closer to DPA-SCO.

All three models can be scored directly in Fluka without
the need for user coding, but simply by enabling the ap-
propriate input options. It should be noted, however, that
material degradation is not modelled dynamically: each
particle history is simulated under the assumption of pris-
tine material conditions.

2.2.1 DPA general formulation

All DPA variants implemented in Fluka are based on the
following general expression:

DPAx(E) =
NA ω

Aw

∫ Tmax

Ed

dT
dε(E)

dT
Nx(Td), (2)

where Td = L(T ) T is the damage energy, with L(T ) the
Lindhard partition function[9], [10], Ed the threshold dis-
placement energy, and Tmax the maximum transferable en-
ergy. The function Nx(Td) specifies the efficiency of the
process, as specified in the following subsections for each
DPA scoring model.

2.2.2 NRT-DPA

In the Norgett Robinson Torrens (NRT) model [11], the
efficiency function is given by:

NNRT(Td) =




0 if 0 < Td < Ed,

1 if Ed < Td <
2Ed

0.8
,

0.8 Td

2Ed
if Td >

2Ed

0.8
.

(3)

The factor of 0.8 accounts for the use of a more real-
istic atomic potential, as opposed to the hard-sphere scat-
tering assumed in the original Kinchin-Pease model[13],
and also provides a crude treatment of recombination effi-
ciency.

Fluka implements the NRT-DPA by integrating pri-
mary knock-on atom recoils above the transport thresh-
old using the NRT rules (0 below Ed, 1 between Ed and
2Ed/0.8, and linear beyond). Below the transport thresh-
old, the Lindhard partition function is used to split be-
tween nuclear (NIEL) and electronic losses, which are
then converted to NRT-DPA using the same rule.

In the NRT-DPA formalism, the number of Frenkel
pairs produced by a primary knock-on atom of kinetic en-
ergy T is given by:

NF,NRT(T ) = ϑ
L(T ) T

2Ed
,

where ϑ is the displacement efficiency (typically 0.8) [14].

Molecular dynamics simulations indicate that the ac-
tual defect survival efficiency decreases with increasing
PKA energy, due to recombination within overlapping cas-
cades. One empirical approximation is:

NMD

NNRT
→ 0.3+

8.81
17.1

X↑4/3 +
9.57

0.3 + 1.3X5/3 , X =
T

20 keV
.

It should be noted that the binary collision simula-
tions underlying the NRT model focused only on the colli-
sional phase of the displacement cascade, neglecting cas-
cade evolution as atomic velocities decrease. As a con-
sequence, NRT-DPA is known to overestimate stable de-
fect production, typically by about a factor of three [1].
Figure 1 shows the time evolution of a collision cascade,
obtained from typical molecular dynamics simulations of
10 keV primary knock-on atom in Au [1]. The individ-
ual dots show atom positions. Blue circles illustrate atoms
with low temperature and red and whitish atoms have high
kinetic energies, with the energy scale given to the right.
Initially, when the atoms are hot (high kinetic energy),
a large number of atoms are displaced from their lattice
sites. However, as the cascade cools down, almost all
atoms regain positions in the perfect lattice sites. It is
because of these two so-called heat spike effects that the
number of atoms replacing other atoms is much larger and
the amount of final defects generated much smaller than
the prediction from simple linear collision cascade models
like the NRT-DPA model

Quantification of the amount of displacement damage
introduced by energetic particle interactions in matter is
important for a broad range of fundamental science and

applied engineering applications ranging from semiconductor
physics to nuclear energy generation1. Kinchin and Pease2

developed the basis for an early model to calculate displacements
per atom (dpa) by considering kinetic energy transfers above a
threshold material-specific displacement energy. The current de
facto international standard for quantifying atomic displacement
levels in irradiated materials is based on the more than 40-year-
old binary collision computer simulations of ion collisions in
solids3,4. The predicted number of atomic displacements (Nd) as a
function of cascade energy, or the damage function, is given in
this model by

Nd Td! Þ ¼
0 ; Td<Ed
1 ; Ed<Td< 2Ed

0:8
0:8Td
2Ed

; 2Ed
0:8 <Td<1
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where Td is the damage energy, i.e. the kinetic energy available for
creating atomic displacements. The damage energy for a single
ion is given by the total ion energy minus the energy lost to
electronic interactions (ionization). Typical values of Ed for dif-
ferent materials range from 20 to 100 eV5,6. This is essentially the
Kinchin–Pease model, except that the original kinetic energy term
was replaced by the damage energy to account for ionization
effects and a factor of 0.8 was introduced to account for more
realistic interatomic potentials.

The importance of the calculated dpa parameter is that it is the
starting point for calculations of virtually all radiation effects in
solid materials, and it facilitates quantitative comparisons of
different materials irradiated with the same irradiation source as
well as materials irradiated in different irradiation sources such as
electron, ion and neutron irradiation1–8 facilities. Estimation of
the damage is also important in modern materials processing by
focused ion beams, or when irradiating nanomaterials9,10. How-
ever, it has been recognized for several decades that the dpa value
calculated from Eq. (1) for energetic cascades in pure metals on

the one hand overestimates the number of stable defects by a
factor of 3 to 4 (refs. 11–14), and on the other hand underestimates
the amount of atomic mixing (atoms permanently displaced from
their initial lattice position to replace an atom in another posi-
tion)13,15,16 that takes place as a result of the cascade. Even
though the initial effect is on the nanometric scale, it has also
been estimated that it can lead to macroscopic consequences such
as a 5-year underestimation of the lifetime of a nuclear reactor
pressure vessel exposed to a very high thermal flux17. Similar
trends have also been reported for intermetallic alloys18 and
ceramics19–21. Figure 1 illustrates the time-dependent evolution
of a displacement cascade based on molecular dynamics (MD)
simulations in a typical metal (see Methods section). Such a
displacement cascade can be induced by a passing neutron or
other high-energy (MeV or more) particle. The first lattice atom
to receive a recoil energy is called the primary knock-on atom.
Note how initially, when the atoms are highly excited, many of
them are displaced from their lattice sites. However, as the cas-
cade begins to thermally equilibrate with its surroundings, nearly
all atoms regain positions in the perfect lattice structure. It is
because of these two so-called heat spike effects22,23 (also known
in parts of the literature as ‘thermal spike’) that the amount of
final defects generated is much smaller, and the number of atoms
replacing other atoms (atomic mixing) much larger than the
prediction from simple linear collision cascade models such as the
NRT-dpa model (see Fig. 2). The physical reasons to this are
discussed in detail in the following two subsections (building
upon an earlier review work by us24), which also present
improved functional forms and tests of these against experimental
and new simulation data.

Results
In-cascade recombination effects on defect production. The
physical basis for the overprediction by the NRT-dpa model of
the defect production at high energies is the enhanced recombi-
nation of defects in close proximity in energetic displacement
cascades. The binary collision simulations used as the basis of the
NRT-dpa model3 focused on the collisional phase of the
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Fig. 1 Collision cascade. A cross-sectional view of a collision cascade induced by a 10 keV primary knock-on atom in Au obtained from typical molecular
dynamics simulations. The individual dots show atom positions. Blue circles illustrate atoms with low temperature and red and whitish atoms have high
kinetic energies, with the energy scale given to the right. Note how initially, when the atoms are hot (high kinetic energy), a large number of atoms are
displaced from their lattice sites. However, as the cascade cools down, almost all atoms regain positions in the perfect lattice sites. It is because of these
two so-called ‘heat spike’ effects that the number of atoms replacing other atoms is much larger and the amount of final defects generated much smaller
than the prediction from simple linear collision cascade models like the NRT-dpa model

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03415-5

2 NATURE COMMUNICATIONS | �(2018)�9:1084� | DOI: 10.1038/s41467-018-03415-5 | www.nature.com/naturecommunications

Figure 1. Time lapse of the Molecular Dynamic simulation[1]

2.2.3 DPA-SCO

In Fluka, the DPA-SCO scoring scheme is derived from
the conventional NRT-DPA formalism by introducing
an approximate, energy-dependent efficiency coefficient
ϑSCO(T ), based on molecular dynamics simulations:

ϑSCO(T ) = f
(

T
Ed

)
, (4)

where T is the recoil energy of the primary knock-
on atom and Ed is the threshold displacement energy.
The functional form f (·) represents the fraction of NRT-
predicted defects that survive recombination, and it is ex-
pected to:
• decrease monotonically with increasing recoil energy T ,

• be fitted to results from molecular dynamics simula-
tions,

• account for recombination processes neglected in the
NRT model, and

• reduce the systematic overestimation of defect produc-
tion that characterises simpler formalisms.

Accordingly, the number of DPA-SCO produced at a
given recoil energy can be expressed as:

DPASCO(T ) = ωSCO(T ) DPANRT(T ). (5)

This formulation ensures that the SCO approach re-
mains consistent with the NRT framework, while introduc-
ing physically motivated corrections that bring the predic-
tions into closer agreement with atomistic simulations.

2.2.4 ARC-DPA tally: a new approach

The Athermal Recombination Corrected displacement per
atom (ARC-DPA) is a refined method for quantifying radi-
ation damage, particularly relevant for materials exposed
to high-energy irradiation in reactors or accelerators. It
improves upon the traditional NRT-DPA model by explic-
itly accounting for Frenkel pair recombination during the
displacement cascade, thereby providing more physically
realistic predictions.

Figure 2 illustrates how the ARC-DPA formalism re-
produces more closely the effective number of defects in
tungsten sample, as obtained from molecular dynamics
simulations, in contrast to the systematic overestimation
of displacements predicted by the NRT-DPA model.

Similarly, Figure 3 shows that DPA in tungsten mate-
rial was produced closely by ARC-DPA, bridging the gap
between simplified analytical models and detailed molecu-
lar dynamics simulations.The schematic comparison high-
lights that while the NRT model predicts only the num-
ber of Frenkel pairs initially created, the ARC-DPA ap-
proach incorporates the significant fraction of recombined
defects, yielding a prediction much closer to the actual
number of stable defects.

The ARC-DPA efficiency function is:
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The parameters Ed, barc↑dpa and carc↑dpa are deter-

mined either from molecular dynamics simulations or
from dedicated experiments for the materials under in-
vestigation. These parameters quantify the extent of de-
fect recombination and cascade relaxation effects included
in the ARC-DPA formalism. In the limiting case where
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barc↑dpa = 0 and carc↑dpa = 0, the ARC-DPA model re-
duces to the conventional NRT-dpa formulation.

A comprehensive compilation of recommended pa-
rameter values for different materials is available in
Konobeyev et al. [8], which provides a reference database
for practical implementations of ARC-DPA in radiation
damage simulations.

The parameters used in our simulations for the relevant
materials of the ISIS TS1 target are summarised in table 1

Table 1. ARC-DPA material constants for selected metals. The
errors are given as standard error of the mean (s.e.m.).

Material Ed (eV) barc-dpa carc-dpa
Ni 39 ↑1.01 ± 0.11 0.23 ± 0.01
W&Ta 70 ↑0.56 ± 0.02 0.12 ± 0.01

3 Simulation setup: the upgraded TRAM

The new ISIS TS1 target, in operation since 2020 follow-
ing the TRAM upgrade, is shown in Figure 4, together
with the previous target for comparison. The design was
conceived primarily to reduce the amount of material that
can be regarded as “parasitic” with respect to neutron pro-

• be fitted to results from molecular dynamics simula-
tions,

• account for recombination processes neglected in the
NRT model, and

• reduce the systematic overestimation of defect produc-
tion that characterises simpler formalisms.

Accordingly, the number of DPA-SCO produced at a
given recoil energy can be expressed as:

DPASCO(T ) = ωSCO(T ) DPANRT(T ). (5)

This formulation ensures that the SCO approach re-
mains consistent with the NRT framework, while introduc-
ing physically motivated corrections that bring the predic-
tions into closer agreement with atomistic simulations.

2.2.4 ARC-DPA tally: a new approach

The Athermal Recombination Corrected displacement per
atom (ARC-DPA) is a refined method for quantifying radi-
ation damage, particularly relevant for materials exposed
to high-energy irradiation in reactors or accelerators. It
improves upon the traditional NRT-DPA model by explic-
itly accounting for Frenkel pair recombination during the
displacement cascade, thereby providing more physically
realistic predictions.

Figure 2 illustrates how the ARC-DPA formalism re-
produces more closely the effective number of defects in
tungsten sample, as obtained from molecular dynamics
simulations, in contrast to the systematic overestimation
of displacements predicted by the NRT-DPA model.

Similarly, Figure 3 shows that DPA in tungsten mate-
rial was produced closely by ARC-DPA, bridging the gap
between simplified analytical models and detailed molecu-
lar dynamics simulations.The schematic comparison high-
lights that while the NRT model predicts only the num-
ber of Frenkel pairs initially created, the ARC-DPA ap-
proach incorporates the significant fraction of recombined
defects, yielding a prediction much closer to the actual
number of stable defects.

The ARC-DPA efficiency function is:
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mined either from molecular dynamics simulations or
from dedicated experiments for the materials under in-
vestigation. These parameters quantify the extent of de-
fect recombination and cascade relaxation effects included
in the ARC-DPA formalism. In the limiting case where
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barc↑dpa = 0 and carc↑dpa = 0, the ARC-DPA model re-
duces to the conventional NRT-dpa formulation.

A comprehensive compilation of recommended pa-
rameter values for different materials is available in
Konobeyev et al. [8], which provides a reference database
for practical implementations of ARC-DPA in radiation
damage simulations.

The parameters used in our simulations for the relevant
materials of the ISIS TS1 target are summarised in table 1

Table 1. ARC-DPA material constants for selected metals. The
errors are given as standard error of the mean (s.e.m.).

Material Ed (eV) barc-dpa carc-dpa
Ni 39 ↑1.01 ± 0.11 0.23 ± 0.01
W&Ta 70 ↑0.56 ± 0.02 0.12 ± 0.01

3 Simulation setup: the upgraded TRAM

The new ISIS TS1 target, in operation since 2020 follow-
ing the TRAM upgrade, is shown in Figure 4, together
with the previous target for comparison. The design was
conceived primarily to reduce the amount of material that
can be regarded as “parasitic” with respect to neutron pro-
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The binary collision simulations used as 
the basis of the NRT-DPA model 
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given recoil energy can be expressed as:
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This formulation ensures that the SCO approach re-
mains consistent with the NRT framework, while introduc-
ing physically motivated corrections that bring the predic-
tions into closer agreement with atomistic simulations.

2.2.4 ARC-DPA tally: a new approach
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atom (ARC-DPA) is a refined method for quantifying radi-
ation damage, particularly relevant for materials exposed
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improves upon the traditional NRT-DPA model by explic-
itly accounting for Frenkel pair recombination during the
displacement cascade, thereby providing more physically
realistic predictions.

Figure 2 illustrates how the ARC-DPA formalism re-
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tungsten sample, as obtained from molecular dynamics
simulations, in contrast to the systematic overestimation
of displacements predicted by the NRT-DPA model.

Similarly, Figure 3 shows that DPA in tungsten mate-
rial was produced closely by ARC-DPA, bridging the gap
between simplified analytical models and detailed molecu-
lar dynamics simulations.The schematic comparison high-
lights that while the NRT model predicts only the num-
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proach incorporates the significant fraction of recombined
defects, yielding a prediction much closer to the actual
number of stable defects.
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in the ARC-DPA formalism. In the limiting case where
barc↑dpa = 0 and carc↑dpa = 0, the ARC-DPA model re-
duces to the conventional NRT-dpa formulation.

A comprehensive compilation of recommended pa-
rameter values for different materials is available in
Konobeyev et al. [8], which provides a reference database
for practical implementations of ARC-DPA in radiation
damage simulations.

The parameters used in our simulations for the relevant
materials of the ISIS TS1 target are summarised in table 1

Table 1. ARC-DPA material constants for selected metals. The
errors are given as standard error of the mean (s.e.m.).

Material Ed (eV) barc-dpa carc-dpa
Ni 39 ↑1.01 ± 0.11 0.23 ± 0.01
W&Ta 70 ↑0.56 ± 0.02 0.12 ± 0.01

3 Simulation setup: the upgraded TRAM

The new ISIS TS1 target, in operation since 2020 follow-
ing the TRAM upgrade, is shown in Figure 4, together
with the previous target for comparison. The design was
conceived primarily to reduce the amount of material that

2.2 Models and scoring quantities 3

• ARC-DPA (Athermal Recombination Corrected
DPA)[1], [2]: recently implemented in Fluka, refines
NRT-DPA by incorporating recombination of vacancies
and interstitials during cascade relaxation, through effi-
ciency function, derived from MD models. Predictions
of ARC-DPA show to be closer to DPA-SCO.

All three models can be scored directly in Fluka without
the need for user coding, but simply by enabling the ap-
propriate input options. It should be noted, however, that
material degradation is not modelled dynamically: each
particle history is simulated under the assumption of pris-
tine material conditions.

2.2.1 DPA general formulation

All DPA variants implemented in Fluka are based on the
following general expression:

DPAx(E) =
NA ω

Aw

∫ Tmax

Ed

dT
dε(E)

dT
Nx(Td), (2)

where Td = L(T ) T is the damage energy, with L(T ) the
Lindhard partition function[9], [10], Ed the threshold dis-
placement energy, and Tmax the maximum transferable en-
ergy. The function Nx(Td) specifies the efficiency of the
process, as specified in the following subsections for each
DPA scoring model.

2.2.2 NRT-DPA

In the Norgett Robinson Torrens (NRT) model [11], the
efficiency function is given by:

NNRT(Td) =




0 if 0 < Td < Ed,

1 if Ed < Td <
2Ed

0.8
,

0.8 Td

2Ed
if Td >

2Ed

0.8
.

(3)

The factor of 0.8 accounts for the use of a more real-
istic atomic potential, as opposed to the hard-sphere scat-
tering assumed in the original Kinchin-Pease model[13],
and also provides a crude treatment of recombination effi-
ciency.

Fluka implements the NRT-DPA by integrating pri-
mary knock-on atom recoils above the transport thresh-
old using the NRT rules (0 below Ed, 1 between Ed and
2Ed/0.8, and linear beyond). Below the transport thresh-
old, the Lindhard partition function is used to split be-
tween nuclear (NIEL) and electronic losses, which are
then converted to NRT-DPA using the same rule.

In the NRT-DPA formalism, the number of Frenkel
pairs produced by a primary knock-on atom of kinetic en-
ergy T is given by:

NF,NRT(T ) = ϑ
L(T ) T

2Ed
,

where ϑ is the displacement efficiency (typically 0.8) [14].

Molecular dynamics simulations indicate that the ac-
tual defect survival efficiency decreases with increasing
PKA energy, due to recombination within overlapping cas-
cades. One empirical approximation is:

NMD

NNRT
→ 0.3+

8.81
17.1

X↑4/3 +
9.57

0.3 + 1.3X5/3 , X =
T

20 keV
.

It should be noted that the binary collision simula-
tions underlying the NRT model focused only on the colli-
sional phase of the displacement cascade, neglecting cas-
cade evolution as atomic velocities decrease. As a con-
sequence, NRT-DPA is known to overestimate stable de-
fect production, typically by about a factor of three [1].
Figure 1 shows the time evolution of a collision cascade,
obtained from typical molecular dynamics simulations of
10 keV primary knock-on atom in Au [1]. The individ-
ual dots show atom positions. Blue circles illustrate atoms
with low temperature and red and whitish atoms have high
kinetic energies, with the energy scale given to the right.
Initially, when the atoms are hot (high kinetic energy),
a large number of atoms are displaced from their lattice
sites. However, as the cascade cools down, almost all
atoms regain positions in the perfect lattice sites. It is
because of these two so-called heat spike effects that the
number of atoms replacing other atoms is much larger and
the amount of final defects generated much smaller than
the prediction from simple linear collision cascade models
like the NRT-DPA model

Quantification of the amount of displacement damage
introduced by energetic particle interactions in matter is
important for a broad range of fundamental science and

applied engineering applications ranging from semiconductor
physics to nuclear energy generation1. Kinchin and Pease2

developed the basis for an early model to calculate displacements
per atom (dpa) by considering kinetic energy transfers above a
threshold material-specific displacement energy. The current de
facto international standard for quantifying atomic displacement
levels in irradiated materials is based on the more than 40-year-
old binary collision computer simulations of ion collisions in
solids3,4. The predicted number of atomic displacements (Nd) as a
function of cascade energy, or the damage function, is given in
this model by

Nd Td! Þ ¼
0 ; Td<Ed
1 ; Ed<Td< 2Ed

0:8
0:8Td
2Ed

; 2Ed
0:8 <Td<1

2

64

3

75; !1Þ

where Td is the damage energy, i.e. the kinetic energy available for
creating atomic displacements. The damage energy for a single
ion is given by the total ion energy minus the energy lost to
electronic interactions (ionization). Typical values of Ed for dif-
ferent materials range from 20 to 100 eV5,6. This is essentially the
Kinchin–Pease model, except that the original kinetic energy term
was replaced by the damage energy to account for ionization
effects and a factor of 0.8 was introduced to account for more
realistic interatomic potentials.

The importance of the calculated dpa parameter is that it is the
starting point for calculations of virtually all radiation effects in
solid materials, and it facilitates quantitative comparisons of
different materials irradiated with the same irradiation source as
well as materials irradiated in different irradiation sources such as
electron, ion and neutron irradiation1–8 facilities. Estimation of
the damage is also important in modern materials processing by
focused ion beams, or when irradiating nanomaterials9,10. How-
ever, it has been recognized for several decades that the dpa value
calculated from Eq. (1) for energetic cascades in pure metals on

the one hand overestimates the number of stable defects by a
factor of 3 to 4 (refs. 11–14), and on the other hand underestimates
the amount of atomic mixing (atoms permanently displaced from
their initial lattice position to replace an atom in another posi-
tion)13,15,16 that takes place as a result of the cascade. Even
though the initial effect is on the nanometric scale, it has also
been estimated that it can lead to macroscopic consequences such
as a 5-year underestimation of the lifetime of a nuclear reactor
pressure vessel exposed to a very high thermal flux17. Similar
trends have also been reported for intermetallic alloys18 and
ceramics19–21. Figure 1 illustrates the time-dependent evolution
of a displacement cascade based on molecular dynamics (MD)
simulations in a typical metal (see Methods section). Such a
displacement cascade can be induced by a passing neutron or
other high-energy (MeV or more) particle. The first lattice atom
to receive a recoil energy is called the primary knock-on atom.
Note how initially, when the atoms are highly excited, many of
them are displaced from their lattice sites. However, as the cas-
cade begins to thermally equilibrate with its surroundings, nearly
all atoms regain positions in the perfect lattice structure. It is
because of these two so-called heat spike effects22,23 (also known
in parts of the literature as ‘thermal spike’) that the amount of
final defects generated is much smaller, and the number of atoms
replacing other atoms (atomic mixing) much larger than the
prediction from simple linear collision cascade models such as the
NRT-dpa model (see Fig. 2). The physical reasons to this are
discussed in detail in the following two subsections (building
upon an earlier review work by us24), which also present
improved functional forms and tests of these against experimental
and new simulation data.

Results
In-cascade recombination effects on defect production. The
physical basis for the overprediction by the NRT-dpa model of
the defect production at high energies is the enhanced recombi-
nation of defects in close proximity in energetic displacement
cascades. The binary collision simulations used as the basis of the
NRT-dpa model3 focused on the collisional phase of the
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Fig. 1 Collision cascade. A cross-sectional view of a collision cascade induced by a 10 keV primary knock-on atom in Au obtained from typical molecular
dynamics simulations. The individual dots show atom positions. Blue circles illustrate atoms with low temperature and red and whitish atoms have high
kinetic energies, with the energy scale given to the right. Note how initially, when the atoms are hot (high kinetic energy), a large number of atoms are
displaced from their lattice sites. However, as the cascade cools down, almost all atoms regain positions in the perfect lattice sites. It is because of these
two so-called ‘heat spike’ effects that the number of atoms replacing other atoms is much larger and the amount of final defects generated much smaller
than the prediction from simple linear collision cascade models like the NRT-dpa model
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Figure 1. Time lapse of the Molecular Dynamic simulation[1]

2.2.3 DPA-SCO

In Fluka, the DPA-SCO scoring scheme is derived from
the conventional NRT-DPA formalism by introducing
an approximate, energy-dependent efficiency coefficient
ϑSCO(T ), based on molecular dynamics simulations:

ϑSCO(T ) = f
(

T
Ed

)
, (4)

where T is the recoil energy of the primary knock-
on atom and Ed is the threshold displacement energy.
The functional form f (·) represents the fraction of NRT-
predicted defects that survive recombination, and it is ex-
pected to:
• decrease monotonically with increasing recoil energy T ,

Not every T dislodges atoms: damage threshold energy
• Only recoil energies above the 

damage threshold Ed 
(typically 10s of eV) dislodge 
the target ion from its lattice 
site (PKA)

16RADSUM

• Considerable variation of Ed as a function of 
lattice site, momentum-transfer direction, etc

• FLUKA asks user for average displacement 
threshold (user-input or 30 eV by default)https://doi.org/10.1073/pnas.2134173100
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• be fitted to results from molecular dynamics simula-
tions,

• account for recombination processes neglected in the
NRT model, and

• reduce the systematic overestimation of defect produc-
tion that characterises simpler formalisms.

Accordingly, the number of DPA-SCO produced at a
given recoil energy can be expressed as:

DPASCO(T ) = ωSCO(T ) DPANRT(T ). (5)

This formulation ensures that the SCO approach re-
mains consistent with the NRT framework, while introduc-
ing physically motivated corrections that bring the predic-
tions into closer agreement with atomistic simulations.

2.2.4 ARC-DPA tally: a new approach

The Athermal Recombination Corrected displacement per
atom (ARC-DPA) is a refined method for quantifying radi-
ation damage, particularly relevant for materials exposed
to high-energy irradiation in reactors or accelerators. It
improves upon the traditional NRT-DPA model by explic-
itly accounting for Frenkel pair recombination during the
displacement cascade, thereby providing more physically
realistic predictions.

Figure 2 illustrates how the ARC-DPA formalism re-
produces more closely the effective number of defects in
tungsten sample, as obtained from molecular dynamics
simulations, in contrast to the systematic overestimation
of displacements predicted by the NRT-DPA model.

Similarly, Figure 3 shows that DPA in tungsten mate-
rial was produced closely by ARC-DPA, bridging the gap
between simplified analytical models and detailed molecu-
lar dynamics simulations.The schematic comparison high-
lights that while the NRT model predicts only the num-
ber of Frenkel pairs initially created, the ARC-DPA ap-
proach incorporates the significant fraction of recombined
defects, yielding a prediction much closer to the actual
number of stable defects.

The ARC-DPA efficiency function is:

Nd,arc-dpa(Td) =




0, Td < Ed,
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0.8
2Ed

Td εarc-dpa(Td), 2Ed
0.8 < Td < →.

(6)
where:

εARC-DPA(Td) =
(
1 ↑ carc-dpa

) (2Ed

0.8

)barc-dpa

T barc-dpa

d + carc-dpa.

(7)
The parameters Ed, barc↑dpa and carc↑dpa are deter-

mined either from molecular dynamics simulations or
from dedicated experiments for the materials under in-
vestigation. These parameters quantify the extent of de-
fect recombination and cascade relaxation effects included
in the ARC-DPA formalism. In the limiting case where

Figure 2. Improvement of DPA prediction with ARC-DPA in W
material

Figure 3. Left: Damage production predicted by the NRT-DPA
model. Right: actual damage production, addressed by the new
ARC-DPA [1]

barc↑dpa = 0 and carc↑dpa = 0, the ARC-DPA model re-
duces to the conventional NRT-dpa formulation.

A comprehensive compilation of recommended pa-
rameter values for different materials is available in
Konobeyev et al. [8], which provides a reference database
for practical implementations of ARC-DPA in radiation
damage simulations.

The parameters used in our simulations for the relevant
materials of the ISIS TS1 target are summarised in table 1

Table 1. ARC-DPA material constants for selected metals. The
errors are given as standard error of the mean (s.e.m.).

Material Ed (eV) barc-dpa carc-dpa
Ni 39 ↑1.01 ± 0.11 0.23 ± 0.01
W&Ta 70 ↑0.56 ± 0.02 0.12 ± 0.01

3 Simulation setup: the upgraded TRAM

The new ISIS TS1 target, in operation since 2020 follow-
ing the TRAM upgrade, is shown in Figure 4, together
with the previous target for comparison. The design was
conceived primarily to reduce the amount of material that
can be regarded as “parasitic” with respect to neutron pro-
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formation regime14) the displacement cascades are roughly
spherical with radius R, and form a liquid-like zone of dense
collisions (the heat spike described above).

It is further assumed that only interstitials transported to the
cascade outer periphery defined by R − L to R will result in stable
defects, whereas Frenkel pairs created in the cascade interior (0 to
R − L) will experience recombination. The fraction of initially
created NRT-dpa defects that survive is therefore given by the
ratio of the outer spherical shell volume to the total cascade
volume:

ξsurvive ! Vouter"Vinner
Vouter

! ð4πR3=3Þ"ðð4πðR"LÞ3Þ=3Þ
4πR3=3

! 3 L
R " 3 L2

R2 þ L3
R3 & 3 L

R

ð2Þ

for L≪ R. This ‘surviving defect production fraction’ ξsurvive thus
tells which fraction of defects predicted by the NRT-dpa model
without any recombination survives. The cascade radius R can be,
within the regime of spherical cascades, estimated from classical
theory of nuclear stopping power28,29. In practice, we used the
SRIM code that implements an integral calculation to obtain
mean range tables, based on cross sections from the widely used
Ziegler−Biersack−Littmark (ZBL) interatomic potential29.

We found that low-energy (less than or of the order to 10 keV)
recoils of damage energy Td have an average movement distance
(range) R that is proportional to Tx

d , where the exponent x is ~
0.4–0.6 for the metals considered in this study. Since R / Tx

d , this
further gives

Nd′ Tdð Þ 0:8Td

2Ed
ξsurvive !

0:8Td

2Ed
3
L
R
/ 0:8Td

2Ed
3
L
Tx
d
/ T1"x

d : ð3Þ

This simple model thus provides an intuitive explanation for
why cascade damage production is sublinear with damage energy
in the heat spike regime. Physically realistic MD simulation
studies14,30 have reported that defect production rates up to the
onset of subcascade formation in a variety of metals can be well
described by Nd ~ (Td)1−x, where x is between 0.2 and 0.3. These
x values are slightly larger than the value obtained in our
simplified model because real cascades are not perfectly spherical
and some defects form small clusters, reducing the recombination
probability.

However, it is well known that at high energies cascades break
up into subcascades24,31,32, after which damage production

becomes linear with energy. Hence the surviving defect fraction
factor ξ Tdð Þ that accounts also for subcascade breakdown should
have the feature of being a power law at low energies, but
becoming a constant c at high ones. A function that fulfils both
criteria is

ξ Tdð Þ ! A′Tb
d þ c; ð4Þ

where b < 0 is consistent with the damage production efficiency
reducing with increasing energy Td and the desired limit ξ Tdð Þ !
c when Td →∞. This thus gives a total damage production

Nd′ Tdð Þ ! 0:8Td

2Ed
A′Tb

d þ c
! "

!
0:8A′T1þb

d

2Ed
þ 0:8 c Td

2Ed
: ð5Þ

Note that here the exponent b is not the same as x, since the
latter ξ function is not a pure power law. The prefactor A′ is
defined by demanding the function to be continuous, i.e.
ξð2Ed=0:8Þ ! 1.

Taken together, this derivation leads us to propose (based in
part on review work done within an OECD Nuclear Energy
Agency group24) a modified defect production model, the
athermal recombination corrected displacements per atom (arc-
dpa).

Nd;arcdpa Tdð Þ !
0 ; Td<Ed
1 ; Ed<Td< 2Ed

0:8
0:8Td
2Ed

ξarcdpa Tdð Þ ; 2Ed
0:8 <Td<1

2

64

3

75 ð6Þ

with the new efficiency function ξarcdpa Tdð Þ given by

ξarcdpa Tdð Þ !
1" carcdpa
2Ed=0:8ð Þbarcdpa

Tbarcdpa
d þ carcdpa: ð7Þ

Here Ed is the average threshold displacement energy33 which is
the same as in the NRT-dpa and barcdpa and carcdpa are material
constants, that need to be determined for a given material from
MD simulations or experiments. The overall form (Eq. (5)) and
the constant 0.8 are retained for direct comparison with the NRT-
dpa model; in particular making it easy to modify computer codes
that now use the NRT-dpa by simply multiplying with the
function ξarcdpa Tdð Þ.

Figure 3 compares the derived arc-dpa expression for Fe and
W with several recent MD simulation results used for the fitting.
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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.
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ISIS Neutron and 
Muon Source

FLUKA Model of  ISIS-TS1 Target Reflector Moderator Assembly 

• Total mass TS1 target =61 kg (of which 46 kg is W) 
• Segmented target(10 Plates) cooled by D2O 
• Reflector reduced in size  (edge cooled, multi 

brick Beryllium surrounded by Boral layer)

Some technical details
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duction, i.e. material required for structural support but
which contributes negatively to the neutron economy.

 

Figure 1: TS1 target: current and upgraded version 

 
 

FLUKA model of the upgraded Target Reflector and Moderator modulus for TS1 

Geometry and material 

Figure 2 shows the FLUKA [1] model of the upgraded TS1-TRAM. The model has been built in such a 
way to be able to have a direct estimation of the average neutron track-length in each TRAM 
component or sub-assembly whose radionuclide inventory could be actually monitored and 
measured during either maintenance campaigns or at the end the operation life. This required to 
implement the beryllium reflector module according the “brick by brick” approach, following as close 
as reasonable the engineering mechanical drawings of each component. 

Figure 2: The FLUKA model 

 

In order to assess the geometric accuracy of the model, we used as figure of merit the comparison of 
the volume estimations for all the components made of, respectively, tungsten tantalum, stainless 
steel (SS) and beryllium. For all those components, we found a difference less than 3% between the 
CAD estimations and the FLUKA ones. The volumes have been calculated in the FLUKA model using a 

Figure 4. Previous ISIS TS1 target and the upgraded configura-
tion implemented after the TRAM upgrade.

Figure 5. Detailed model of the upgraded ISIS TS1 target, in
operation since 2020. The tantalum-clad housings for the ther-
mocouples, alternately positioned on the right and left sides of
the target, as well as the cooling water channel are clearly visi-
ble.

Overall, the total target mass has been reduced by ap-
proximately 60%, from 153.8 kg in the former configu-
ration to 61.0 kg in the upgraded design, while maintain-
ing an almost unchanged tungsten inventory (47.3 kg in
the former target versus 46.0 kg in the new one). Since
tungsten is the principal neutron-producing material, this
reduction strategy minimises parasitic mass without com-
promising neutron yield.

The tungsten core of the upgraded TS1 target has a
circular cross-section with a radius of 4.9 cm, clad in a
0.15 cm thick tantalum layer. The thickness and volume
of each individual plate are reported in Table 2.

The reflector and moderator systems were also up-
graded with several modifications:

• the reflector was reduced in size; the stainless-steel ves-
sel filled with beryllium rods was replaced by an edge-
cooled, multi-brick beryllium structure surrounded by a
Boral layer;

• flight-line liners were simplified, with steel removed and
only Boral retained;

• cooling pads were added;
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steel (SS) and beryllium. For all those components, we found a difference less than 3% between the 
CAD estimations and the FLUKA ones. The volumes have been calculated in the FLUKA model using a 

Figure 6. FLUKA model of the TRAM assembly. The tungsten
target is located at the centre, with water moderators positioned
above and cryogenic moderators below. The surrounding grey
blocks represent the beryllium reflector.

Table 2. Thickness and volume of each tungsten plate
(the volume of the thermocouple housing has been subtracted ).

Plate tW W Ta
no [cm] V[cm3] V[cm3]
1 1.1 82.341 40.522
2 1.2 89.884 41.804
3 1.4 104.970 44.367
4 1.6 120.056 46.931
5 1.6 120.056 46.931
6 1.9 142.685 50.776
7 2.3 172.857 55.903
8 2.9 218.115 63.594
9 3.7 278.458 73.848
10 14.3 1078.013 209.716

• in the methane moderator, the third aluminium layer was
removed and a second gadolinium foil inserted;

• in the hydrogen moderator, the height was reduced and
water pre-moderators were introduced;

A representation of the corresponding Flukamodel for
TRAM is provided in Figure 6. This Fluka model has
been successfully benchmarked against experimental data,
specifically with respect to: (a) energy density deposition
during the prompt irradiation phase [15], (b) decay heat
generation [16], and (c) radionuclide inventory relevant to
activation and radiological protection [17].

A summary of these benchmarking results is shown in
Figure 7.

4 ISIS TS1 target: input parameters and

envisaged tallies for radiation damage

analysis

Relevant Input parameters within FLUKA

The main beam parameters adopted for radiation damage
simulations are summarised in Table 3.

Figure 8 is a screenshot of the FLUKA input within
the flair graphical interface, that shows how the material
properties Ed and ARC-DPA related parameters (barc→dpa
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• in the methane moderator, the third aluminium layer was
removed and a second gadolinium foil inserted;

• in the hydrogen moderator, the height was reduced and
water pre-moderators were introduced;

A representation of the corresponding Flukamodel for
TRAM is provided in Figure 6. This Fluka model has
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specifically with respect to: (a) energy density deposition
during the prompt irradiation phase [15], (b) decay heat
generation [16], and (c) radionuclide inventory relevant to
activation and radiological protection [17].
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4 ISIS TS1 target: input parameters and

envisaged tallies for radiation damage

analysis

Relevant Input parameters within FLUKA

The main beam parameters adopted for radiation damage
simulations are summarised in Table 3.

Figure 8 is a screenshot of the FLUKA input within
the flair graphical interface, that shows how the material
properties Ed and ARC-DPA related parameters (barc→dpa

Plate
N

tW
[cm]

W
V[cm3]

Ta
V[cm3]

1 1.1 82.341 40.522
2 1.2 89.884 41.804
3 1.4 104.970 44.367
4 1.6 120.056 46.931
5 1.6 120.056 46.931
6 1.9 142.685 50.776
7 2.3 172.857 55.903
8 2.9 218.115 63.594
9 3.7 278.458 73.848

10 14.3 1078.013 209.716

cooling channels between the plates are 2 mm 
wide. The target core is enclosed in a stainless-
steel pressure vessel, and heavy water (D2O) 
coolant is pumped through the cooling 
channels 
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ISIS Neutron and 
Muon Source

Upgraded Target TS1: FLUKA Simulation Results
Energy Deposition and particle fluence and fluence energy spectra

Peak DPA (local hot-spot).

A robust peak should not depend on a single noisy voxel.
We therefore used the local neighbourhood peak:

DPApeak = max
(i,k, j)→Ωcore

1
|Nik j|

∑

(p,q,r)→Nik j

DPA(xp, yq, zr),

(12)
whereNik j is a small stencil (e.g. 3↑ 3↑ 3 voxels) centred
at (i, k, j). Figure 10 provides an illustrative example of
how the peak value is determined: it corresponds to the
maximum value observed in the longitudinal cross section
of the target, with the range restricted to two bins in the
transverse direction, in line with a conservative approach
(i.e, peak value equal to "1.4E-22 DPA/primary/bin".

Figure 10. 1d plot for ARC-DPA peak value assessment

For completeness, we emphasise that a mesh-
convergence analysis was consistently carried out. The
spatial discretisation was refined until both metrics exhib-
ited variations of less than 5%, which was adopted as the
convergence criterion.

Reporting both DPAavg and DPApeak conveys global
loading and local hot-spot severity (useful for lifetime vs.
failure-risk analyses).

Normalisation and multiple derived units (per primary,
per second, per Ah).

Let dpapp denote the DPA per primary (the native normal-
isation of USRBIN). For a beam current I (C/s), the DPA
rate [s↓1]is:

dpas = dpapp I/e

where e is the elementary charge.
Given that in 1Amp-h there are a number of protons =

3600
e , where e = 1.6 · 10↓19C , then:

dpa/Amp ↓ h = dpapp
3600

e

Analogy in MCNP.

In MCNP/MCNPX, DPA fields are typically obtained by
combining flux tallies (F4, FMESH) with damage-energy
cross sections (ENDF MT=444) using the multiplier card

FMn. The spatial DPA distribution is then mapped on the
mesh; the same definitions as Eqs. (11)-(12) apply for av-
erage and peak values. As with Fluka, the DPA are ob-
tained per primary particle.

5 ISIS TS1 upgraded target: radiation field

simulation

The estiamted spatial distribution of the neutron and pro-
ton fields across the entire TRAM assembly is shown in
Figure11, whilst the energy density distribution in the tar-
get, with separate contributions from charged and neutral
particles, is reported in Figure12. These results highlight
the distinct behaviour of the two fields: the neutron field is
nearly isotropic, whereas the proton field remains strongly
forward-peaked, forming a conical distribution around the
target axis as a result of proton scattering with high-Z ma-
terials.

The energy deposition by charged particles reflects
both nuclear and electronic stopping mechanisms. In the
upstream plates, inelastic nuclear collisions dominate the
energy loss of the primary 800 MeV protons, while in the
downstream region, as protons slow down, electronic stop-
ping becomes increasingly significant. The effective pro-
ton range in tungsten is about 25 cm, and a Bragg-peak-
like maximum is observed in the final plate, which acts as
a beam dump.

Figure 11. Neutron (Left) and Proton (Right) spatial density in
the whole TRAM

By contrast, the energy deposition from neutral par-
ticles (predominantly neutrons) is more uniformly dis-
tributed across the target. The highest values are ob-
served between the second and fifth plates, coinciding
with the region of maximum secondary neutron produc-
tion. Figure 13 reports the isolethargic neutron energy
spectra (dN/d log E) for each plate. The results show that
the neutron fluence reaches maximum values in plates 3
and 4. In all plates, the spectra are dominated by evapo-
ration neutrons with energies around 1 MeV, while only
a small fraction (a few percent) of high-energy neutrons
is produced directly in intranuclear cascade interactions of
the primary protons with the target nuclei. The fraction of
very high neutrons is lowering across the target depth, as
expected, since the primary proton degradation energy in
going through the target.
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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 FWHM 4.215 cm
∆E ±0.4% Div. H/Div. V 100-90 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-
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
their contribution to DPA negligible. For both physical ac-
curacy and computational efficiency, in our Fluka setups
for radiation damage calculations low transport thresholds
were therefore applied only to charged hadrons and ions,
but not to electrons or photons.

6 DPA ESTIMATES: ARC-DPA A NEW APPROACH 9

Figure 12. Energy density spatial distribution in the target due
to all charged particles (Left), all the neutral particles (Right).
Please not that different scale are used in the two plots

Figure 13. Neutron fluence energy spectrum evaluated for
each tungsten plate. The highest fluence values are observed in
plates 3 and 4.

6 DPA estimates: ARC-DPA a new

approach

Figure 14 shows the spatial distribution of displacement-
per-atom values obtained with the three different models
implemented in Fluka: DPA-NRT, DPA-SCO, and ARC-
DPA. A direct comparison highlights the tendency of the
DPA-NRT approach to significantly overestimate radia-
tion damage, particularly in the high-intensity region near
the beam impact point. By contrast, both the DPA-SCO
and ARC-DPA models yield lower values, reflecting their
more realistic treatment of damage production. In partic-
ular, these models incorporate the recombination of point
defects during the displacement cascade, which reduces
the effective number of surviving Frenkel pairs compared
with the simplistic NRT assumption. The spatial pat-
terns are broadly consistent across the three models, with
a maximum in the first plates where the proton interac-
tions are most intense, and a gradual decrease along the
target depth. However, the DPA-NRT magnitudes differ
substantially, with ARC-DPA and DPA-SCO providing re-
sults closer to those expected from molecular dynamics

Figure 14. DPA-NRT (Left), DPA-SCO (Middle) and
ARC-DPA (Right) spatial distribution in target (units of dpa:
dpa/bin/primary)

simulations, and therefore offering a more reliable basis
for predicting target material degradation and lifetime.

The average and peak DPA values for all the three
scoring models, obtained from an optimised 3d mesh of
the whole target, are summarised in Table 4. The results
confirm the systematic overestimation of radiation damage
by the DPA-NRT approach, which yields values approxi-
mately three times higher than those from DPA-SCO and
about four times higher than those from ARC-DPA.

Table 4. Summary of displacement per atom estimates for the
(W+Ta) target obtained with DPA-SCO, DPA-NRT and

ARC-DPA models. Both average (AVG) and peak (PEAK)
values are reported.

(W+Ta) DPA-SCO DPA-NRT ARC-DPA
target

Monte Carlo Rate [dpa/primary]

AVG 7.5 → 10↑23 ± 5% 2.5 → 10↑22 ± 4% 6.7 → 10↑23 ± 4%

PEAK 2.1 → 10↑22 ± 15% 5.8 → 10↑22 ± 15% 1.4 → 10↑22 ± 15%

Dpa rate [dpa s↑1] (200 µA proton beam)

AVG 9.4 → 10↑8 3.1 → 10↑7 8.4 → 10↑8

PEAK 2.6 → 10↑7 7.2 → 10↑7 1.75 → 10↑7

Estimated dpa in one year [dpa]a

AVG 3 10 2.6

PEAK 8 22 5.5

Dose per Amp-hour [dpa/Ah]

AVG 1.69 5.58 1.51

PEAK 4.68 12.96 3.15

a Values estimated under the assumption of continuous operation at full beam
current (24 h/day, 365 days/year).

ARC-DPA estimates plate by plate

Figure 15 presents the results of the ARC-DPA rate pro-
duction resolved plate by plate, estimated by using an ir-
radiation proton current of 200µA. The rate for a different
operating current can be derived from the reported values
in the plot multiplying by a factor I(µA)

200 . For each plate,
the simulation reports the average value of the displace-
ments per atom rate separately for the tungsten core and

G
eV

/c
m

3/
pr

G
eV

/c
m

3/
pr

6 DPA ESTIMATES: ARC-DPA A NEW APPROACH 9

Figure 12. Energy density spatial distribution in the target due
to all charged particles (Left), all the neutral particles (Right).
Please not that different scale are used in the two plots

Figure 13. Neutron fluence energy spectrum evaluated for
each tungsten plate. The highest fluence values are observed in
plates 3 and 4.

6 DPA estimates: ARC-DPA a new

approach

Figure 14 shows the spatial distribution of displacement-
per-atom values obtained with the three different models
implemented in Fluka: DPA-NRT, DPA-SCO, and ARC-
DPA. A direct comparison highlights the tendency of the
DPA-NRT approach to significantly overestimate radia-
tion damage, particularly in the high-intensity region near
the beam impact point. By contrast, both the DPA-SCO
and ARC-DPA models yield lower values, reflecting their
more realistic treatment of damage production. In partic-
ular, these models incorporate the recombination of point
defects during the displacement cascade, which reduces
the effective number of surviving Frenkel pairs compared
with the simplistic NRT assumption. The spatial pat-
terns are broadly consistent across the three models, with
a maximum in the first plates where the proton interac-
tions are most intense, and a gradual decrease along the
target depth. However, the DPA-NRT magnitudes differ
substantially, with ARC-DPA and DPA-SCO providing re-
sults closer to those expected from molecular dynamics

Figure 14. DPA-NRT (Left), DPA-SCO (Middle) and
ARC-DPA (Right) spatial distribution in target (units of dpa:
dpa/bin/primary)

simulations, and therefore offering a more reliable basis
for predicting target material degradation and lifetime.

The average and peak DPA values for all the three
scoring models, obtained from an optimised 3d mesh of
the whole target, are summarised in Table 4. The results
confirm the systematic overestimation of radiation damage
by the DPA-NRT approach, which yields values approxi-
mately three times higher than those from DPA-SCO and
about four times higher than those from ARC-DPA.

Table 4. Summary of displacement per atom estimates for the
(W+Ta) target obtained with DPA-SCO, DPA-NRT and

ARC-DPA models. Both average (AVG) and peak (PEAK)
values are reported.

(W+Ta) DPA-SCO DPA-NRT ARC-DPA
target

Monte Carlo Rate [dpa/primary]

AVG 7.5 → 10↑23 ± 5% 2.5 → 10↑22 ± 4% 6.7 → 10↑23 ± 4%

PEAK 2.1 → 10↑22 ± 15% 5.8 → 10↑22 ± 15% 1.4 → 10↑22 ± 15%

Dpa rate [dpa s↑1] (200 µA proton beam)

AVG 9.4 → 10↑8 3.1 → 10↑7 8.4 → 10↑8

PEAK 2.6 → 10↑7 7.2 → 10↑7 1.75 → 10↑7

Estimated dpa in one year [dpa]a

AVG 3 10 2.6

PEAK 8 22 5.5

Dose per Amp-hour [dpa/Ah]

AVG 1.69 5.58 1.51

PEAK 4.68 12.96 3.15

a Values estimated under the assumption of continuous operation at full beam
current (24 h/day, 365 days/year).

ARC-DPA estimates plate by plate

Figure 15 presents the results of the ARC-DPA rate pro-
duction resolved plate by plate, estimated by using an ir-
radiation proton current of 200µA. The rate for a different
operating current can be derived from the reported values
in the plot multiplying by a factor I(µA)

200 . For each plate,
the simulation reports the average value of the displace-
ments per atom rate separately for the tungsten core and
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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/
cm

2/
pr



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

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
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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.
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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



DPA in TS1 Target 

6 DPA ESTIMATES: ARC-DPA A NEW APPROACH 9

Figure 12. Energy density spatial distribution in the target due
to all charged particles (Left), all the neutral particles (Right).
Please not that different scale are used in the two plots

Figure 13. Neutron fluence energy spectrum evaluated for
each tungsten plate. The highest fluence values are observed in
plates 3 and 4.

6 DPA estimates: ARC-DPA a new

approach

Figure 14 shows the spatial distribution of displacement-
per-atom values obtained with the three different models
implemented in Fluka: DPA-NRT, DPA-SCO, and ARC-
DPA. A direct comparison highlights the tendency of the
DPA-NRT approach to significantly overestimate radia-
tion damage, particularly in the high-intensity region near
the beam impact point. By contrast, both the DPA-SCO
and ARC-DPA models yield lower values, reflecting their
more realistic treatment of damage production. In partic-
ular, these models incorporate the recombination of point
defects during the displacement cascade, which reduces
the effective number of surviving Frenkel pairs compared
with the simplistic NRT assumption. The spatial pat-
terns are broadly consistent across the three models, with
a maximum in the first plates where the proton interac-
tions are most intense, and a gradual decrease along the
target depth. However, the DPA-NRT magnitudes differ
substantially, with ARC-DPA and DPA-SCO providing re-
sults closer to those expected from molecular dynamics

Figure 14. DPA-NRT (Left), DPA-SCO (Middle) and
ARC-DPA (Right) spatial distribution in target (units of dpa:
dpa/bin/primary)

simulations, and therefore offering a more reliable basis
for predicting target material degradation and lifetime.

The average and peak DPA values for all the three
scoring models, obtained from an optimised 3d mesh of
the whole target, are summarised in Table 4. The results
confirm the systematic overestimation of radiation damage
by the DPA-NRT approach, which yields values approxi-
mately three times higher than those from DPA-SCO and
about four times higher than those from ARC-DPA.

Table 4. Summary of displacement per atom estimates for the
(W+Ta) target obtained with DPA-SCO, DPA-NRT and

ARC-DPA models. Both average (AVG) and peak (PEAK)
values are reported.

(W+Ta) DPA-SCO DPA-NRT ARC-DPA
target

Monte Carlo Rate [dpa/primary]

AVG 7.5 → 10↑23 ± 5% 2.5 → 10↑22 ± 4% 6.7 → 10↑23 ± 4%

PEAK 2.1 → 10↑22 ± 15% 5.8 → 10↑22 ± 15% 1.4 → 10↑22 ± 15%

Dpa rate [dpa s↑1] (200 µA proton beam)

AVG 9.4 → 10↑8 3.1 → 10↑7 8.4 → 10↑8

PEAK 2.6 → 10↑7 7.2 → 10↑7 1.75 → 10↑7

Estimated dpa in one year [dpa]a

AVG 3 10 2.6

PEAK 8 22 5.5

Dose per Amp-hour [dpa/Ah]

AVG 1.69 5.58 1.51

PEAK 4.68 12.96 3.15

a Values estimated under the assumption of continuous operation at full beam
current (24 h/day, 365 days/year).

ARC-DPA estimates plate by plate

Figure 15 presents the results of the ARC-DPA rate pro-
duction resolved plate by plate, estimated by using an ir-
radiation proton current of 200µA. The rate for a different
operating current can be derived from the reported values
in the plot multiplying by a factor I(µA)

200 . For each plate,
the simulation reports the average value of the displace-
ments per atom rate separately for the tungsten core and

Ed

THE DPA-NRT approach provides radiation damage value significantly higher  (a factor 4 approx) than the ARC-dpa, especially in the high-intensity region 
near the beam impact point.  

ARC-DPA reflect their more realistic treatment of damage production (incorporating the recombination of point defects during the displacement cascade, 
which reduces the effective number of surviving Frenkel pairs) 

The spatial patterns are broadly consistent across the 2 models, with a maximum in the first plates where the proton interactions are most intense, and a 
gradual decrease along the target depth.

• Tungsten 70 ev 

• Tantalum 70 eV 

• Iron 40 eV 

• Nickel 40 eV

usrbin:spatial mesh for Avg and peak values in whole target 

*

*

*

*

* The avg values here reported corresponds to the maximum among all the mean values for each region (i.e plate)

Peak DPA (local hot-spot).

A robust peak should not depend on a single noisy voxel.
We therefore used the local neighbourhood peak:

DPApeak = max
(i,k, j)→Ωcore

1
|Nik j|

∑

(p,q,r)→Nik j

DPA(xp, yq, zr),

(12)
whereNik j is a small stencil (e.g. 3↑ 3↑ 3 voxels) centred
at (i, k, j). Figure 10 provides an illustrative example of
how the peak value is determined: it corresponds to the
maximum value observed in the longitudinal cross section
of the target, with the range restricted to two bins in the
transverse direction, in line with a conservative approach
(i.e, peak value equal to "1.4E-22 DPA/primary/bin".

Figure 10. 1d plot for ARC-DPA peak value assessment

For completeness, we emphasise that a mesh-
convergence analysis was consistently carried out. The
spatial discretisation was refined until both metrics exhib-
ited variations of less than 5%, which was adopted as the
convergence criterion.

Reporting both DPAavg and DPApeak conveys global
loading and local hot-spot severity (useful for lifetime vs.
failure-risk analyses).

Normalisation and multiple derived units (per primary,
per second, per Ah).

Let dpapp denote the DPA per primary (the native normal-
isation of USRBIN). For a beam current I (C/s), the DPA
rate [s↓1]is:

dpas = dpapp I/e

where e is the elementary charge.
Given that in 1Amp-h there are a number of protons =

3600
e , where e = 1.6 · 10↓19C , then:

dpa/Amp ↓ h = dpapp
3600

e

Analogy in MCNP.

In MCNP/MCNPX, DPA fields are typically obtained by
combining flux tallies (F4, FMESH) with damage-energy
cross sections (ENDF MT=444) using the multiplier card

FMn. The spatial DPA distribution is then mapped on the
mesh; the same definitions as Eqs. (11)-(12) apply for av-
erage and peak values. As with Fluka, the DPA are ob-
tained per primary particle.

5 ISIS TS1 upgraded target: radiation field

simulation

The estiamted spatial distribution of the neutron and pro-
ton fields across the entire TRAM assembly is shown in
Figure11, whilst the energy density distribution in the tar-
get, with separate contributions from charged and neutral
particles, is reported in Figure12. These results highlight
the distinct behaviour of the two fields: the neutron field is
nearly isotropic, whereas the proton field remains strongly
forward-peaked, forming a conical distribution around the
target axis as a result of proton scattering with high-Z ma-
terials.

The energy deposition by charged particles reflects
both nuclear and electronic stopping mechanisms. In the
upstream plates, inelastic nuclear collisions dominate the
energy loss of the primary 800 MeV protons, while in the
downstream region, as protons slow down, electronic stop-
ping becomes increasingly significant. The effective pro-
ton range in tungsten is about 25 cm, and a Bragg-peak-
like maximum is observed in the final plate, which acts as
a beam dump.

Figure 11. Neutron (Left) and Proton (Right) spatial density in
the whole TRAM

By contrast, the energy deposition from neutral par-
ticles (predominantly neutrons) is more uniformly dis-
tributed across the target. The highest values are ob-
served between the second and fifth plates, coinciding
with the region of maximum secondary neutron produc-
tion. Figure 13 reports the isolethargic neutron energy
spectra (dN/d log E) for each plate. The results show that
the neutron fluence reaches maximum values in plates 3
and 4. In all plates, the spectra are dominated by evapo-
ration neutrons with energies around 1 MeV, while only
a small fraction (a few percent) of high-energy neutrons
is produced directly in intranuclear cascade interactions of
the primary protons with the target nuclei. The fraction of
very high neutrons is lowering across the target depth, as
expected, since the primary proton degradation energy in
going through the target.

Local neighbourhood 
peak.where Nik j is a 
small stencil (e.g. 3 ×3 
×3 voxels) centred at 
(i,k, j). 

1D projection:



Distinguishing contributions: neutral vs charged particles

mostly isotropic mainly proton beam footprint 

Figure shows the ARC-DPA contributions 
from charged particles (right) and 
neutral (left).  

I t i s ev ident that the dominant 
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 di!erent spatial 
pattern, characterised by a more di!use 
and extended distribution across the 
target plates. This highlights the distinct 
roles of neutral and charged particles in 
the overall radiation damage process. 

charged part.neutral part.



Plate by Plate Results
usrbin region: avg DPA in region

Figure 15. ARC-DPA averaged in W core & Ta cladding re-
gions of each plate (statistical error within 5%)

the tantalum cladding. These values were obtained using
the USRBIN scoring option in REGION mode.

If the USRBIN region option is selected, the results
must be normalised by the corresponding region volume.
This is because, by definition, the evaluation of DPA de-
pends on the number of atoms contained within the scored
volume, which implicitly requires normalisation by vol-
ume. Accordingly, the raw results must be divided by the
region volume (in cm3) to yield a physically meaningful
estimate of the DPA.

A detailed analysis was also performed to examine and
compare the distribution of radiation damage, expressed
in terms of displacements per atom, between the front and
rear faces of each tantalum cladding. Here, the front face
refers to the surface first impinged by the primary proton
beam. The results indicate a clear asymmetry between the
front and rear surfaces.

In the first two plates, the rear face experiences a mod-
erately higher level of damage, with average DPA values
up to 18% greater than those at the front face. From the
third plate onwards, however, the trend is reversed: the
front face progressively becomes more affected, and by
the ninth plate the DPA in the front region of the tanta-
lum cladding is approximately 50% higher than that in the
corresponding rear face.

This inversion of the damage profile reflects the evo-
lution of the proton interaction processes along the target
depth, with nuclear collisions dominating in the upstream
plates and energy loss through secondary particle cascades
and ionisation becoming more prominent further down-
stream.

Finally, Table 5 presents the estimated ARC-DPA val-
ues per primary for each thermocouple together with those
of the associated housing, as installed in the respective
plates. The statistical error associated to those estimation
is between 20 and 40% for all the cases.

6.1 DPA-SCO and DPA-NRT estimates: old

approach

Previous estimations of the displacement per atom were
performed by adopting specific values of the threshold dis-
placement energy Ed for the materials considered in the

Table 5. ARC-DPA values [dpa/primary] for Ni thermocouples
and Ta housings.

TC ARC-DPA [dpa/pr]
Ni Ta housing

1 1.3 → 10↑22 8.8 → 10↑23

2 1.2 → 10↑22 1.0 → 10↑22

3 1.4 → 10↑22 9.1 → 10↑23

4 1.1 → 10↑22 8.6 → 10↑23

5 9.0 → 10↑23 5.8 → 10↑23

6 8.0 → 10↑23 6.6 → 10↑23

7 5.2 → 10↑23 2.8 → 10↑23

8 4.4 → 10↑23 3.5 → 10↑23

9 3.3 → 10↑23 1.6 → 10↑23

10 2.0 → 10↑24 1.5 → 10↑24

This analysis has to be refined with better statistics.

models. The selected values were based on the recommen-
dations provided by NJOY nuclear data processing system,
and are as follows:

• Tungsten: 90 eV

• Tantalum: 90 eV

• Iron: 40 eV

• Nickel: 40 eV

For materials not explicitly defined, a default value of
Ed = 30 eV was assumed. This convention ensures con-
sistency across simulations while accounting for the large
variability of displacement threshold energies reported in
the literature, which depend strongly on crystal structure,
atomic bonding, and momentum transfer direction. The
results for the DPA in the target are reported in Table 6.

This provides an opportunity to confirm that DPA-
SCO is consistent across both the old and new approaches,
showing negligible sensitivity to the choice of Ed within
the range from 70 eV (new approach) to 90 eV (previous
approach).

Table 6. Results of DPA-NRT and DPA-SCO calculations
obtained using a displacement threshold energy of Ed = 90 eV.

Both average (AVG) and peak (PEAK) values are reported.

(W+Ta) DPA-SCO DPA-NRT
target

Monte Carlo rate [dpa/primary]

AVG 7.5 → 10↑23 ± 5% 1.9 → 10↑22 ± 6%

PEAK 2.5 → 10↑22 ± 15% 6.8 → 10↑22 ± 17%

Dpa rate [s↑1] (200 µA proton beam)

AVG 9.4 → 10↑8 2.4 → 10↑7

PEAK 3.1 → 10↑7 8.5 → 10↑7

Integrated dpa in one year [↑]a

AVG 2.9 8

PEAK 10 27

a Values estimated under the hypothetical assumption of continuous operation at
full beam current (24 h/day, 365 days/year).

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

W: 

• 1.64 dpa  —> 1 year  (already enough to produce a strong 
drop in room-temperature thermal conductivity in pure 
W); 

• 4.9 dpa —> 3 years (serious long-term structural/property 
degradation territory, depending strongly on irradiation 
temperature and material grade)

variable by which to compare radiation damage levels in different
environments remains, therefore, strongly recommended. The
new models, arc-dpa and rpa, developed here extend the useful-
ness of the dpa in that, while they can also be used to compare
different irradiations, they in addition give accurate predictions of
primary damage production and radiation mixing. They are
deliberately constructed in such a way that they are easy to
implement in existing radiation effects software: they add only
four additional parameters (or two, if only one of the two new
models is used) for each element. The arc-dpa and rpa equations
thus enable a significant increase in physical relevance with
minimal increase in computational efficiency or complexity. Of
course, however, the practical application of arc-dpa and rpa
requires the construction of suitable databases of parameters for
each material: not only Ed but also the b and c constants. Col-
lectively, the new models represent an important step towards
improved quantification of the primary damage state during
irradiation of materials.

In general, these damage models are expected to be relevant for
many other materials besides the elemental metals discussed here.
Studies of damage in metal alloys indicate the arc-dpa model will
be directly applicable to both dilute44 and concentrated45 metal
alloys. In non-metallic materials, the arc-dpa function may not be
universally relevant, as damage production involves effects such
as amorphization25 that cannot be captured by any simple
equation. However, some ceramic materials are known to
undergo significant in-cascade recombination19–21, and for these
arc-dpa can be useful. On the other hand, the rpa function can be
expected to be relevant in any material where heat spikes are
significant (i.e. all dense materials), since in all of these the atomic
mixing will be enhanced by collective atomic motion. The for-
mation of the arc-dpa and rpa also motivate systematic experi-
mental and simulation studies to understand better the primary
state of damage in non-metallic systems, where (with the
exception of Si) studies are scarce.

Prior to concluding, we emphasize that the arc-dpa and rpa
models deal with the primary damage state only, i.e. the damage
produced during the first few ps after a collision cascade initiated.
Already at room temperature, thermally activated defect migra-
tion is known to be significant, and can reduce the damage
production significantly from the arc-dpa value due to recombi-
nation effects, or enhance atom mixing from the rpa value. They
also do not describe defect clustering or damage overlap effects45–
47. However, even for these cases the new functions can be useful,
as a starting point for e.g. kinetic Monte Carlo or rate theory
calculations of high-dose irradiation effects45 (where cascades
overlap) or conditions where thermal defect migration recom-
bines defects.

In conclusion, the new arc-dpa and rpa models introduced
here allow, in a very simple and efficient way, to incorporate the
improved understanding on radiation defect generation

mechanisms gained during the last four decades into software
calculating primary radiation damage generation rates in mac-
roscopic reactor components. The arc-dpa model accounts for the
enhanced recombination active in pure metals as well as in many
alloys, which strongly reduces the number of point defects pre-
sent in the primary damage, compared to the traditional NRT-
dpa model. The rpa model provides a measure of the volume of
the irradiated material directly affected by the cascade, which is
important e.g. for phase stability considerations. In calculations of
radiation damage effects where the dpa measure is used as a
starting point, these new functions provide improved accuracy in
a simple analytical form. This allows, e.g., differentiating between
irradiation conditions dominated by either low- or high-energy
recoils, and perhaps even more importantly, introduces the pos-
sibility to quantify analytically the very large (about two orders of
magnitude) difference between damage production and atom
relocation effects.

Methods
Molecular dynamics simulations. The new data used for the fits of the arc-dpa
and rpa functions were obtained from MD simulations following Refs. 31,36,37,48,49.
The Fe damage data is from ref. 48 or the references indicated in the figure, and the
Ni, Pd and Pt data from ref. 49, and other data previously unpublished. In all cases,
a crystalline simulation cell in either the face-centred cubic or body-centred cubic
crystal structure was first constructed and equilibrated by a short (few picoseconds)
MD simulation at room temperature. The interatomic interactions were modelled
with equilibrium reactive interatomic potentials to which the ZBL repulsive
potential36 was joint at small separations to realistically mimic high-energy
interactions. The interatomic potentials indicated by abbreviations in the figures
are for Cu: CEM: ref. 50, S-L: ref. 51 and for W: DD: ref. 52, JW: ref. 53, AT: ref. 54,
AH: ref. 55.

Periodic boundary conditions were used in all directions, to correspond to high-
energy ion or neutron effects deep inside a material, and the lattice constant was set
to the equilibrium value at 0 K (previous works show that 0 and 300 K primary
damage results are identical within the statistical uncertainty in transition metals).
After equilibration, an atom was selected randomly near the centre of the
simulation cell, and given a recoil energy in a random direction in three
dimensions. The central parts of the simulation cell were simulated in the NVE
ensemble, while excess energy was removed from the system using temperature
scaling towards room temperature in the outermost 1 unit cell thick regions of the
cell. To account for energy loss to ionizations, the ZBL96 electronic stopping
power29 was applied as a frictional force on all atoms with a kinetic energy higher
than 10 eV, and the damage energy Td was calculated as the difference between the
initial recoil energy and the total sum of energy lost to electronic stopping. The
damage was analysed using the Wigner−Seitz cells approach31 that is space-filling
and hence allows for a unique determination of whether a defect is vacancy- or
interstitial-type.

Data availability. The new molecular dynamics data that has been produced for
this paper, and comprises the source data for the parameters given in Table 1, is
freely available for download at http://urn.fi/urn:nbn:fi:csc-
kata20180125132021651079.
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Table 1 Material constants

Material Ed (eV) barc-dpa carc-dpa brpa (eV) crpa
Fe 40 −0.568 ± 0.020 0.286 ± 0.005 1018 ± 145 0.95 ± 0.04
Cu 33 −0.68 ± 0.05 0.16 ± 0.01 3319 ± 249 0.97 ± 0.02
Ni 39 −1.01 ± 0.11 0.23 ± 0.01 3325 ± 230 0.92 ± 0.01
Pd 41 −0.88 ± 0.12 0.15 ± 0.02 2065 ± 183 1.08 ± 0.02
Pt 42 −1.12 ± 0.09 0.11 ± 0.01 5531 ± 762 0.87 ± 0.02
W 70 −0.56 ± 0.02 0.12 ± 0.01 12,332 ± 1250 0.73 ± 0.01

Results for the arc-dpa and rpa material constants for a number of metals. The errors are given in s.e.m.
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Ta 

• 1.04 dpa  —> 1 year   

• 3.12 dpa —> 3 years 

Very conservative assumption: continuous operation at 200 μA ( 365 days a year), the most exposed plates (P2) should get:
NB. TFrom litterature we know that antalum 
performs better with respect to radiation 
damaging, alloying tungsten with tantalum (W-Ta) 
has been shown to improve radiation tolerance by 
suppressing d-fect generation and enhancing 
recombination processes, resulting in less 
degradation of thermal properties com-pared to 
pure W, although the intrinsic thermal conductivity 
of W-Ta alloys remains lower than that of pure 
tungsten



Plate by Plate Results
usrbin region and/or RESNUCLEI: helium production

When considering all hydrogen isotopes (A = 1, 2, 3),
the total production across the entire target reaches 2.0 ±
1% atoms/primary, in good agreement with the value of
obtained from the USRBIN scoring (1.8±15%).

The plate-by-plate distribution, shown in Figure 19, in-
dicates the overall hydrogen atoms (integrated value over
each region) computed in each plate, showing a broad pro-
duction profile across the full target depth with a maxi-
mum between the third and forth plates and a minimum in
the 9th plate.The secondary enhancement observed down-
stream in the 10th plate is consistent with the proton range
that terminates in a few cm from the front face of the last
plate. In the final part of their track, protons are dissipating
the residual energy predominantly via ionisation processes
and this explains the final Bragg peak behaviour (dark red
zone around Z= 23 on left side of Figure 213), where a
second concentration of hydrogen is registered.

Figure 19. Plate-by-plate production of 1H, showing separate
contributions from the Ta cladding and the W core.

Assuming a proton beam current of 200 µA, the hydro-
gen production rate in tungsten and tantalum is reported
for each plate in Table 7. The RESNUCLEI outputs are
converted into atomic parts per million (appm) using:

appm =
106 Nimp(

m
A

)
NA
, (13)

where Nimp is the number of impurity atoms produced in
the sample per primary proton (as obtained in RESNU-
CLEI), m and A, respectively the mass and the molar mass
of the host material, and NA is Avogadro’s number. The
denominator

(
m
A

)
NA represents the total number of host

atoms in the sample. The impurity atomic fraction is
therefore obtained as Nimp/Nhost, and it is conveniently ex-
pressed in appm by multiplying by 106.

To convert the impurity concentration per primary pro-
ton into a production rate, the appm value is multiplied by
the primary-proton rate corresponding to the beam current.
For a beam current I, the number of primary protons per
second is given by:

Ṅp =
I
e
, (14)

3in the FLUKA model the target is starting around Z=-2cm

where e is the elementary charge. Consequently, the im-
purity production rate in appm/s is:

Ċimp [appm/s] = appm [appm/primary] → Ṅp [primary/s].
(15)

Table 7. Hydrogen concentration plate by plate (Ip = 200µA)

1H in ISIS TS1 plates
Plate W Ta

[appm/s↑1] [appm/s↑1]
W1 2.768E-05 1.628E-05
W2 3.018E-05 1.946E-05
W3 2.849E-05 1.832E-05
W4 2.526E-05 1.670E-05
W5 2.132E-05 1.401E-05
W6 1.727E-05 1.187E-05
W7 1.312E-05 9.282E-06
W8 9.140E-06 6.785E-06
W9 5.788E-06 4.529E-06
W10 2.166E-06 1.691E-06

According to the values reported in Table 7, the build-
up of hydrogen in the ISIS TS1 target is predicted to oc-
cur on relatively short timescales, under the hypothetical
scenario of continuous irradiation with a 200 µA proton
current. On average, a concentration of 1 appm is reached
after about 20 hours of irradiation in most of the plates (P1
to P7). With prolonged exposure, the threshold of 10 appm
is attained after roughly 10 days, while concentrations ex-
ceeding 100 appm are reached after about three months in
the majority of the plates. These estimates could provide a
useful reference for evaluating hydrogen accumulation for
real operation cycles.

Figure 20. Plate-by-plate production of 4He , showing separate
contributions from the Ta cladding and the W core.

For helium (Z = 2), dominated by the 4He isotope
(A = 4), the total production is 0.49 ± 3% atoms/primary,
with respective contributions of 4.15→10↑1 atoms/primary
from the tungsten core and 8.4 → 10↑2 atoms/primary
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from the tantalum cladding. This value, obtained from
RESNUCLEI, is consistent with the integrated result of
0.51 ± 15% atoms/primary derived from USRBIN for all
the He isotopes. As illustrated in Figure 20, helium pro-
duction peaks in the upstream plates and then decreases
almost monotonically along the longitudinal axis, with a
noticeable change in slope between the fourth and fifth
plates: the decrease is more gradual up to the fourth plate
and becomes steeper thereafter. This behaviour reflects
the predominant origin of helium from ω-particle emission
channels and high-energy nuclear cascades, whose proba-
bility decreases as the incident protons progressively lose
energy.

Figure 21. Spatial density distribution of the H (left) and 4He
within the target

Considering a beam current of 200 µA the rate of pro-
duction of 4He for each plate is reported fn Table 8, where
the contribution from the W core and tantalum clad is also
shown.

Table 8. He concentration in W and Ta plates.

4He in ISIS TS1 plates
Plate W Ta

[appm/s→1] [ appm/s→1]
P1 1.687 10→5 1.047 10→5

P2 1.437 10→5 9.159 10→6

P3 1.218 10→5 7.772 10→6

P4 9.612 10→6 5.927 10→6

P5 7.414 10→6 4.526 10→6

P6 5.373 10→6 3.354 10→6

P7 3.583 10→6 2.296 10→6

P8 2.054 10→6 1.357 10→6

P9 9.079 10→7 6.587 10→7

P10 7.671 10→8 1.334 10→7

Under the hypothetical scenario of continuous irradi-
ation with a 200 µA proton current, a helium concen-
tration of 1 appm is reached after about 23 hours in the

first three plates (P1-P3). With continued exposure, a
level of 10 appm is attained after approximately 10 days,
while concentrations exceeding 100 appm are reached in
the same plates after a period slightly longer than three
months. Slower rate of accumualtion of 4He are expected
in the rest of the target.

A marked difference in behaviour between hydrogen
and helium production is therefore evident. Hydrogen
production in the whole target is both higher in absolute
yield (of a factor almost 4) and more broadly distributed
within the target, owing to its multiple reaction pathways,
including spallation, fragmentation, and secondary pro-
cesses that extend over the full target geometry. In con-
trast, helium production is lower in magnitude and more
spatially localised, with a pronounced attenuation along
the target depth as nuclear collision probabilities decrease.
These contrasting patterns are consistent with the underly-
ing nuclear reaction mechanisms and are clearly captured
by the plate-resolved analysis.

In figure 22 the energy spectrum of the 4He atoms in
each plate are estimated and compared each other.

Figure 22. 4He energy spectrum estimated within the W core
of each target plate (USRTRACK results normalised by volume)

The presence of two distinct peaks in the ω–particle
energy spectra can be explained by the superposition of
different emission mechanisms.

Low-energy evaporation peak.

After the intranuclear cascade, the excited tungsten
residues cool statistically through the emission of light
particles. This process produces a broad, nearly isotropic
peak at low energies (a few to tens of MeV), corresponding
to the classical compound/evaporation component [20–
22].

High-energy pre-equilibrium/coalescence peak.

During, or immediately after, the cascade stage, fast nucle-
ons near the nuclear surface can coalesce into light clusters
(d, t, 3He, ω) and escape before the system reaches equi-
librium. In addition, pre-equilibrium emission contributes

Under the hypothetical scenario of continuous irradiation with a 
200 µA proton current,  

on average, a concentration of 1 appm is reached after about 23 
hours of irradiation in plates P1 to P3.  

With prolonged exposure, the threshold of 10 appm is attained 
after roughly 10 days, while concentrations exceeding 100 appm 
are reached after a slightly longer period three months in plate P1-
P3

When considering all hydrogen isotopes (A = 1, 2, 3),
the total production across the entire target reaches 2.0 ±
1% atoms/primary, in good agreement with the value of
obtained from the USRBIN scoring (1.8±15%).

The plate-by-plate distribution, shown in Figure 19, in-
dicates the overall hydrogen atoms (integrated value over
each region) computed in each plate, showing a broad pro-
duction profile across the full target depth with a maxi-
mum between the third and forth plates and a minimum in
the 9th plate.The secondary enhancement observed down-
stream in the 10th plate is consistent with the proton range
that terminates in a few cm from the front face of the last
plate. In the final part of their track, protons are dissipating
the residual energy predominantly via ionisation processes
and this explains the final Bragg peak behaviour (dark red
zone around Z= 23 on left side of Figure 213), where a
second concentration of hydrogen is registered.

Figure 19. Plate-by-plate production of 1H, showing separate
contributions from the Ta cladding and the W core.

Assuming a proton beam current of 200 µA, the hydro-
gen production rate in tungsten and tantalum is reported
for each plate in Table 7. The RESNUCLEI outputs are
converted into atomic parts per million (appm) using:

appm =
106 Nimp(

m
A

)
NA
, (13)

where Nimp is the number of impurity atoms produced in
the sample per primary proton (as obtained in RESNU-
CLEI), m and A, respectively the mass and the molar mass
of the host material, and NA is Avogadro’s number. The
denominator

(
m
A

)
NA represents the total number of host

atoms in the sample. The impurity atomic fraction is
therefore obtained as Nimp/Nhost, and it is conveniently ex-
pressed in appm by multiplying by 106.

To convert the impurity concentration per primary pro-
ton into a production rate, the appm value is multiplied by
the primary-proton rate corresponding to the beam current.
For a beam current I, the number of primary protons per
second is given by:

Ṅp =
I
e
, (14)

3in the FLUKA model the target is starting around Z=-2cm

where e is the elementary charge. Consequently, the im-
purity production rate in appm/s is:

Ċimp [appm/s] = appm [appm/primary] → Ṅp [primary/s].
(15)

Table 7. Hydrogen concentration plate by plate (Ip = 200µA)

1H in ISIS TS1 plates
Plate W Ta

[appm/s↑1] [appm/s↑1]
W1 2.768E-05 1.628E-05
W2 3.018E-05 1.946E-05
W3 2.849E-05 1.832E-05
W4 2.526E-05 1.670E-05
W5 2.132E-05 1.401E-05
W6 1.727E-05 1.187E-05
W7 1.312E-05 9.282E-06
W8 9.140E-06 6.785E-06
W9 5.788E-06 4.529E-06
W10 2.166E-06 1.691E-06

According to the values reported in Table 7, the build-
up of hydrogen in the ISIS TS1 target is predicted to oc-
cur on relatively short timescales, under the hypothetical
scenario of continuous irradiation with a 200 µA proton
current. On average, a concentration of 1 appm is reached
after about 20 hours of irradiation in most of the plates (P1
to P7). With prolonged exposure, the threshold of 10 appm
is attained after roughly 10 days, while concentrations ex-
ceeding 100 appm are reached after about three months in
the majority of the plates. These estimates could provide a
useful reference for evaluating hydrogen accumulation for
real operation cycles.

Figure 20. Plate-by-plate production of 4He , showing separate
contributions from the Ta cladding and the W core.

For helium (Z = 2), dominated by the 4He isotope
(A = 4), the total production is 0.49 ± 3% atoms/primary,
with respective contributions of 4.15→10↑1 atoms/primary
from the tungsten core and 8.4 → 10↑2 atoms/primary

Table 10. He concentration in W and Ta plates.

4He in ISIS TS1 plates
Plate W Ta

[appm/Ah] [ appm/Ah]
P1 303.66 188.46
P2 258.66 164.862
P3 219.24 139.896
P4 173.016 106.686
P5 133.452 81.468
P6 96.714 60.372
P7 64.494 41.328
P8 36.972 24.426
P9 16.3422 11.8566
P10 1.38078 2.4012

Figure 22. 4He energy spectrum estimated within the W core
of each target plate (USRTRACK results normalised by volume)

Low-energy evaporation peak.

After the intranuclear cascade, the excited tungsten
residues cool statistically through the emission of light
particles. This process produces a broad, nearly isotropic
peak at low energies (a few to tens of MeV), corresponding
to the classical compound/evaporation component [20–
22].

High-energy pre-equilibrium/coalescence peak.

During, or immediately after, the cascade stage, fast nucle-
ons near the nuclear surface can coalesce into light clusters
(d, t, 3He, ω) and escape before the system reaches equi-
librium. In addition, pre-equilibrium emission contributes
significantly in this energy domain. These processes re-
sult in a harder, forward-peaked component at higher en-
ergies (tens to hundreds of MeV). Such two-component
spectra, combining pre-equilibrium and evaporation con-
tributions, are well documented for light ions in spallation
reactions [23, 24].

8 Plate by plate results for benchmarking

purposes: Scenario 1 and 2

The estimations of the DPA and gas production were per-
formed on a plate-by-plate basis considering two irradia-
tion scenarios for benchmarking purposes, following the
approach reported in Ref. [6].

1. Scenario 1: irradiation from 1st November 2022
up to 16 February 2023, corresponding to a total
delivered charge of 6 mA · h (protons) to the in-
reflector target. Heavy water (D2O) coolant is cir-
culated through the cooling channels at a total flow
rate of 476 L min→1. The flow is assumed to be ap-
proximately equally distributed among the ten chan-
nels, leading to a coolant velocity of approximately
6 m s→1. The average proton beam current was
Ip ↑ 134 µA.

2. Scenario 2: irradiation from 1st November 2022 up
to 28 March 2025, corresponding to a total delivered
charge of 935 mA · h (protons). Heavy water (D2O)
coolant is circulated through the cooling channels at
a total flow rate of 485 L min→1. The average proton
beam current was Ip ↑ 147 µA.

In both scenarios, the target plate operating tem-
peratures range from approximately 200↓C at the up-
stream (front) region of the target down to approximately
50↓C at the downstream (rear) region. A 2-mm-diameter
insulated-junction type-K thermocouple penetrates to the
centre of each plate in order to measure the plate temper-
ature. Thermocouple readings are recorded at a sampling
interval of 0.25 s.

The main results are reported in Table 11 and Table 12
for reference Scenario 1 and 2 respectively.

Decay Heat and Radionuclei production for Scenario 1
and 2

In Fluka, light-ion spectra are generated through a com-
bination of the intranuclear cascade (INC) and the pre-
equilibrium model (PEANUT), followed by evaporation
and fission. Furthermore, the coalescence of cascade nu-
cleons into composite ions (d, t, 3He, ω) is available and
plays a key role in reproducing the higher-energy peak.
Accurate reproduction of both spectral components re-
quires that the physics options for coalescence and heavy-
ion transport are enabled consistently [25, 26].

Radionuclei production

FLUKA allows the estimation of decay heat (DH) as a
function of cooling time (i.e. the time elapsed after the
end of beam, EOB), as well as the time evolution of the
radionuclide (RN) inventory by evaluating, for each nu-
clide, the activity [Bq].

The irradiation profile adopted for these calculations
reproduces the actual beam duty cycle of the facility be-
tween 16 February 2023 and 28 March 2025, based on the
operational records of the accelerator complex.

Table 10. He concentration in W and Ta plates.

4He in ISIS TS1 plates
Plate W Ta

[appm/Ah] [ appm/Ah]
P1 303.66 188.46
P2 258.66 164.862
P3 219.24 139.896
P4 173.016 106.686
P5 133.452 81.468
P6 96.714 60.372
P7 64.494 41.328
P8 36.972 24.426
P9 16.3422 11.8566
P10 1.38078 2.4012

Figure 22. 4He energy spectrum estimated within the W core
of each target plate (USRTRACK results normalised by volume)

Low-energy evaporation peak.

After the intranuclear cascade, the excited tungsten
residues cool statistically through the emission of light
particles. This process produces a broad, nearly isotropic
peak at low energies (a few to tens of MeV), corresponding
to the classical compound/evaporation component [20–
22].

High-energy pre-equilibrium/coalescence peak.

During, or immediately after, the cascade stage, fast nucle-
ons near the nuclear surface can coalesce into light clusters
(d, t, 3He, ω) and escape before the system reaches equi-
librium. In addition, pre-equilibrium emission contributes
significantly in this energy domain. These processes re-
sult in a harder, forward-peaked component at higher en-
ergies (tens to hundreds of MeV). Such two-component
spectra, combining pre-equilibrium and evaporation con-
tributions, are well documented for light ions in spallation
reactions [23, 24].

8 Plate by plate results for benchmarking

purposes: Scenario 1 and 2

The estimations of the DPA and gas production were per-
formed on a plate-by-plate basis considering two irradia-
tion scenarios for benchmarking purposes, following the
approach reported in Ref. [6].

1. Scenario 1: irradiation from 1st November 2022
up to 16 February 2023, corresponding to a total
delivered charge of 6 mA · h (protons) to the in-
reflector target. Heavy water (D2O) coolant is cir-
culated through the cooling channels at a total flow
rate of 476 L min→1. The flow is assumed to be ap-
proximately equally distributed among the ten chan-
nels, leading to a coolant velocity of approximately
6 m s→1. The average proton beam current was
Ip ↑ 134 µA.

2. Scenario 2: irradiation from 1st November 2022 up
to 28 March 2025, corresponding to a total delivered
charge of 935 mA · h (protons). Heavy water (D2O)
coolant is circulated through the cooling channels at
a total flow rate of 485 L min→1. The average proton
beam current was Ip ↑ 147 µA.

In both scenarios, the target plate operating tem-
peratures range from approximately 200↓C at the up-
stream (front) region of the target down to approximately
50↓C at the downstream (rear) region. A 2-mm-diameter
insulated-junction type-K thermocouple penetrates to the
centre of each plate in order to measure the plate temper-
ature. Thermocouple readings are recorded at a sampling
interval of 0.25 s.

The main results are reported in Table 11 and Table 12
for reference Scenario 1 and 2 respectively.

Decay Heat and Radionuclei production for Scenario 1
and 2

In Fluka, light-ion spectra are generated through a com-
bination of the intranuclear cascade (INC) and the pre-
equilibrium model (PEANUT), followed by evaporation
and fission. Furthermore, the coalescence of cascade nu-
cleons into composite ions (d, t, 3He, ω) is available and
plays a key role in reproducing the higher-energy peak.
Accurate reproduction of both spectral components re-
quires that the physics options for coalescence and heavy-
ion transport are enabled consistently [25, 26].

Radionuclei production

FLUKA allows the estimation of decay heat (DH) as a
function of cooling time (i.e. the time elapsed after the
end of beam, EOB), as well as the time evolution of the
radionuclide (RN) inventory by evaluating, for each nu-
clide, the activity [Bq].

The irradiation profile adopted for these calculations
reproduces the actual beam duty cycle of the facility be-
tween 16 February 2023 and 28 March 2025, based on the
operational records of the accelerator complex.

Low-energy evaporation peak.

High-energy pre-
equilibrium/coalescence 
peak.

fast nucleons near the 
nuclear surface can coalesce 
into light clusters (d, t, 3He, 
ς) and escape before the 
system reaches equilibrium.
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from the tantalum cladding. This value, obtained from
RESNUCLEI, is consistent with the integrated result of
0.51 ± 15% atoms/primary derived from USRBIN for all
the He isotopes. As illustrated in Figure 20, helium pro-
duction peaks in the upstream plates and then decreases
almost monotonically along the longitudinal axis, with a
noticeable change in slope between the fourth and fifth
plates: the decrease is more gradual up to the fourth plate
and becomes steeper thereafter. This behaviour reflects
the predominant origin of helium from ω-particle emission
channels and high-energy nuclear cascades, whose proba-
bility decreases as the incident protons progressively lose
energy.

Figure 21. Spatial density distribution of the H (left) and 4He
within the target

Considering a beam current of 200 µA the rate of pro-
duction of 4He for each plate is reported fn Table 8, where
the contribution from the W core and tantalum clad is also
shown.

Table 8. He concentration in W and Ta plates.

4He in ISIS TS1 plates
Plate W Ta

[appm/s→1] [ appm/s→1]
P1 1.687 10→5 1.047 10→5

P2 1.437 10→5 9.159 10→6

P3 1.218 10→5 7.772 10→6

P4 9.612 10→6 5.927 10→6

P5 7.414 10→6 4.526 10→6

P6 5.373 10→6 3.354 10→6

P7 3.583 10→6 2.296 10→6

P8 2.054 10→6 1.357 10→6

P9 9.079 10→7 6.587 10→7

P10 7.671 10→8 1.334 10→7

Under the hypothetical scenario of continuous irradi-
ation with a 200 µA proton current, a helium concen-
tration of 1 appm is reached after about 23 hours in the

first three plates (P1-P3). With continued exposure, a
level of 10 appm is attained after approximately 10 days,
while concentrations exceeding 100 appm are reached in
the same plates after a period slightly longer than three
months. Slower rate of accumualtion of 4He are expected
in the rest of the target.

A marked difference in behaviour between hydrogen
and helium production is therefore evident. Hydrogen
production in the whole target is both higher in absolute
yield (of a factor almost 4) and more broadly distributed
within the target, owing to its multiple reaction pathways,
including spallation, fragmentation, and secondary pro-
cesses that extend over the full target geometry. In con-
trast, helium production is lower in magnitude and more
spatially localised, with a pronounced attenuation along
the target depth as nuclear collision probabilities decrease.
These contrasting patterns are consistent with the underly-
ing nuclear reaction mechanisms and are clearly captured
by the plate-resolved analysis.

In figure 22 the energy spectrum of the 4He atoms in
each plate are estimated and compared each other.

Figure 22. 4He energy spectrum estimated within the W core
of each target plate (USRTRACK results normalised by volume)

The presence of two distinct peaks in the ω–particle
energy spectra can be explained by the superposition of
different emission mechanisms.

Low-energy evaporation peak.

After the intranuclear cascade, the excited tungsten
residues cool statistically through the emission of light
particles. This process produces a broad, nearly isotropic
peak at low energies (a few to tens of MeV), corresponding
to the classical compound/evaporation component [20–
22].

High-energy pre-equilibrium/coalescence peak.

During, or immediately after, the cascade stage, fast nucle-
ons near the nuclear surface can coalesce into light clusters
(d, t, 3He, ω) and escape before the system reaches equi-
librium. In addition, pre-equilibrium emission contributes

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:
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.

When considering all hydrogen isotopes (A = 1, 2, 3),
the total production across the entire target reaches 2.0 ±
1% atoms/primary, in good agreement with the value of
obtained from the USRBIN scoring (1.8±15%).

The plate-by-plate distribution, shown in Figure 19, in-
dicates the overall hydrogen atoms (integrated value over
each region) computed in each plate, showing a broad pro-
duction profile across the full target depth with a maxi-
mum between the third and forth plates and a minimum in
the 9th plate.The secondary enhancement observed down-
stream in the 10th plate is consistent with the proton range
that terminates in a few cm from the front face of the last
plate. In the final part of their track, protons are dissipating
the residual energy predominantly via ionisation processes
and this explains the final Bragg peak behaviour (dark red
zone around Z= 23 on left side of Figure 213), where a
second concentration of hydrogen is registered.

Figure 19. Plate-by-plate production of 1H, showing separate
contributions from the Ta cladding and the W core.

Assuming a proton beam current of 200 µA, the hydro-
gen production rate in tungsten and tantalum is reported
for each plate in Table 7. The RESNUCLEI outputs are
converted into atomic parts per million (appm) using:

appm =
106 Nimp(

m
A

)
NA
, (13)

3in the FLUKA model the target is starting around Z=-2cm

where Nimp is the number of impurity atoms produced in
the sample per primary proton (as obtained in RESNU-
CLEI), m and A, respectively the mass and the molar mass
of the host material, and NA is Avogadro’s number. The
denominator

(
m
A

)
NA represents the total number of host

atoms in the sample. The impurity atomic fraction is
therefore obtained as Nimp/Nhost, and it is conveniently ex-
pressed in appm by multiplying by 106.

To convert the impurity concentration per primary pro-
ton into a production rate, the appm value is multiplied by
the primary-proton rate corresponding to the beam current.
For a beam current I, the number of primary protons per
second is given by:

Ṅp =
I
e
, (14)

where e is the elementary charge. Consequently, the im-
purity production rate in appm/s is:

Ċimp [appm/s] = appm [appm/primary] → Ṅp [primary/s].
(15)

Table 7. Hydrogen concentration plate by plate (Ip = 200µA)

1H in ISIS TS1 plates
Plate W Ta

[appm/s] [appm/]
P1 2.768E-05 1.628E-05
P2 3.018E-05 1.946E-05
P3 2.849E-05 1.832E-05
P4 2.526E-05 1.670E-05
P5 2.132E-05 1.401E-05
P6 1.727E-05 1.187E-05
P7 1.312E-05 9.282E-06
P8 9.140E-06 6.785E-06
P9 5.788E-06 4.529E-06

P10 2.166E-06 1.691E-06

Table 8. Hydrogen concentration plate by plate

1H in ISIS TS1 plates
Plate W Ta

[appm/Ah] [appm/Ah
P1 498.24 293.04
P2 543.24 350.28
P3 512.82 329.76
P4 454.68 300.6
P5 383.76 252.18
P6 310.86 213.66
P7 236.16 167.076
P8 164.52 122.13
P9 104.184 81.522
P10 38.988 30.438

According to the values reported in Table 7, the build-
up of hydrogen in the ISIS TS1 target is predicted to oc-
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When considering all hydrogen isotopes (A = 1, 2, 3),
the total production across the entire target reaches 2.0 ±
1% atoms/primary, in good agreement with the value of
obtained from the USRBIN scoring (1.8±15%).

The plate-by-plate distribution, shown in Figure 19, in-
dicates the overall hydrogen atoms (integrated value over
each region) computed in each plate, showing a broad pro-
duction profile across the full target depth with a maxi-
mum between the third and forth plates and a minimum in
the 9th plate.The secondary enhancement observed down-
stream in the 10th plate is consistent with the proton range
that terminates in a few cm from the front face of the last
plate. In the final part of their track, protons are dissipating
the residual energy predominantly via ionisation processes
and this explains the final Bragg peak behaviour (dark red
zone around Z= 23 on left side of Figure 213), where a
second concentration of hydrogen is registered.

Figure 19. Plate-by-plate production of 1H, showing separate
contributions from the Ta cladding and the W core.

Assuming a proton beam current of 200 µA, the hydro-
gen production rate in tungsten and tantalum is reported
for each plate in Table 7. The RESNUCLEI outputs are
converted into atomic parts per million (appm) using:

appm =
106 Nimp(

m
A

)
NA
, (13)

where Nimp is the number of impurity atoms produced in
the sample per primary proton (as obtained in RESNU-
CLEI), m and A, respectively the mass and the molar mass
of the host material, and NA is Avogadro’s number. The
denominator

(
m
A

)
NA represents the total number of host

atoms in the sample. The impurity atomic fraction is
therefore obtained as Nimp/Nhost, and it is conveniently ex-
pressed in appm by multiplying by 106.

To convert the impurity concentration per primary pro-
ton into a production rate, the appm value is multiplied by
the primary-proton rate corresponding to the beam current.
For a beam current I, the number of primary protons per
second is given by:

Ṅp =
I
e
, (14)

3in the FLUKA model the target is starting around Z=-2cm

where e is the elementary charge. Consequently, the im-
purity production rate in appm/s is:

Ċimp [appm/s] = appm [appm/primary] → Ṅp [primary/s].
(15)

Table 7. Hydrogen concentration plate by plate (Ip = 200µA)

1H in ISIS TS1 plates
Plate W Ta

[appm/s↑1] [appm/s↑1]
W1 2.768E-05 1.628E-05
W2 3.018E-05 1.946E-05
W3 2.849E-05 1.832E-05
W4 2.526E-05 1.670E-05
W5 2.132E-05 1.401E-05
W6 1.727E-05 1.187E-05
W7 1.312E-05 9.282E-06
W8 9.140E-06 6.785E-06
W9 5.788E-06 4.529E-06
W10 2.166E-06 1.691E-06

According to the values reported in Table 7, the build-
up of hydrogen in the ISIS TS1 target is predicted to oc-
cur on relatively short timescales, under the hypothetical
scenario of continuous irradiation with a 200 µA proton
current. On average, a concentration of 1 appm is reached
after about 20 hours of irradiation in most of the plates (P1
to P7). With prolonged exposure, the threshold of 10 appm
is attained after roughly 10 days, while concentrations ex-
ceeding 100 appm are reached after about three months in
the majority of the plates. These estimates could provide a
useful reference for evaluating hydrogen accumulation for
real operation cycles.

Figure 20. Plate-by-plate production of 4He , showing separate
contributions from the Ta cladding and the W core.

For helium (Z = 2), dominated by the 4He isotope
(A = 4), the total production is 0.49 ± 3% atoms/primary,
with respective contributions of 4.15→10↑1 atoms/primary
from the tungsten core and 8.4 → 10↑2 atoms/primary

When considering all hydrogen isotopes (A = 1, 2, 3),
the total production across the entire target reaches 2.0 ±
1% atoms/primary, in good agreement with the value of
obtained from the USRBIN scoring (1.8±15%).

The plate-by-plate distribution, shown in Figure 19, in-
dicates the overall hydrogen atoms (integrated value over
each region) computed in each plate, showing a broad pro-
duction profile across the full target depth with a maxi-
mum between the third and forth plates and a minimum in
the 9th plate.The secondary enhancement observed down-
stream in the 10th plate is consistent with the proton range
that terminates in a few cm from the front face of the last
plate. In the final part of their track, protons are dissipating
the residual energy predominantly via ionisation processes
and this explains the final Bragg peak behaviour (dark red
zone around Z= 23 on left side of Figure 213), where a
second concentration of hydrogen is registered.

Figure 19. Plate-by-plate production of 1H, showing separate
contributions from the Ta cladding and the W core.

Assuming a proton beam current of 200 µA, the hydro-
gen production rate in tungsten and tantalum is reported
for each plate in Table 7. The RESNUCLEI outputs are
converted into atomic parts per million (appm) using:

appm =
106 Nimp(

m
A

)
NA
, (13)

where Nimp is the number of impurity atoms produced in
the sample per primary proton (as obtained in RESNU-
CLEI), m and A, respectively the mass and the molar mass
of the host material, and NA is Avogadro’s number. The
denominator

(
m
A

)
NA represents the total number of host

atoms in the sample. The impurity atomic fraction is
therefore obtained as Nimp/Nhost, and it is conveniently ex-
pressed in appm by multiplying by 106.

To convert the impurity concentration per primary pro-
ton into a production rate, the appm value is multiplied by
the primary-proton rate corresponding to the beam current.
For a beam current I, the number of primary protons per
second is given by:

Ṅp =
I
e
, (14)

3in the FLUKA model the target is starting around Z=-2cm

where e is the elementary charge. Consequently, the im-
purity production rate in appm/s is:

Ċimp [appm/s] = appm [appm/primary] → Ṅp [primary/s].
(15)

Table 7. Hydrogen concentration plate by plate (Ip = 200µA)

1H in ISIS TS1 plates
Plate W Ta

[appm/s↑1] [appm/s↑1]
W1 2.768E-05 1.628E-05
W2 3.018E-05 1.946E-05
W3 2.849E-05 1.832E-05
W4 2.526E-05 1.670E-05
W5 2.132E-05 1.401E-05
W6 1.727E-05 1.187E-05
W7 1.312E-05 9.282E-06
W8 9.140E-06 6.785E-06
W9 5.788E-06 4.529E-06
W10 2.166E-06 1.691E-06

According to the values reported in Table 7, the build-
up of hydrogen in the ISIS TS1 target is predicted to oc-
cur on relatively short timescales, under the hypothetical
scenario of continuous irradiation with a 200 µA proton
current. On average, a concentration of 1 appm is reached
after about 20 hours of irradiation in most of the plates (P1
to P7). With prolonged exposure, the threshold of 10 appm
is attained after roughly 10 days, while concentrations ex-
ceeding 100 appm are reached after about three months in
the majority of the plates. These estimates could provide a
useful reference for evaluating hydrogen accumulation for
real operation cycles.

Figure 20. Plate-by-plate production of 4He , showing separate
contributions from the Ta cladding and the W core.

For helium (Z = 2), dominated by the 4He isotope
(A = 4), the total production is 0.49 ± 3% atoms/primary,
with respective contributions of 4.15→10↑1 atoms/primary
from the tungsten core and 8.4 → 10↑2 atoms/primary
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from the tantalum cladding. This value, obtained from
RESNUCLEI, is consistent with the integrated result of
0.51 ± 15% atoms/primary derived from USRBIN for all
the He isotopes. As illustrated in Figure 20, helium pro-
duction peaks in the upstream plates and then decreases
almost monotonically along the longitudinal axis, with a
noticeable change in slope between the fourth and fifth
plates: the decrease is more gradual up to the fourth plate
and becomes steeper thereafter. This behaviour reflects
the predominant origin of helium from ω-particle emission
channels and high-energy nuclear cascades, whose proba-
bility decreases as the incident protons progressively lose
energy.

Figure 21. Spatial density distribution of the H (left) and 4He
within the target

Considering a beam current of 200 µA the rate of pro-
duction of 4He for each plate is reported fn Table 8, where
the contribution from the W core and tantalum clad is also
shown.

Table 8. He concentration in W and Ta plates.

4He in ISIS TS1 plates
Plate W Ta

[appm/s→1] [ appm/s→1]
P1 1.687 10→5 1.047 10→5

P2 1.437 10→5 9.159 10→6

P3 1.218 10→5 7.772 10→6

P4 9.612 10→6 5.927 10→6

P5 7.414 10→6 4.526 10→6

P6 5.373 10→6 3.354 10→6

P7 3.583 10→6 2.296 10→6

P8 2.054 10→6 1.357 10→6

P9 9.079 10→7 6.587 10→7

P10 7.671 10→8 1.334 10→7

Under the hypothetical scenario of continuous irradi-
ation with a 200 µA proton current, a helium concen-
tration of 1 appm is reached after about 23 hours in the

first three plates (P1-P3). With continued exposure, a
level of 10 appm is attained after approximately 10 days,
while concentrations exceeding 100 appm are reached in
the same plates after a period slightly longer than three
months. Slower rate of accumualtion of 4He are expected
in the rest of the target.

A marked difference in behaviour between hydrogen
and helium production is therefore evident. Hydrogen
production in the whole target is both higher in absolute
yield (of a factor almost 4) and more broadly distributed
within the target, owing to its multiple reaction pathways,
including spallation, fragmentation, and secondary pro-
cesses that extend over the full target geometry. In con-
trast, helium production is lower in magnitude and more
spatially localised, with a pronounced attenuation along
the target depth as nuclear collision probabilities decrease.
These contrasting patterns are consistent with the underly-
ing nuclear reaction mechanisms and are clearly captured
by the plate-resolved analysis.

In figure 22 the energy spectrum of the 4He atoms in
each plate are estimated and compared each other.

Figure 22. 4He energy spectrum estimated within the W core
of each target plate (USRTRACK results normalised by volume)

The presence of two distinct peaks in the ω–particle
energy spectra can be explained by the superposition of
different emission mechanisms.

Low-energy evaporation peak.

After the intranuclear cascade, the excited tungsten
residues cool statistically through the emission of light
particles. This process produces a broad, nearly isotropic
peak at low energies (a few to tens of MeV), corresponding
to the classical compound/evaporation component [20–
22].

High-energy pre-equilibrium/coalescence peak.

During, or immediately after, the cascade stage, fast nucle-
ons near the nuclear surface can coalesce into light clusters
(d, t, 3He, ω) and escape before the system reaches equi-
librium. In addition, pre-equilibrium emission contributes

Hydrogen production in the whole target is both higher in absolute yield (of a factor almost 2.5) and more broadly 
distributed within the target, owing to its multiple reaction pathways, including spallation, fragmentation, and secondary 
processes that extend over the full target geometry.

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:
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.

When considering all hydrogen isotopes (A = 1, 2, 3),
the total production across the entire target reaches 2.0 ±
1% atoms/primary, in good agreement with the value of
obtained from the USRBIN scoring (1.8±15%).

The plate-by-plate distribution, shown in Figure 19, in-
dicates the overall hydrogen atoms (integrated value over
each region) computed in each plate, showing a broad pro-
duction profile across the full target depth with a maxi-
mum between the third and forth plates and a minimum in
the 9th plate.The secondary enhancement observed down-
stream in the 10th plate is consistent with the proton range
that terminates in a few cm from the front face of the last
plate. In the final part of their track, protons are dissipating
the residual energy predominantly via ionisation processes
and this explains the final Bragg peak behaviour (dark red
zone around Z= 23 on left side of Figure 213), where a
second concentration of hydrogen is registered.

Figure 19. Plate-by-plate production of 1H, showing separate
contributions from the Ta cladding and the W core.

Assuming a proton beam current of 200 µA, the hydro-
gen production rate in tungsten and tantalum is reported
for each plate in Table 7. The RESNUCLEI outputs are
converted into atomic parts per million (appm) using:

appm =
106 Nimp(

m
A

)
NA
, (13)

3in the FLUKA model the target is starting around Z=-2cm

where Nimp is the number of impurity atoms produced in
the sample per primary proton (as obtained in RESNU-
CLEI), m and A, respectively the mass and the molar mass
of the host material, and NA is Avogadro’s number. The
denominator

(
m
A

)
NA represents the total number of host

atoms in the sample. The impurity atomic fraction is
therefore obtained as Nimp/Nhost, and it is conveniently ex-
pressed in appm by multiplying by 106.

To convert the impurity concentration per primary pro-
ton into a production rate, the appm value is multiplied by
the primary-proton rate corresponding to the beam current.
For a beam current I, the number of primary protons per
second is given by:

Ṅp =
I
e
, (14)

where e is the elementary charge. Consequently, the im-
purity production rate in appm/s is:

Ċimp [appm/s] = appm [appm/primary] → Ṅp [primary/s].
(15)

Table 7. Hydrogen concentration plate by plate (Ip = 200µA)

1H in ISIS TS1 plates
Plate W Ta

[appm/s] [appm/]
P1 2.768E-05 1.628E-05
P2 3.018E-05 1.946E-05
P3 2.849E-05 1.832E-05
P4 2.526E-05 1.670E-05
P5 2.132E-05 1.401E-05
P6 1.727E-05 1.187E-05
P7 1.312E-05 9.282E-06
P8 9.140E-06 6.785E-06
P9 5.788E-06 4.529E-06

P10 2.166E-06 1.691E-06

Table 8. Hydrogen concentration plate by plate

1H in ISIS TS1 plates
Plate W Ta

[appm/Ah] [appm/Ah
P1 498.24 293.04
P2 543.24 350.28
P3 512.82 329.76
P4 454.68 300.6
P5 383.76 252.18
P6 310.86 213.66
P7 236.16 167.076
P8 164.52 122.13
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According to the values reported in Table 7, the build-
up of hydrogen in the ISIS TS1 target is predicted to oc-

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:
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
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(1.23 atoms/primary) and the tantalum cladding (2.3 →
10↑1 atoms/primary), respectively.

When considering all hydrogen isotopes (A = 1, 2, 3),
the total production across the entire target reaches 2.0 ±
1% atoms/primary, in good agreement with the value of
obtained from the USRBIN scoring (1.8±15%).

The plate-by-plate distribution, shown in Figure 19, in-
dicates the overall hydrogen atoms (integrated value over
each region) computed in each plate, showing a broad pro-
duction profile across the full target depth with a maxi-
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stream in the 10th plate is consistent with the proton range
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plate. In the final part of their track, protons are dissipating
the residual energy predominantly via ionisation processes
and this explains the final Bragg peak behaviour (dark red
zone around Z= 23 on left side of Figure 213), where a
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Figure 19. Plate-by-plate production of 1H, showing separate
contributions from the Ta cladding and the W core.

Assuming a proton beam current of 200 µA, the hydro-
gen production rate in tungsten and tantalum is reported
for each plate in Table 7. The RESNUCLEI outputs are
converted into atomic parts per million (appm) using:

appm =
106 Nimp(

m
A

)
NA
, (13)

3in the FLUKA model the target is starting around Z=-2cm

where Nimp is the number of impurity atoms produced in
the sample per primary proton (as obtained in RESNU-
CLEI), m and A, respectively the mass and the molar mass
of the host material, and NA is Avogadro’s number. The
denominator

(
m
A

)
NA represents the total number of host

atoms in the sample. The impurity atomic fraction is
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pressed in appm by multiplying by 106.
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Ṅp =
I
e
, (14)

where e is the elementary charge. Consequently, the im-
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Ċimp [appm/s] = appm [appm/primary] → Ṅp [primary/s].
(15)
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According to the values reported in Table 7, the build-
up of hydrogen in the ISIS TS1 target is predicted to oc-

Under the hypothetical scenario of continuous irradiation with a 200 µA proton current, on average, a concentration of 1 
appm is reached after about 20 hours of irradiation in most of the plates (P1 to P7).  

With prolonged exposure, the threshold of 10 appm is attained after roughly 10 days, while concentrations exceeding 100 
appm are reached after about three months in the majority of the plates.



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.
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Direct and Indirect Approaches to Measuring 
Thermal Conductivity

In operando method as proposed by 
D . F i n d l a y . F i t t i n g t h e p l a t e 
temperature profile , read with 
thermocouple, during cooling phase

Direct Method

•Steady-State: 

•Measures heat flow and ΔT 

Indirect method

•Laser Flash: 

•Measures T—> α → k derived

https://arxiv.org/pdf/1605.08469
https://www.linseis.com/en/instruments/
thermal-conductivity/lfa-l52/

Inverse estimation of k-
Model based

 “Results have been obtained 
from direct measurements on 
an operating spallation target,”

thermocouples

In Fluka TS1-target model thermocouple are 
implemented
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2. Bulk materials 

2.1 Steady-state methods 

In the steady-state measurement, the thermal conductivity and interfacial thermal 

conductance are determined by measuring the temperature difference ∆𝑇 at a separation (distance) 

under the steady-state heat flow 𝑄 through the sample. Figure 2 shows the schematic of four 

different steady-state methods commonly adopted: absolute technique, comparative cut bar 

technique, radial heat flow method, and the parallel thermal conductance technique.  

 

Figure 2. Schematic of steady-state methods commonly used for measuring the thermal conductivity of 

bulk materials. a) Absolute technique. The sample is placed between a heat source and a heat sink, with 

known power output, which results in temperature drop across a given length (separation) of the sample. 

b) Comparative cut bar technique. A standard material with known thermal conductivity is mounted in 

series with the test sample. c) Radial heat flow method. A cylindrical sample heated from its axis and as 

heat flows radially outwards, a steady-state temperature gradient in the radial direction is established. d) 
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Parallel thermal conductance technique for measuring small needle-like samples that cannot support 

heaters and thermocouples. A sample holder or stage is used between the heat source and heat sink. A 

thermal conductance measurement for the sample holder is carried out first to quantify the heat loss 

associated with the sample holder. The testing sample is then attached to the sample holder and the 

thermal conductance is measured again. Thermal conductivity of the measured sample can then be 

deduced by taking the difference of these two measurements. 

 

2.1.1 Absolute technique 

Absolute technique is usually used for samples that has a rectangular or cylindrical shape. 

When conducting this measurement, the testing block is placed between a heat source and a heat 

sink as shown in Figure 2a. The sample is heated by the heat source with known steady-state power 

input and the resulting temperature drop ∆𝑇 across a given length (separation) of the sample is 

measured by temperature sensors after a steady-state temperature distribution is established. The 

temperature sensors employed can be thermocouples and thermistors. Thermocouples are the most 

widely used sensors due to their wide range of applicability and accuracy. The resulting 

measurement error in ∆𝑇  due to temperature sensor shall be less than 1% [20]. Thermal 

conductivity 𝑘 of the sample can be calculated using Fourier’s law of heat conduction: 

 𝑘 =
𝑄𝐿
𝐴∆𝑇

 (1) 

 𝑄 = 𝑝 − 𝑄loss (2) 

where 𝑄 is the amount of heat flowing through the sample, 𝐴 is the cross-sectional area of the 

sample, 𝐿 and ∆𝑇 are the distance and temperature difference between temperature sensors, 𝑝 is 

the applied heating power at heat source side, and 𝑄loss is the parasitic heat losses due to radiation, 

conduction and convection to the ambient.  

15

In-Situ Measurement of Conductivity Loss

• Expected effects of thermal conductivity loss in 
tungsten:
1. Increase in steady-state plate temperatures
2. Decrease in cooling rate after beam off

• TS1 plates are thin, effect of conductivity is 
relatively small (~40°C)

• Beam profile and focus effects are potentially larger, 
particularly for 1). Beam profile monitor currently not 
working.

• See recent publication by David Findlay et al. for an 
investigation of 2):
• https://doi.org/10.1016/j.nima.2026.171555
• “Measurements of decreasing tungsten thermal conductivity 

in an operating spallation neutron target”

Cause Possible
Effect (%)

Beam focus (spot size) 50

Beam profile (gaussian or parabolic centre?) 40

Tungsten radiation damage 30

Monte Carlo code used (MCNPX vs FLUKA) 15

Beam centre position 15

D2O Flowrate variation within trip range 10

Potential factors affecting thermocouple temperature:



Measurement Campaign at ISIS: 2 Irradition Scenarios
Decrease of thermal conductivity:  is caused primarily by introducing defects like point defects and dislocation 
loops into the material's lattice structure, which scatter phonons and electrons, thereby decreasing their mean free 
path and increasing thermal resistance.

12 ANSYS SIMULATION OF THE TEMPERATURE PROFILE USING THE FLUKA PREDICTION 19

reprocessed by replacing the three-point clusters (corresponding
to different decay times at the same accumulated exposure) with
their average value, in order to enable a more direct comparison
with the simulations. The location of the simulated points in fig-
ures 27 and Figure 28 (0.12 milliamp-hours per cm2 and 16.8
milliamp-hours per cm2, for Scenario 1 and Scenario 2, respec-
tively) has been obtained for the 2 scenarios, assuming a gaus-
sian spatial distribution on the front plate with FWHM=4.215
cm (also used in the FLUKA simulations).

Figure 26. Comparison of measured temperature decays for
plates 2 and 9 on 16 February 2023 and 28 March 2025 when
respectively 6 and 935 milliamp-hours of protons had been de-
livered to target. Slower decays at later times are evident. [6]

The thermal conductivity values derived from FLUKA pre-
dictions, using Model 1 described in Section §9.1, are over-
all consistent with the experimental measurements, with good
agreement within the associated uncertainties. The main dis-
crepancy is observed for plate 2 in the 935,mA · h case, where
the calculations predict a smaller degradation of thermal conduc-
tivity driven by the DPA contribution, with a difference of less
than 30% between the experimentally inferred from temperature
profile and calculated values of k.

Figure 27. Plate 2 thermal conductivity: Measured values
from [6] (black circles) and simulated in this work (red points).

Figure 28. Plate 9 thermal conductivity: Measured values from
[6] (black circles) and simulated in this work (red points).

12 ANSYS simulation of the temperature

profile using the FLUKA prediction

The key question addressed in the following analysis is whether
the range of thermal conductivity values, k, estimated by com-
bining FLUKA predictions with Eq. 16, is consistent with an
irradiation and cooling scenario capable of reproducing, either
partially or fully, the experimentally observed temperature evo-
lution shown in Fig. 26. To investigate this, ANSYS thermo-fluid
simulations were performed to assess the extent to which the as-
sumed thermal conductivity values can reproduce the observed
temperature behaviour for both scenarios.

12.1 Thermophysical parameters and Thermal

loads

The analysis was carried out for two representative plates of the
target assembly, namely Plate 2 and Plate 9, located respectively
at the front and at the back of the target, as the time dependent
temperature read from the thermocouples is documented in [6].
These plates were selected to investigate the thermal response in
regions characterised by different irradiation levels.

•https://doi.org/10.1016/j.nima.2026.171555. “Measurements of 
decreasing tungsten thermal conductivity in an operating 
spallation neutron target”
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Table 17. Thermophysical properties used in the simulations for Plates 2 and 9 under different irradiation scenarios.

Plate 2 Plate 9
Scenario Model Nominal k k → range ω C Nominal k k → range ω C
Unirr.

Model-1
k(T)
(ref. k = 119 ± 10)
(ref. k = 91 ± 8)

173.3 @ T = 293 K 6.69 ↑ 10→5 134 k(T)
(ref. k = 135 ± 12)
(ref. k = 97 ± 9)

173.3 @ T = 293 K 6.69 ↑ 10→5 134
6 mAh [108–130] 4.2 ↑ 10→5 134 [123–147] 4.8 ↑ 10→5 128
935 mAh [83–99] 3.0 ↑ 10→5 153 [88–106] 3.5 ↑ 10→5 137.5

k in W m→1 K→1, ω in m2 s→1, C in J kg→1 K→1.

dT
dt
= → hA
εcV

(T → Tbulk) , (22)

which corresponds to the lumped-capacitance approxima-
tion, implicitly assuming a spatially uniform temperature within
the plate. However, when significant temperature gradients de-
velop inside the solid, particularly immediately after beam shut-
down, internal heat conduction becomes the dominant mecha-
nism governing the thermal response.

The characteristic time scale for internal thermal diffusion is
given by:

ϑcond ↓
L2

ω
, (23)

where L is the characteristic plate thickness and ω = k/(εc)
is the thermal diffusivity of the material [41]. The slope of the
temperature curve at the onset of cooling therefore depends not
only on h, but also on the solid thermal conductivity k through
the diffusivity ω.

A reduction in effective thermal conductivity decreases ω,
slowing down the redistribution of heat from the plate core to-
ward the cooled surfaces. As a consequence, even if the external
convective coefficient remains comparable, the central tempera-
ture exhibits a smaller initial slope and a slower cooldown.

Therefore, even under the assumption that the fluid-side heat
transfer mechanism remains essentially unchanged between the
two scenarios, and even more so considering the more realistic
and conservative case of a slightly enhanced heat exchange in
Scenario 2, the observed difference in cooling behaviour indi-
cates that solid-side thermal transport (i.e.the effective thermal
conductivity or diffusivity of the plate) plays a dominant role in
determining the initial transient response.

Figure 32. TRAM horizontal cross section showing the energy
density distribution within the target.

12.2 Thermal balance and heat loads in the target

for Scenario1 and Scenario 2: FLUKA

estimation vs measurements

The temperature data reported in Figure 26 during the cooling-
down of Plate 2 and Plate 9 were all 1-minute-long CSV down-
loads. On 16 February 2023 the time span covered was 12:37:45
- 12:38:45, with beam-off time occurring 16 seconds after the be-
ginning of the data, i.e. at 12:38:01. On 28 March 2025 the time
span covered was 08:29:50 - 08:30:50, with beam-off time occur-
ring 13 seconds after the beginning of the data, i.e. at 08:30:03.
The relevant thermo-mechanical parameters for tungsten for Sce-
narios 1 and 2 are reported in Table 17. The thermal conductivity
for Plate 2 and Plate 9 has been considered fixed for each run, but
multiple simulations have been run with different values taken
from the reported ranges od possible values.

The liquid used as coolant is D2O, whose pressure at the in-
let is around 4 bar. In Figures 33 and 34, the relevant coolant pa-
rameters for TS1 target are shown together with the beam current
profile as a function of time over a two-hour window centred on
the measurement interval which is highlighted in the plots. The
parameters for the thermal coolant as implemented in ANSYS
model, for each Scenario, are summarised in Table 18

Figure 33. Coolant thermal parameters and proton beam current
in the TS1 target on 16 February 2023 (green: inlet mass flow
rate, ṁin; red: proton beam current, I p; blue: inlet temperature,
Tin; orange: outlet temperature, Tout).

Figure 34. Coolant thermal parameters and proton beam cur-
rent in the TS1 target on 23 March 2025 (green: inlet mass flow
rate, ṁin; red: proton beam current, I p; blue: inlet temperature;
orange: outlet temperature).
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Figure 33. Coolant thermal parameters and proton beam current
in the TS1 target on 16 February 2023 (green: inlet mass flow
rate, ṁin; red: proton beam current, I p; blue: inlet temperature,
Tin; orange: outlet temperature, Tout).

Figure 34. Coolant thermal parameters and proton beam cur-
rent in the TS1 target on 23 March 2025 (green: inlet mass flow
rate, ṁin; red: proton beam current, I p; blue: inlet temperature;
orange: outlet temperature).

A reduction in effective thermal conductivity means 
slowing down the redistribution of heat from the plate 
core toward the cooled surfaces.  

As a consequence, even if the external convective 
co ef fi c i e n t r e m a i n s co m p a ra b l e , t h e ce n t ra l 
temperature exhibits a smaller initial slope and a slower 
cooldown.

Scenario GD2O 

[L/min]

I 
[μA]

Tp2 

[C]

Tp9 

[C]

6 mAh 476 134 150 86

935 mAh 485 147 150 86

GD2O=476 L/mim

I=134μA

Scenario1 - test on 16-02-2023

T2=150 C

T_sat: 120–133 °C
 D₂O inlet: 3.8–4.2 bar; ΔP ≈ 2.1 bar


beam-off

http://www.apple.com/uk


Thermal Conductivity in Tungsten  as a Function of cDPA

• Statistical uncertainty of the Monte Carlo neutron trans-
port simulations: ωstat = 1% for Plate 2 and ωstat = 5%
for Plate 9.

9 Impact of Radiation Damage on the

Thermal Properties of Spallation target

materials

Irradiation significantly reduces the thermal conductiv-
ity of pure tungsten (W) and tantalum (Ta) by introduc-
ing defects such as dislocation loops, voids, and vacancy
clusters, which act as scattering centres for heat carri-
ers [31, 32]. The degradation is generally more pro-
nounced in tungsten, particularly at lower irradiation tem-
peratures, where defect mobility is limited and defect ac-
cumulation is maximised [33, 34]. By contrast, tantalum
exhibits comparatively greater defect recombination effi-
ciency at intermediate temperatures, leading to a some-
what lower sensitivity of thermal transport properties to ir-
radiation damage [35]. In Table 13 the main thermopysical
properties for unirradiated W, relevant within this work,
have been reported as a function of temperature.

The degradtion of thermal conductivity is caused pri-
marily by introducing defects like point defects and dis-
location loops into the material’s lattice structure, which
scatter phonons and electrons, thereby decreasing their
mean free path and increasing thermal resistance. These
defects act as obstacles to heat flow, and their density and
distribution, which are influenced by irradiation dose and
temperature, directly correlated with the magnitude of the
thermal conductivity reduction. Considering the higher

Table 13. Reference data for pure unirradiated tungsten in the
temperature range 25–500→C.

Temp.
(→C)

Density
[g cm↑3]

Spec. heat
capacity

[J kg↑1 K↑1]

Ther.
diffusivity
[mm2 s↑1]

Ther.
conductivity
[W m↑1 K↑1]

25 19.297 128.13 68.8 172.29
100 19.274 131.56 64.3 162.75
200 19.254 137.64 59.3 155.53
300 19.239 137.85 52.8 147.72
400 19.224 142.03 48.4 136.75
500 19.178 143.86 46.7 133.11

performance of tantalum with respect to radiation dam-
aging, alloying tungsten with tantalum (W-Ta) has been
shown to improve radiation tolerance by suppressing de-
fect generation and enhancing recombination processes,
resulting in less degradation of thermal properties com-
pared to pure W, although the intrinsic thermal conductiv-
ity of W-Ta alloys remains lower than that of pure tung-
sten [36, 37].

At elevated irradiation temperatures, partial recovery
of thermal conductivity can occur in tungsten due to the
annealing of point defects and small clusters; however, a
complete restoration to pre-irradiation values is generally
not achievable [27],[38]. These observations emphasise

the complex interplay of dose, temperature, and alloy com-
position in determining the thermal performance of refrac-
tory metals under irradiation, as W.

9.1 Model 1: thermal conductivity vs cDPA

Figure 24 presents the thermal conductivity of tungsten
as a function of the canonical cDPA (arc-DPA) form
[39], while the corresponding fitting curve is given in
Equation 16. The thermal conductivity results in [39]
were obtained considering scattering from defects in low-
temperature overlapping cascade simulations, i.e. for tem-
peratures below 600 →C. This corresponds to the field of
application of the TS1 target, whose maximum operating
temperature does not exceed 200 →C.

Figure 24. Calculated thermal conductivity in W as a function
of canocnical cDPA (arc-DPA)[39]

k(cDPA) = 91.14 ↑ 2.15 ln(cDPA) + 0.62
[
ln(cDPA)

]2

(16)
The fitted coefficients are:

a0 = 91.14, a1 = ↑2.15, a2 = 0.62

The constant term a0 represents the baseline conduc-
tivity level approached at intermediate damage when log-
arithmic contributions are small. The linear term a1 de-
scribes the initial rate of conductivity degradation with in-
creasing damage on a logarithmic scale, while the positive
quadratic coefficient a2 captures the progressive reduction
in degradation rate at higher doses, producing the observed
curvature and tendency towards saturation.

The goodness of fit is high, with a coefficient of deter-
mination

R2 = 0.967,

indicating that approximately 97% of the variance in the
measured conductivity is explained by the model. The root
mean square error is

RMSE = 4.45 W m↑1 K↑1,

which is small compared with the overall conductivity
range.

The 95% confidence intervals of the fitted parameters
are:

a0 ↓ [86.36, 95.92], a1 ↓ [↑4.50, 0.20], a2 ↓ [0.37, 0.87].

• Statistical uncertainty of the Monte Carlo neutron trans-
port simulations: ωstat = 1% for Plate 2 and ωstat = 5%
for Plate 9.
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have been reported as a function of temperature.

The degradtion of thermal conductivity is caused pri-
marily by introducing defects like point defects and dis-
location loops into the material’s lattice structure, which
scatter phonons and electrons, thereby decreasing their
mean free path and increasing thermal resistance. These
defects act as obstacles to heat flow, and their density and
distribution, which are influenced by irradiation dose and
temperature, directly correlated with the magnitude of the
thermal conductivity reduction. Considering the higher

Table 13. Reference data for pure unirradiated tungsten in the
temperature range 25–500→C.

Temp.
(→C)

Density
[g cm↑3]

Spec. heat
capacity

[J kg↑1 K↑1]

Ther.
diffusivity
[mm2 s↑1]

Ther.
conductivity
[W m↑1 K↑1]

25 19.297 128.13 68.8 172.29
100 19.274 131.56 64.3 162.75
200 19.254 137.64 59.3 155.53
300 19.239 137.85 52.8 147.72
400 19.224 142.03 48.4 136.75
500 19.178 143.86 46.7 133.11

performance of tantalum with respect to radiation dam-
aging, alloying tungsten with tantalum (W-Ta) has been
shown to improve radiation tolerance by suppressing de-
fect generation and enhancing recombination processes,
resulting in less degradation of thermal properties com-
pared to pure W, although the intrinsic thermal conductiv-
ity of W-Ta alloys remains lower than that of pure tung-
sten [36, 37].

At elevated irradiation temperatures, partial recovery
of thermal conductivity can occur in tungsten due to the
annealing of point defects and small clusters; however, a
complete restoration to pre-irradiation values is generally
not achievable [27],[38]. These observations emphasise

the complex interplay of dose, temperature, and alloy com-
position in determining the thermal performance of refrac-
tory metals under irradiation, as W.

9.1 Model 1: thermal conductivity vs cDPA

Figure 24 presents the thermal conductivity of tungsten
as a function of the canonical cDPA (arc-DPA) form
[39], while the corresponding fitting curve is given in
Equation 16. The thermal conductivity results in [39]
were obtained considering scattering from defects in low-
temperature overlapping cascade simulations, i.e. for tem-
peratures below 600 →C. This corresponds to the field of
application of the TS1 target, whose maximum operating
temperature does not exceed 200 →C.

Figure 24. Calculated thermal conductivity in W as a function
of canocnical cDPA (arc-DPA)[39]

k(cDPA) = 91.14 ↑ 2.15 ln(cDPA) + 0.62
[
ln(cDPA)

]2

(16)
The fitted coefficients are:

a0 = 91.14, a1 = ↑2.15, a2 = 0.62

The constant term a0 represents the baseline conduc-
tivity level approached at intermediate damage when log-
arithmic contributions are small. The linear term a1 de-
scribes the initial rate of conductivity degradation with in-
creasing damage on a logarithmic scale, while the positive
quadratic coefficient a2 captures the progressive reduction
in degradation rate at higher doses, producing the observed
curvature and tendency towards saturation.

The goodness of fit is high, with a coefficient of deter-
mination

R2 = 0.967,

indicating that approximately 97% of the variance in the
measured conductivity is explained by the model. The root
mean square error is

RMSE = 4.45 W m↑1 K↑1,

which is small compared with the overall conductivity
range.

The 95% confidence intervals of the fitted parameters
are:

a0 ↓ [86.36, 95.92], a1 ↓ [↑4.50, 0.20], a2 ↓ [0.37, 0.87].

D. R. Mason, A. Reza, F. Granberg, and F. Hofmann, “An estimate for 
thermal diffusivity in highly irradiated tungsten using molecular 
dynamics simulation,” Phys-cal Review Materials, vol. 5, p. 125407, 2021

• Statistical uncertainty of the Monte Carlo neutron trans-
port simulations: ωstat = 1% for Plate 2 and ωstat = 5%
for Plate 9.

9 Impact of Radiation Damage on the

Thermal Properties of Spallation target

materials

Irradiation significantly reduces the thermal conductiv-
ity of pure tungsten (W) and tantalum (Ta) by introduc-
ing defects such as dislocation loops, voids, and vacancy
clusters, which act as scattering centres for heat carri-
ers [31, 32]. The degradation is generally more pro-
nounced in tungsten, particularly at lower irradiation tem-
peratures, where defect mobility is limited and defect ac-
cumulation is maximised [33, 34]. By contrast, tantalum
exhibits comparatively greater defect recombination effi-
ciency at intermediate temperatures, leading to a some-
what lower sensitivity of thermal transport properties to ir-
radiation damage [35]. In Table 13 the main thermopysical
properties for unirradiated W, relevant within this work,
have been reported as a function of temperature.

The degradtion of thermal conductivity is caused pri-
marily by introducing defects like point defects and dis-
location loops into the material’s lattice structure, which
scatter phonons and electrons, thereby decreasing their
mean free path and increasing thermal resistance. These
defects act as obstacles to heat flow, and their density and
distribution, which are influenced by irradiation dose and
temperature, directly correlated with the magnitude of the
thermal conductivity reduction. Considering the higher

Table 13. Reference data for pure unirradiated tungsten in the
temperature range 25–500→C.

Temp.
(→C)

Density
[g cm↑3]

Spec. heat
capacity

[J kg↑1 K↑1]

Ther.
diffusivity
[mm2 s↑1]

Ther.
conductivity
[W m↑1 K↑1]

25 19.297 128.13 68.8 172.29
100 19.274 131.56 64.3 162.75
200 19.254 137.64 59.3 155.53
300 19.239 137.85 52.8 147.72
400 19.224 142.03 48.4 136.75
500 19.178 143.86 46.7 133.11

performance of tantalum with respect to radiation dam-
aging, alloying tungsten with tantalum (W-Ta) has been
shown to improve radiation tolerance by suppressing de-
fect generation and enhancing recombination processes,
resulting in less degradation of thermal properties com-
pared to pure W, although the intrinsic thermal conductiv-
ity of W-Ta alloys remains lower than that of pure tung-
sten [36, 37].

At elevated irradiation temperatures, partial recovery
of thermal conductivity can occur in tungsten due to the
annealing of point defects and small clusters; however, a
complete restoration to pre-irradiation values is generally
not achievable [27],[38]. These observations emphasise

the complex interplay of dose, temperature, and alloy com-
position in determining the thermal performance of refrac-
tory metals under irradiation, as W.

9.1 Model 1: thermal conductivity vs cDPA

Figure 24 presents the thermal conductivity of tungsten
as a function of the canonical cDPA (arc-DPA) form
[39], while the corresponding fitting curve is given in
Equation 16. The thermal conductivity results in [39]
were obtained considering scattering from defects in low-
temperature overlapping cascade simulations, i.e. for tem-
peratures below 600 →C. This corresponds to the field of
application of the TS1 target, whose maximum operating
temperature does not exceed 200 →C.

Figure 24. Calculated thermal conductivity in W as a function
of canocnical cDPA (arc-DPA)[39]

k(cDPA) = 91.14 ↑ 2.15 ln(cDPA) + 0.62
[
ln(cDPA)

]2

(16)
The fitted coefficients are:

a0 = 91.14, a1 = ↑2.15, a2 = 0.62

The constant term a0 represents the baseline conduc-
tivity level approached at intermediate damage when log-
arithmic contributions are small. The linear term a1 de-
scribes the initial rate of conductivity degradation with in-
creasing damage on a logarithmic scale, while the positive
quadratic coefficient a2 captures the progressive reduction
in degradation rate at higher doses, producing the observed
curvature and tendency towards saturation.

The goodness of fit is high, with a coefficient of deter-
mination

R2 = 0.967,

indicating that approximately 97% of the variance in the
measured conductivity is explained by the model. The root
mean square error is

RMSE = 4.45 W m↑1 K↑1,

which is small compared with the overall conductivity
range.

The 95% confidence intervals of the fitted parameters
are:

a0 ↓ [86.36, 95.92], a1 ↓ [↑4.50, 0.20], a2 ↓ [0.37, 0.87].

W Data Comparison for Two Irradiation Scenarios

Plate cDPA (6 mA·h) k (6 mA·h) [W/mK] cDPA (935 mA·h) k (935 mA·h) [W/mK]

P1 5.47E-3 119.1 0.853 91.5

P2 5.63E-3 118.9 0.88 91.4

P3 5.37E-3 119.3 0.84 91.5

P4 4.82E-3 120.3 0.75 91.8

P5 4.13E-3 121.6 0.64 92.2

P6 3.38E-3 123.4 0.53 92.8

P7 2.61E-3 125.9 0.41 93.6

P8 1.82E-3 129.4 0.283 94.8

P9 1.07E-3 134.9 0.17 96.9

P10 1.93E-4 154.9 0.0304 106.2

The uncertainty on the thermal conductivity was obtained by propagating 
the uncertainty on cDPA through Eq. *, using a first-order (linear) error 
propagation approach and combining quadratically with the uncertainty 
of the fit: Uk,tot = U2

k,fit + U2
k,dpa .

Scenario Plate cDPA 
dose

e(cDPA) k [W/cmK] e_k* [W/
cmK]

6 mA·h P2 5.63 × 10⁻³ ± 1.22 × 10⁻³ 1.19 ± 0.12

935 mA·h P2 0.88 ± 0.17 0.91 ± 0.08

Sensitivity to: Proton beam current variations (5%),  Beam spot size variations (10% 
variation of the FWHM of the Gaussian spatial distribution), Nuclear data 
uncertainty, e!ective mA·h for the irradiation scenario (10%), 

Model based on MD simualtions 

Model for computing the thermal diffusivity 
of tungsten, based on the conductivity of the 
perfect crystal and resistivity per Frenkel pair, 
and dividing a simulation into perfect and 
athermal regions statistically.



FLUKA Predictions for Scenario1 and Scenario2
Comparison with experimental results from method based on D.Findlay et al work

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.
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reprocessed by replacing the three-point clusters (corresponding
to different decay times at the same accumulated exposure) with
their average value, in order to enable a more direct comparison
with the simulations. The location of the simulated points in fig-
ures 27 and Figure 28 (0.12 milliamp-hours per cm2 and 16.8
milliamp-hours per cm2, for Scenario 1 and Scenario 2, respec-
tively) has been obtained for the 2 scenarios, assuming a gaus-
sian spatial distribution on the front plate with FWHM=4.215
cm (also used in the FLUKA simulations).

Figure 26. Comparison of measured temperature decays for
plates 2 and 9 on 16 February 2023 and 28 March 2025 when
respectively 6 and 935 milliamp-hours of protons had been de-
livered to target. Slower decays at later times are evident. [6]

The thermal conductivity values derived from FLUKA pre-
dictions, using Model 1 described in Section §9.1, are over-
all consistent with the experimental measurements, with good
agreement within the associated uncertainties. The main dis-
crepancy is observed for plate 2 in the 935,mA · h case, where
the calculations predict a smaller degradation of thermal conduc-
tivity driven by the DPA contribution, with a difference of less
than 30% between the experimentally inferred from temperature
profile and calculated values of k.

Figure 27. Plate 2 thermal conductivity: Measured values
from [6] (black circles) and simulated in this work (red points).

Figure 28. Plate 9 thermal conductivity: Measured values from
[6] (black circles) and simulated in this work (red points).

12 ANSYS simulation of the temperature

profile using the FLUKA prediction

The key question addressed in the following analysis is whether
the range of thermal conductivity values, k, estimated by com-
bining FLUKA predictions with Eq. 16, is consistent with an
irradiation and cooling scenario capable of reproducing, either
partially or fully, the experimentally observed temperature evo-
lution shown in Fig. 26. To investigate this, ANSYS thermo-fluid
simulations were performed to assess the extent to which the as-
sumed thermal conductivity values can reproduce the observed
temperature behaviour for both scenarios.

12.1 Thermophysical parameters and Thermal

loads

The analysis was carried out for two representative plates of the
target assembly, namely Plate 2 and Plate 9, located respectively
at the front and at the back of the target, as the time dependent
temperature read from the thermocouples is documented in [6].
These plates were selected to investigate the thermal response in
regions characterised by different irradiation levels.

Spatial distribution of ARC-DPA in Plate2



Final Benchmarking k(DPA-NRT) for Tungsten
• 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)

significantly in this energy domain. These processes re-
sult in a harder, forward-peaked component at higher en-
ergies (tens to hundreds of MeV). Such two-component
spectra, combining pre-equilibrium and evaporation con-
tributions, are well documented for light ions in spallation
reactions [23, 24].

8 Plate by plate results for benchmarking

purposes: Scenario 1 and 2

The estimations of the DPA and gas production were per-
formed on a plate-by-plate basis considering two irradia-
tion scenarios for benchmarking purposes, following the
approach reported in Ref. [6].

1. Scenario 1: irradiation from 1st November 2022
up to 16 February 2023, corresponding to a total
delivered charge of 6 mA · h (protons) to the in-
reflector target. Heavy water (D2O) coolant is cir-
culated through the cooling channels at a total flow
rate of 476 L min→1. The flow is assumed to be ap-
proximately equally distributed among the ten chan-
nels, leading to a coolant velocity of approximately
6 m s→1. The average proton beam current was
Ip ↑ 134 µA.

2. Scenario 2: irradiation from 1st November 2022 up
to 28 March 2025, corresponding to a total delivered
charge of 935 mA · h (protons). Heavy water (D2O)
coolant is circulated through the cooling channels at
a total flow rate of 485 L min→1. The average proton
beam current was Ip ↑ 147 µA.

In both scenarios, the target plate operating tem-
peratures range from approximately 200↓C at the up-
stream (front) region of the target down to approximately
50↓C at the downstream (rear) region. A 2-mm-diameter
insulated-junction type-K thermocouple penetrates to the
centre of each plate in order to measure the plate temper-
ature. Thermocouple readings are recorded at a sampling
interval of 0.25 s.

The main results are reported in Table 9 and Table 10
for reference Scenario 1 and 2 respectively.

Decay Heat and Radionuclei production for Scenario 1
and 2

In Fluka, light-ion spectra are generated through a com-
bination of the intranuclear cascade (INC) and the pre-
equilibrium model (PEANUT), followed by evaporation
and fission. Furthermore, the coalescence of cascade nu-
cleons into composite ions (d, t, 3He, ω) is available and
plays a key role in reproducing the higher-energy peak.
Accurate reproduction of both spectral components re-
quires that the physics options for coalescence and heavy-
ion transport are enabled consistently [25, 26].

Radionuclei production

FLUKA allows the estimation of decay heat (DH) as a
function of cooling time (i.e. the time elapsed after the

Table 9. Scenario 1: irradiation effects for each plate ↔↔.

6 mA·h

Plate
dpa-arc

dose
[→]

dpa-nrt
dose
[→]

He
[appm]

H
[appm]

DH
at c.t.= 0

[W]
W1 5.47 ↗ 10→3 2.18 ↗ 10→2 3.00 1.84 0.60
Ta1 3.33 ↗ 10→3 1.30 ↗ 10→2 1.50 0.95 0.22
W2 5.63 ↗ 10→3 2.17 ↗ 10→2 3.30 1.56 0.67
Ta2 3.51 ↗ 10→3 1.32 ↗ 10→2 1.74 0.82 0.24
W3 5.37 ↗ 10→3 2.02 ↗ 10→2 3.09 1.32 0.74
Ta3 3.30 ↗ 10→3 1.20 ↗ 10→2 1.58 0.67 0.25
W4 4.82 ↗ 10→3 1.78 ↗ 10→2 2.74 1.04 0.76
Ta4 2.93 ↗ 10→3 1.05 ↗ 10→2 1.41 0.50 0.25
W5 4.13 ↗ 10→3 1.50 ↗ 10→2 2.30 0.804 0.66
Ta5 2.58 ↗ 10→3 0.91 ↗ 10→2 1.18 0.38 0.23
W6 3.38 ↗ 10→3 1.21 ↗ 10→2 1.87 0.582 0.65
Ta6 2.09 ↗ 10→3 0.72 ↗ 10→2 0.97 0.273 0.21
W7 2.61 ↗ 10→3 0.92 ↗ 10→2 1.42 0.388 0.62
Ta7 1.60 ↗ 10→3 0.54 ↗ 10→2 0.725 0.179 0.21
W8 1.82 ↗ 10→3 0.62 ↗ 10→2 0.99 0.222 0.55
Ta8 1.12 ↗ 10→3 0.37 ↗ 10→2 0.504 0.101 0.19
W9 1.07 ↗ 10→3 0.35 ↗ 10→2 0.625 0.098 0.44
Ta9 6.69 ↗ 10→4 0.21 ↗ 10→2 0.320 0.046 0.16
W10 1.93 ↗ 10→4 0.06 ↗ 10→2 0.230 0.0083 0.41
Ta10 1.64 ↗ 10→4 0.05 ↗ 10→2 0.092 0.0072 0.22
↔↔The statistical uncertainty is within 5% for the average DPA dose,
within 15% for H and He, and only a few percent for DH.

Table 10. Scenario 2: irradiation effects for each plate ↔↔.

935 mA-h

Plate
dpa-arc

dose
[→]

dpa-nrt
dose
[→]

He
[appm]

H
[appm]

DH
@c.t =0

[W]
W1 0.853 3.4 468.6 285.61 13.1
Ta1 0.52 2.03 229.8 147.32 6.5
W2 0.88 3.39 510.7 243.14 15.13
Ta2 0.55 2.06 270.5 127.31 7.1
W3 0.84 3.15 481.67 205.98 16.98
Ta3 0.514 1.87 247.4 104.96 7.6
W4 0.75 2.77 426.7 162.36 17.69
Ta4 0.46 1.63 219.7 77.97 7.9
W5 0.64 2.34 360.2 125.23 15.49
Ta5 0.41 1.41 184.3 59.54 7.45
W6 0.53 1.88 291.4 90.68 15.40
Ta6 0.33 1.12 150.7 42.58 7.28
W7 0.41 1.43 221.3 60.42 14.59
Ta7 0.25 0.84 113.05 27.97 6.96
W8 0.283 0.97 154.0 34.62 13.21
Ta8 0.174 0.57 78.46 15.69 6.45
W9 0.17 0.55 97.47 15.29 10.58
Ta9 0.10 0.33 49.55 7.21 5.60
W10 0.0304 0.09 36.41 1.291 10.46
Ta10 0.025 0.08 14.27 1.13 8.0
↔↔The statistical uncertainty is less than 5% for the average DPA
dose, within 15% for H and He, and only a few percent for DH.

significantly in this energy domain. These processes re-
sult in a harder, forward-peaked component at higher en-
ergies (tens to hundreds of MeV). Such two-component
spectra, combining pre-equilibrium and evaporation con-
tributions, are well documented for light ions in spallation
reactions [23, 24].

8 Plate by plate results for benchmarking

purposes: Scenario 1 and 2

The estimations of the DPA and gas production were per-
formed on a plate-by-plate basis considering two irradia-
tion scenarios for benchmarking purposes, following the
approach reported in Ref. [6].

1. Scenario 1: irradiation from 1st November 2022
up to 16 February 2023, corresponding to a total
delivered charge of 6 mA · h (protons) to the in-
reflector target. Heavy water (D2O) coolant is cir-
culated through the cooling channels at a total flow
rate of 476 L min→1. The flow is assumed to be ap-
proximately equally distributed among the ten chan-
nels, leading to a coolant velocity of approximately
6 m s→1. The average proton beam current was
Ip ↑ 134 µA.

2. Scenario 2: irradiation from 1st November 2022 up
to 28 March 2025, corresponding to a total delivered
charge of 935 mA · h (protons). Heavy water (D2O)
coolant is circulated through the cooling channels at
a total flow rate of 485 L min→1. The average proton
beam current was Ip ↑ 147 µA.

In both scenarios, the target plate operating tem-
peratures range from approximately 200↓C at the up-
stream (front) region of the target down to approximately
50↓C at the downstream (rear) region. A 2-mm-diameter
insulated-junction type-K thermocouple penetrates to the
centre of each plate in order to measure the plate temper-
ature. Thermocouple readings are recorded at a sampling
interval of 0.25 s.

The main results are reported in Table 9 and Table 10
for reference Scenario 1 and 2 respectively.

Decay Heat and Radionuclei production for Scenario 1
and 2

In Fluka, light-ion spectra are generated through a com-
bination of the intranuclear cascade (INC) and the pre-
equilibrium model (PEANUT), followed by evaporation
and fission. Furthermore, the coalescence of cascade nu-
cleons into composite ions (d, t, 3He, ω) is available and
plays a key role in reproducing the higher-energy peak.
Accurate reproduction of both spectral components re-
quires that the physics options for coalescence and heavy-
ion transport are enabled consistently [25, 26].

Radionuclei production

FLUKA allows the estimation of decay heat (DH) as a
function of cooling time (i.e. the time elapsed after the

Table 9. Scenario 1: irradiation effects for each plate ↔↔.

6 mA·h

Plate
dpa-arc

dose
[→]

dpa-nrt
dose
[→]

He
[appm]

H
[appm]

DH
at c.t.= 0

[W]
W1 5.47 ↗ 10→3 2.18 ↗ 10→2 3.00 1.84 0.60
Ta1 3.33 ↗ 10→3 1.30 ↗ 10→2 1.50 0.95 0.22
W2 5.63 ↗ 10→3 2.17 ↗ 10→2 3.30 1.56 0.67
Ta2 3.51 ↗ 10→3 1.32 ↗ 10→2 1.74 0.82 0.24
W3 5.37 ↗ 10→3 2.02 ↗ 10→2 3.09 1.32 0.74
Ta3 3.30 ↗ 10→3 1.20 ↗ 10→2 1.58 0.67 0.25
W4 4.82 ↗ 10→3 1.78 ↗ 10→2 2.74 1.04 0.76
Ta4 2.93 ↗ 10→3 1.05 ↗ 10→2 1.41 0.50 0.25
W5 4.13 ↗ 10→3 1.50 ↗ 10→2 2.30 0.804 0.66
Ta5 2.58 ↗ 10→3 0.91 ↗ 10→2 1.18 0.38 0.23
W6 3.38 ↗ 10→3 1.21 ↗ 10→2 1.87 0.582 0.65
Ta6 2.09 ↗ 10→3 0.72 ↗ 10→2 0.97 0.273 0.21
W7 2.61 ↗ 10→3 0.92 ↗ 10→2 1.42 0.388 0.62
Ta7 1.60 ↗ 10→3 0.54 ↗ 10→2 0.725 0.179 0.21
W8 1.82 ↗ 10→3 0.62 ↗ 10→2 0.99 0.222 0.55
Ta8 1.12 ↗ 10→3 0.37 ↗ 10→2 0.504 0.101 0.19
W9 1.07 ↗ 10→3 0.35 ↗ 10→2 0.625 0.098 0.44
Ta9 6.69 ↗ 10→4 0.21 ↗ 10→2 0.320 0.046 0.16
W10 1.93 ↗ 10→4 0.06 ↗ 10→2 0.230 0.0083 0.41
Ta10 1.64 ↗ 10→4 0.05 ↗ 10→2 0.092 0.0072 0.22
↔↔The statistical uncertainty is within 5% for the average DPA dose,
within 15% for H and He, and only a few percent for DH.

Table 10. Scenario 2: irradiation effects for each plate ↔↔.

935 mA-h

Plate
dpa-arc

dose
[→]

dpa-nrt
dose
[→]

He
[appm]

H
[appm]

DH
@c.t =0

[W]
W1 0.853 3.4 468.6 285.61 13.1
Ta1 0.52 2.03 229.8 147.32 6.5
W2 0.88 3.39 510.7 243.14 15.13
Ta2 0.55 2.06 270.5 127.31 7.1
W3 0.84 3.15 481.67 205.98 16.98
Ta3 0.514 1.87 247.4 104.96 7.6
W4 0.75 2.77 426.7 162.36 17.69
Ta4 0.46 1.63 219.7 77.97 7.9
W5 0.64 2.34 360.2 125.23 15.49
Ta5 0.41 1.41 184.3 59.54 7.45
W6 0.53 1.88 291.4 90.68 15.40
Ta6 0.33 1.12 150.7 42.58 7.28
W7 0.41 1.43 221.3 60.42 14.59
Ta7 0.25 0.84 113.05 27.97 6.96
W8 0.283 0.97 154.0 34.62 13.21
Ta8 0.174 0.57 78.46 15.69 6.45
W9 0.17 0.55 97.47 15.29 10.58
Ta9 0.10 0.33 49.55 7.21 5.60
W10 0.0304 0.09 36.41 1.291 10.46
Ta10 0.025 0.08 14.27 1.13 8.0
↔↔The statistical uncertainty is less than 5% for the average DPA
dose, within 15% for H and He, and only a few percent for DH.

In Findlay work:  1 DPA  has been estimated 
equivalent to 5.38 mAh cm− 2

Habaniya values measured at PSI with LFA

{
FLUKA

These preliminary results show that the k(cdpa) value of irradiated W 
derived by using FLUKA predictions are in quite good agreement 
with experimental data, showing a better agreement with 
D.Findaly method at low irradiation and a closer match with 
Habaniya for higher irradiation



Can We Reproduce the Experimental T Profile with k “Degraded” Values ?
In these preliminary simulations, Plate 2 and Plate 9 were

treated separately through independent thermo-fluid analyses.
This approach is consistent with established engineering prac-
tice, in which the plates have been checked to be thermally inde-
pendent and their behaviour can be effectively decoupled ?? to
be checkd with Dan)

The spatial power density distribution applied in the simula-
tions was derived from FLUKA calculations, accounting for both
the radial and axial profiles (see Figs. 30 and 31, respectively).
This approach enables the local thermal response of each plate to
be analysed, while maintaining a uniform cooling regime to en-
sure consistency with the overall heat transfer conditions within
the target assembly.Figure 32 shows a horizontal cross-section
of the TS1 TRAM, illustrating the spatial distribution of energy
deposition throughout the target as obtained from FLUKA simu-
lations.

Table 17 summarises the cooling cases simulated with AN-
SYS. For the unirradiated case (that is the case for whom the irra-
diation damage is disregarded), temperature-dependent thermo-
physical properties were used, although the values reported in the
table correspond to room temperature only. In contrast, the simu-
lations of the irradiated cases were performed by assuming a con-
stant thermal conductivity, with values selected within the range
specified in the table and varied in increments of 5 W m→1 K→1

from min to max.
The simulations incorporated thermal property values ad-

justed according to the displacement-per-atom (DPA) levels es-
timated with Fluka-CERN. The thermal diffusivity for tungsten
was extracted from Fig. 29 [39] as a function od cDPA. For each
irradiation condition, then, the heat capacity C was recalculated
from the corresponding thermal conductivity k and thermal dif-
fusivity ω, using the relation C = k/(ωε).MASON, REZA, GRANBERG, AND HOFMANN PHYSICAL REVIEW MATERIALS 5, 125407 (2021)

FIG. 7. A histogram of potential energies of high-dose simulated
microstructures. The solid line shows the expected fraction of atoms
in each bin, normalized so the area under the curve equals one. The
symbols show the predicted fraction of nonthermal atoms [Eq. (9),
for a range of doses].

The total athermal atom count for these simulations is plotted
in Fig. 8. Note that this is a count of all the atoms which have
high energy and not a count of point defects. The interstitial
and total vacancy count in this figure were computed using a
Wigner-Seitz analysis of the occupation of lattice sites, and
the vacancy total separated into vacancy clusters and vacancy
loops using the method of Ref. [48]. We see a saturation of
athermal atoms above 0.1 cdpa at about 8% of the total atom
count, while the vacancy concentration saturates at 0.3%. This
illustrates how a defect in this model is treated as a spatially
diffuse scattering region, and not as the individual point de-
fects.

In Fig. 9, we show the computed thermal diffusivity for
the relaxed high-dose microstructure simulations, computed
using a single snapshot atomic position file and scattering
rates using Eq. (13) parameterized with σ MD

1 , σ MD
2 . A sepa-

rate Green-Kubo calculation for the phonon contribution was

FIG. 8. Computed atomic fraction of athermal atoms and de-
fect types for high-dose CRA+MD simulations. Interstitials appear
mostly as loops, vacancies appear as loops, and a homogeneous
dispersion of monovacancies and small vacancy clusters.

FIG. 9. Computed thermal diffusivity of MD simulated mi-
crostructures at a range of doses. Also shown, experimentally
measured diffusivity using transient grating spectroscopy (TGS) and
an estimate by Reza et al. [18] of thermal diffusivity due to TEM-
visible dislocation loops.

performed. We first thermalized the atoms for 100 ps, then
sampled the velocity twenty times over 25 ps windows. This
was repeated for 25 independent runs, making a total MD
sampling time 12.5 ns per data point. We found that the cor-
rection was within the size of the data points in Fig. 9 (order
3–5%) was made if κel and κph were computed separately
in this way. The values are listed in Table II. We therefore
recommend computing thermal conductivity in tungsten us-
ing Eq. (13) only, using the values for the scattering rates
σ MD

1 , σ MD
2 and not using an expensive separate phonon con-

ductivity calculation.
In Fig. 9, we also include the computed thermal diffusivity

for CRA-only simulations, with no MD cascade relaxation.
We see that the unrelaxed CRA-only simulations show the
correct general trend seen in the experiment, namely, that the
thermal diffusivity is significantly reduced as dose increases
but saturates over 0.1 dpa. But it is clear that the effect is
overestimated. This is an expected consequence of the over-
estimation of the number of defects generated by the CRA
method alone.

Finally, in Fig. 9, we show an estimate for the thermal
diffusivity made by Reza et al. [18] due to TEM visible
dislocation loops (>1.5 nm diameter). This model uses the
area observed in loops in TEM images [66] to find a number
of interstitial point defects. It is then assumed that each in-
terstitial is paired with a vacancy, and the scattering rate per
Frenkel pair is used to turn the observed point defect count
into a maximum thermal diffusivity. As each interstitial is
treated as a strong scattering source, even though it may be
in the center of a large dislocation loop and so locally appears
as (strained) perfect crystal, this model must overestimate the
scattering due to observed defects. However, this estimate
clearly still underestimates the true drop in diffusivity, indicat-
ing that visible damage is only a small contributor to the true
change in thermal conductivity. In Ref. [18], the authors find
a better model for the absolute change in thermal diffusivity
by assuming defects too small to see follow a power-law dis-
tribution [58,67], though cannot track the shape of the curve
well.
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Figure 29. Computed thermal diffusivity for tungsten as a func-
tion of cdpa [39]

In Scenario 2, the coolant mass flow rate is slightly higher
than in Scenario 1 (485 L/min vs 476L/min), in accordance with
the slightly higher proton current delivered (147 µA for Sce-
nario 2 compared to 132 µA for Scenario 1) (see Figs. 33 and
34, and Table 18 in paragraph §12.1). This configuration was
maintained throughout the one-minute measurement period fol-
lowing beam shutdown. Under single-phase forced convection
conditions, assuming unchanged thermophysical properties for
the same plate in the two Scenarios, a higher mass flow rate with
equivalent temperature at the target inlet would normally lead to

Figure 30. Normalised profile of the average radial distribution
of energy density deposition in Plate 2

Figure 31. Spatial energy density distribution in Tungsten core
of Plate 9. The coordinate z=0 corresponds to the front flat sur-
face of Ta cladding (ϑ = 2.357cm, FWHM = 5.551 cm).

an increase, even if modest, in the convective heat transfer coef-
ficient h and therefore we should have expected a similar cooling
down or even better a slightly faster cooling rate in Scenario2
than in Scenario1 for each plate. In contrast, the experimental
observations exhibit the opposite behaviour: the temperature de-
cay at the plate centre, where the thermocouples are located, is
slower in Scenario 2. This indicates that the difference in cool-
ing rate is primarily governed by heat transport within the solid,
rather than by variations in convective heat transfer conditions.
This behaviour can be interpreted more clearly within a math-

Plate2 Scenario 1 (6mAh)

ANSYS

Table 23. Scenario 1, unirradiated cases: steady-state results for Plate 2 and Plate 9 using k(T ) from Table 13. Experimental values
are Tmax,exp = 149 →C (Plate 2) and 86 →C (Plate 9).

Plate 2 Plate 9 h range

k Twall Tside Tmax Twall Tside Tmax (W m↑2 K↑1)
(W m↑1 K↑1) (→C) (→C) (→C) (→C) (→C) (→C)

k(T ) 85 34 135 49 35 83 20000–25000
k(T ) 76 32 126 45 33 80 25000–30000

Plate 2: Q̇W = 6.7 kW, Q̇Ta = 1.6 kW; Plate 9: Q̇W = 4.6 kW, Q̇Ta = 0.6 kW.
Ġ = 476 L min↑1; Tin = 27.3 →C, Tout = 29.2 →C;

Table 24. Plate 2 – Scenario 1: nominal value k=119 ± 11.
Calculated temperature (Tmax,exp = 149oC)

k Twall Tside Tmax h1 (303 K) h2 (373 K)
[W/m/K] [oC] [oC] [oC] [W/m2/K] [W/m2/K]

108 88 33 150 20000 25000
108 78 32 141 25000 30000
119 87 34 145 20000 25000
119 77 32 136 25000 30000
130 86 34 142 20000 25000
130 67 32 133 25000 30000
Bold values indicate the set of parameters that reproduces the

experimentally measured Tmax ± 2oC

Table 25. Plate 9 – Scenario 1: nominal value k=135 ± 12.
Calculated temperature Tmax,exp = 86oC

k Twall Tside Tmax h1 (303 K) h2 (373 K)
[W/m/K] [oC] [oC] [oC] [W/m2/K] [W/m2/K]

123 50 35 95 20000 25000
123 46 33 92 25000 30000
135 49 35 91 20000 25000
135 45 33 88 25000 30000
140 49 35 89 20000 25000
140 46 34 87 25000 30000
147 49 35 87 20000 25000
147 45 33 84 25000 30000

Bold values indicate the set of parameters that better reproduces the
experimentally measured Tmax ± 2oC

small, the fluid temperature rise increases from ∆T = 1.9,→ C in
Scenario 1 to ∆T = 2.2,→ C in Scenario 2, corresponding to an
increase of approximately 16% in heat removal.

13.2 Cooldown phase: the transient

An important outcome of this analysis is that agreement with
steady-state measurements alone is not sufficient to uniquely
identify the most representative set of thermal parameters. For
this reason, the final assessment of the parameter set capable of
reliably reproducing the experimental data is carried out by sim-
ulating the subsequent transient phase. Figure 35 and Figure 36
show the comparison between the experimentally measured tem-
perature evolution and the numerical simulations obtained for the
different modelling assumptions in Scenario 1. The curves rep-
resent the maximum temperature Tmax in Plate 2 and Plate 9, re-
spectively, as a function of time for Scenario 1, with the time
origin defined at the end of the steady-state plateau preceding the
cooling transient.

The results for Scenario 2 are reported in Figure ?? and ??,
respectively, for Plate 2 and Plate 9.

Figure 35. Plate 2-Scenario 1: Comparison between experimen-
tal temperature evolution and simulated cases. The time origin
corresponds to the end of the steady-state plateau preceding the
cooling transient. Case 1 providing the closest match to the ex-
perimental profile

The comparison highlights the critical role of irradiation ef-
fects in determining the thermal response of the system. In the
simulation performed for unirradiated material (i.e. not account-
ing irradiation damage), the predicted steady-state temperature
prior to the cooling phase is significantly lower than the exper-
imental value. This result indicates that neglecting irradiation
leads to an underestimation of the energy balance within the
system and therefore to an incorrect steady-state thermal level.
Since the temperature at the end of the plateau determines the
initial condition for the subsequent cooling transient, this dis-
crepancy cannot be interpreted as a simple temperature offset but
reflects a fundamental limitation of the non-irradiated modelling
assumption. Conversely, the selected subset of irradiated cases
reproduces more accurately both the steady-state plateau and the
shape of the temperature decay following the end of the steady-
state phase. Among these, the cases that better satisfy the defined
criteria, namely, accurate reproduction of both the steady-state
temperature and the transient cooling slope, enable a more reli-
able refinement of the effective thermal conductivity as modified
by radiation damage. In particular, the values of k that success-
fully capture both the thermal level reached during operation and
the characteristic cooling dynamics observed experimentally are
summarised in Table ?? for both plates and scenarios.

Table 23. Scenario 1, unirradiated cases: steady-state results for Plate 2 and Plate 9 using k(T ) from Table 13. Experimental values
are Tmax,exp = 149 →C (Plate 2) and 86 →C (Plate 9).

Plate 2 Plate 9 h range

k Twall Tside Tmax Twall Tside Tmax (W m↑2 K↑1)
(W m↑1 K↑1) (→C) (→C) (→C) (→C) (→C) (→C)

k(T ) 85 34 135 49 35 83 20000–25000
k(T ) 76 32 126 45 33 80 25000–30000

Plate 2: Q̇W = 6.7 kW, Q̇Ta = 1.6 kW; Plate 9: Q̇W = 4.6 kW, Q̇Ta = 0.6 kW.
Ġ = 476 L min↑1; Tin = 27.3 →C, Tout = 29.2 →C;

Table 24. Plate 2 – Scenario 1: nominal value k=119 ± 11.
Calculated temperature (Tmax,exp = 149oC)

k Twall Tside Tmax h1 (303 K) h2 (373 K)
[W/m/K] [oC] [oC] [oC] [W/m2/K] [W/m2/K]

108 88 33 150 20000 25000
108 78 32 141 25000 30000
119 87 34 145 20000 25000
119 77 32 136 25000 30000
130 86 34 142 20000 25000
130 67 32 133 25000 30000
Bold values indicate the set of parameters that reproduces the

experimentally measured Tmax ± 2oC

Table 25. Plate 9 – Scenario 1: nominal value k=135 ± 12.
Calculated temperature Tmax,exp = 86oC

k Twall Tside Tmax h1 (303 K) h2 (373 K)
[W/m/K] [oC] [oC] [oC] [W/m2/K] [W/m2/K]

123 50 35 95 20000 25000
123 46 33 92 25000 30000
135 49 35 91 20000 25000
135 45 33 88 25000 30000
140 49 35 89 20000 25000
140 46 34 87 25000 30000
147 49 35 87 20000 25000
147 45 33 84 25000 30000

Bold values indicate the set of parameters that better reproduces the
experimentally measured Tmax ± 2oC

small, the fluid temperature rise increases from ∆T = 1.9,→ C in
Scenario 1 to ∆T = 2.2,→ C in Scenario 2, corresponding to an
increase of approximately 16% in heat removal.

13.2 Cooldown phase: the transient

An important outcome of this analysis is that agreement with
steady-state measurements alone is not sufficient to uniquely
identify the most representative set of thermal parameters. For
this reason, the final assessment of the parameter set capable of
reliably reproducing the experimental data is carried out by sim-
ulating the subsequent transient phase. Figure 35 and Figure 36
show the comparison between the experimentally measured tem-
perature evolution and the numerical simulations obtained for the
different modelling assumptions in Scenario 1. The curves rep-
resent the maximum temperature Tmax in Plate 2 and Plate 9, re-
spectively, as a function of time for Scenario 1, with the time
origin defined at the end of the steady-state plateau preceding the
cooling transient.

The results for Scenario 2 are reported in Figure ?? and ??,
respectively, for Plate 2 and Plate 9.

Figure 35. Plate 2-Scenario 1: Comparison between experimen-
tal temperature evolution and simulated cases. The time origin
corresponds to the end of the steady-state plateau preceding the
cooling transient. Case 1 providing the closest match to the ex-
perimental profile

The comparison highlights the critical role of irradiation ef-
fects in determining the thermal response of the system. In the
simulation performed for unirradiated material (i.e. not account-
ing irradiation damage), the predicted steady-state temperature
prior to the cooling phase is significantly lower than the exper-
imental value. This result indicates that neglecting irradiation
leads to an underestimation of the energy balance within the
system and therefore to an incorrect steady-state thermal level.
Since the temperature at the end of the plateau determines the
initial condition for the subsequent cooling transient, this dis-
crepancy cannot be interpreted as a simple temperature offset but
reflects a fundamental limitation of the non-irradiated modelling
assumption. Conversely, the selected subset of irradiated cases
reproduces more accurately both the steady-state plateau and the
shape of the temperature decay following the end of the steady-
state phase. Among these, the cases that better satisfy the defined
criteria, namely, accurate reproduction of both the steady-state
temperature and the transient cooling slope, enable a more reli-
able refinement of the effective thermal conductivity as modified
by radiation damage. In particular, the values of k that success-
fully capture both the thermal level reached during operation and
the characteristic cooling dynamics observed experimentally are
summarised in Table ?? for both plates and scenarios.

Parametric approach:  is not directly determined from the 
experiment but can be bounded within a plausible range.In such 
cases, prescribing an interpolated h(T) should be regarded as a 
modelling assumption or numerical regularisation rather than as 
a measured boundary condition.

h(T)

power profile

h1(T ) = 2000-2500 W m−2K−1, for T = 303-373 K
h2(T ) = 2500-30000 W m−2K−1

Results: This result indicates that neglecting irradiation 
leads to an underestimation of the energy balance within the 
system and therefore to an incorrect steady-state thermal level

12.1 Thermophysical parameters and Thermal loads in ANSY simualtions 21

Table 20. Thermophysical properties used in the simulations for Plates 2 and 9 under different irradiation scenarios.

Plate 2 Plate 9
Scenario Model Nominal k k → range ω C Nominal k k → range ω C
Unirr.

Model-1
k(T)
(ref. k = 119 ± 12)
(ref. k = 91 ± 8)

173.3 @ T = 293 K 6.69 ↑ 10→5 134 k(T)
(ref. k = 135 ± 13)
(ref. k = 97 ± 9)

173.3 @ T = 293 K 6.69 ↑ 10→5 134
6 mAh [108–130] 4.2 ↑ 10→5 134 [123–147] 4.8 ↑ 10→5 128
935 mAh [83–99] 3.0 ↑ 10→5 153 [88–106] 3.5 ↑ 10→5 137.5

k in W m→1 K→1, ω in m2 s→1, C in J kg→1 K→1.MASON, REZA, GRANBERG, AND HOFMANN PHYSICAL REVIEW MATERIALS 5, 125407 (2021)

FIG. 7. A histogram of potential energies of high-dose simulated
microstructures. The solid line shows the expected fraction of atoms
in each bin, normalized so the area under the curve equals one. The
symbols show the predicted fraction of nonthermal atoms [Eq. (9),
for a range of doses].

The total athermal atom count for these simulations is plotted
in Fig. 8. Note that this is a count of all the atoms which have
high energy and not a count of point defects. The interstitial
and total vacancy count in this figure were computed using a
Wigner-Seitz analysis of the occupation of lattice sites, and
the vacancy total separated into vacancy clusters and vacancy
loops using the method of Ref. [48]. We see a saturation of
athermal atoms above 0.1 cdpa at about 8% of the total atom
count, while the vacancy concentration saturates at 0.3%. This
illustrates how a defect in this model is treated as a spatially
diffuse scattering region, and not as the individual point de-
fects.

In Fig. 9, we show the computed thermal diffusivity for
the relaxed high-dose microstructure simulations, computed
using a single snapshot atomic position file and scattering
rates using Eq. (13) parameterized with σ MD

1 , σ MD
2 . A sepa-

rate Green-Kubo calculation for the phonon contribution was

FIG. 8. Computed atomic fraction of athermal atoms and de-
fect types for high-dose CRA+MD simulations. Interstitials appear
mostly as loops, vacancies appear as loops, and a homogeneous
dispersion of monovacancies and small vacancy clusters.

FIG. 9. Computed thermal diffusivity of MD simulated mi-
crostructures at a range of doses. Also shown, experimentally
measured diffusivity using transient grating spectroscopy (TGS) and
an estimate by Reza et al. [18] of thermal diffusivity due to TEM-
visible dislocation loops.

performed. We first thermalized the atoms for 100 ps, then
sampled the velocity twenty times over 25 ps windows. This
was repeated for 25 independent runs, making a total MD
sampling time 12.5 ns per data point. We found that the cor-
rection was within the size of the data points in Fig. 9 (order
3–5%) was made if κel and κph were computed separately
in this way. The values are listed in Table II. We therefore
recommend computing thermal conductivity in tungsten us-
ing Eq. (13) only, using the values for the scattering rates
σ MD

1 , σ MD
2 and not using an expensive separate phonon con-

ductivity calculation.
In Fig. 9, we also include the computed thermal diffusivity

for CRA-only simulations, with no MD cascade relaxation.
We see that the unrelaxed CRA-only simulations show the
correct general trend seen in the experiment, namely, that the
thermal diffusivity is significantly reduced as dose increases
but saturates over 0.1 dpa. But it is clear that the effect is
overestimated. This is an expected consequence of the over-
estimation of the number of defects generated by the CRA
method alone.

Finally, in Fig. 9, we show an estimate for the thermal
diffusivity made by Reza et al. [18] due to TEM visible
dislocation loops (>1.5 nm diameter). This model uses the
area observed in loops in TEM images [66] to find a number
of interstitial point defects. It is then assumed that each in-
terstitial is paired with a vacancy, and the scattering rate per
Frenkel pair is used to turn the observed point defect count
into a maximum thermal diffusivity. As each interstitial is
treated as a strong scattering source, even though it may be
in the center of a large dislocation loop and so locally appears
as (strained) perfect crystal, this model must overestimate the
scattering due to observed defects. However, this estimate
clearly still underestimates the true drop in diffusivity, indicat-
ing that visible damage is only a small contributor to the true
change in thermal conductivity. In Ref. [18], the authors find
a better model for the absolute change in thermal diffusivity
by assuming defects too small to see follow a power-law dis-
tribution [58,67], though cannot track the shape of the curve
well.
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Figure 29. Computed thermal diffusivity for tungsten as a func-
tion of cdpa [39]

Figure 30. Normalised profile of the average radial distribution
of energy density deposition in Plate 2

down or even better a slightly faster cooling rate in Scenario2
than in Scenario1 for each plate. In contrast, the experimental
observations exhibit the opposite behaviour: the temperature de-
cay at the plate centre, where the thermocouples are located, is
slower in Scenario 2. This indicates that the difference in cool-
ing rate is primarily governed by heat transport within the solid,
rather than by variations in convective heat transfer conditions.
This behaviour can be interpreted more clearly within a math-
ematical framework. The transient cooling of the plate can be
described by the energy balance

Figure 31. Spatial energy density distribution in Tungsten core
of Plate 9. The coordinate z=0 corresponds to the front flat sur-
face of Ta cladding (ε = 2.357cm, FWHM = 5.551 cm).

dT
dt
= → hA
ϑcV

(T → Tbulk) , (23)

which corresponds to the lumped-capacitance approxima-
tion, implicitly assuming a spatially uniform temperature within
the plate. However, when significant temperature gradients de-
velop inside the solid internal heat conduction becomes the dom-
inant mechanism governing the thermal response,particularly im-
mediately after beam shutdown,

The characteristic time scale for internal thermal diffusion is
given by:

ϖcond ↓
L2

ω
, (24)

where L is the characteristic plate thickness and ω = k/(ϑc)
is the thermal diffusivity of the material [41]. The slope of the
temperature curve at the onset of cooling therefore depends not
only on h, but also on the solid thermal conductivity k through
the diffusivity ω.

A reduction in effective thermal conductivity decreases ω,
slowing down the redistribution of heat from the plate core to-
ward the cooled surfaces. As a consequence, even if the external
convective coefficient remains comparable, the central tempera-
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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 
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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

Conclusions / Future Developments

• FLUKA simulations provide predictions of DPA and gas production in the target, enabling a physics-
based assessment of irradiation damage 

• The k(cDPA) correlation has been used to evaluate thermal conductivity degradation and for 
benchmarking against experimental observations 

•  Overall, this work offers an independent successful check between radiation damage estimated with 
FLUKA and available measurements, allowing to complete the validation of the model wrt engineering 
parameters

AS FUTURE developments 

• Improve robustness by exploring alternative and more refined 
k(cDPA) correlations, in collaboration with Mason et al. 

• Implement advanced thermal models that explicitly account for 
the non-uniform spatial distribution of damage 

• Couple finite element analysis (FEA) with spatially resolved 
DPA(x,y,z) fields derived from Monte Carlo simulations

Table 34. Scenario 1 (6 mAh): Measured (derived) versus calculated thermal conductivity values.

Plate Model k [W m→1K→1] Refined cDPA FLUKA cDPA C/Md
2 Model 1 108 2.3 ↑ 10→2 (2.17 ± 0.48) ↑ 10→2 0.94
9 Model 1 140-147 7 ↑ 10→4-3.7 ↑ 10→4 (1.07 ± 0.08) ↑ 10→3 0.7-0.4

Plate 9 the DPA is mainly concentrated at the front of the plate
and is significantly non-uniform along the y axis (see Figure 38
and Figure 39). This means that the thermal properties inside
Plate 9 could change significantly form the front to the back of
the plate.

Figure 38. Estimated DPA spatial distribution in Plate 2. Dis-
tances along the y-axis are magnified by a factor of 4 relative to
the x-axis.

Figure 39. Estimated DPA spatial distribution in Plate 9. Dis-
tances along the y-axis are magnified by a factor of 4 relative to
the x-axis.

Future work could further improve the robustness of this ap-
proach by investigating alternative and more refined correlations
for k(DPA), as well as by employing a more detailed finite-
element thermal model capable of accounting for the spatially
non-uniform distribution of the radiation damage. In particular,
coupling the thermal simulations with spatially resolved DPA
fields from the Monte Carlo calculations would allow the con-
ductivity degradation to be evaluated locally rather than through
an average integrated value.

Nevertheless, the analysis demonstrates that the thermal re-
sponse of the system can be effectively used as an independent
constraint to reduce the admissible parameter space and to assess
the consistency of irradiation-damage predictions.

Concluding remarks

The present work addresses several complementary aspects re-
lated to the estimation and indirect validation of radiation dam-

age in the ISIS TS1 tungsten target. The study combines
Monte Carlo simulations of displacement damage performed
with FLUKA, a review of literature correlations linking cDPA to
irradiation-induced changes in thermal properties, and a compar-
ison with recent experimental measurements of thermal conduc-
tivity obtained by D. Findlay et al. in dedicated irradiation cam-
paigns. Particular attention is devoted to the simulation with a fi-
nite element code of the thermal behaviour of Plate 2 and Plate 9
of ISIS TS1 target during operation and cool-down phase after
two representative irradiation scenarios (6 mAh and 935 mAh),
where measured temperature profiles provide an additional ex-
perimental observable that can be used to assess the consistency
of radiation-damage predictions.

From a methodological point of view, the analysis follows
a sequential approach in which Monte Carlo simulations first
provide an admissible range of cDPA values together with their
associated uncertainties. Through literature-based correlations
describing irradiation induced thermal conductivity degradation,
these damage estimates are translated into corresponding ranges
of thermal conductivity for tungsten plates. The resulting val-
ues are then used as input parameters in finite-element thermal
simulations of the target, allowing the predicted temperature re-
sponse to be compared with the measured temperature profiles.
Only those conductivity values that lead to thermally compatible
solutions are retained, and the corresponding cDPA intervals are
subsequently inferred through the inverse conductivity–damage
relation. In this way, the thermal response of the system provides
an additional physical constraint that can be used to reduce the
initially admissible parameter space.

Overall, the present results demonstrate that the combined
experimental and simulation approach provides a consistent
framework for analysing the thermal response of the target, while
also identifying the key parameters that require further refine-
ment in the modelling.

Within this framework, the analysis enables a thermally con-
sistent refinement of the cDPA intervals predicted by the irradia-
tion simulations and provides an independent consistency check
between radiation-damage estimates and the observed thermal
behaviour of the target.

Although the inferred ranges remain conditional on the as-
sumed conductivity damage correlation and on the adopted ther-
mal acceptance criteria, the study demonstrates that thermal mea-
surements can provide valuable complementary information for
the interpretation of radiation damage predictions. More broadly,
the methodology offers a practical framework for integrating ir-
radiation simulations, material property correlations and thermal
measurements in the analysis of high-power spallation targets.

Future work could further improve the robustness of this ap-
proach by investigating alternative or more refined correlations
for k(cDPA) and by employing thermal models that explicitly ac-
count for the spatially non-uniform distribution of radiation dam-
age. Coupling the finite-element analysis with spatially resolved
DPA(x, y, z) fields from Monte Carlo simulations would allow
the conductivity degradation to be evaluated locally rather than
through averaged quantities, potentially leading to a more accu-
rate description of the thermal response of the irradiated target.

To the authors’ knowledge, this work represents together
with the [6] one of the first attempts to use measured and sim-
ulated thermal behaviour in a spallation target environment (dur-

P9 dpa spatial distribution
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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.
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FLUKA  DPA Approach 

Logical sequence of process leading to radiation damage

Dislodge of Primary Knock on Atoms (PKAs)

Cascade of Frenkel pairs

Recombination

Net displacement damage

It allows not only the characterisation of radiation fields, but also the estimation of their 
effects on matter

Main source of knock-on-atoms in FLUKA—> related to a 
mechanism of transfer of energy 

• Elastic scattering on the electrostatic potential (small 
deflections) 

• Elastic scattering on nuclear potential (large deflections)

Not every energy transfer, T, to an atom results in a 
displacement.  

• Damage threshold energy, Ed: only recoil energies above the 
threshold lead to dislodged atoms, producing a PKA

Not every T dislodges atoms: damage threshold energy
• Only recoil energies above the 

damage threshold Ed 
(typically 10s of eV) dislodge 
the target ion from its lattice 
site (PKA)

16RADSUM

• Considerable variation of Ed as a function of 
lattice site, momentum-transfer direction, etc

• FLUKA asks user for average displacement 
threshold (user-input or 30 eV by default)https://doi.org/10.1073/pnas.2134173100

https://doi.org/10.1016/j.nucet.2017.08.007 

Ed (typically 10s of eV) depending on 

materials

2.2 Models and scoring quantities 3

• ARC-DPA (Athermal Recombination Corrected
DPA)[1], [2]: recently implemented in Fluka, refines
NRT-DPA by incorporating recombination of vacancies
and interstitials during cascade relaxation, through effi-
ciency function, derived from MD models. Predictions
of ARC-DPA show to be closer to DPA-SCO.

All three models can be scored directly in Fluka without
the need for user coding, but simply by enabling the ap-
propriate input options. It should be noted, however, that
material degradation is not modelled dynamically: each
particle history is simulated under the assumption of pris-
tine material conditions.

2.2.1 DPA general formulation

All DPA variants implemented in Fluka are based on the
following general expression:

DPAx(E) =
NA ω

Aw

∫ Tmax

Ed

dT
dε(E)

dT
Nx(Td), (2)

where Td = L(T ) T is the damage energy, with L(T ) the
Lindhard partition function[9], [10], Ed the threshold dis-
placement energy, and Tmax the maximum transferable en-
ergy. The function Nx(Td) specifies the efficiency of the
process, as specified in the following subsections for each
DPA scoring model.

2.2.2 NRT-DPA

In the Norgett Robinson Torrens (NRT) model [11], the
efficiency function is given by:

NNRT(Td) =




0 if 0 < Td < Ed,

1 if Ed < Td <
2Ed

0.8
,

0.8 Td

2Ed
if Td >

2Ed

0.8
.

(3)

The factor of 0.8 accounts for the use of a more real-
istic atomic potential, as opposed to the hard-sphere scat-
tering assumed in the original Kinchin-Pease model[13],
and also provides a crude treatment of recombination effi-
ciency.

Fluka implements the NRT-DPA by integrating pri-
mary knock-on atom recoils above the transport thresh-
old using the NRT rules (0 below Ed, 1 between Ed and
2Ed/0.8, and linear beyond). Below the transport thresh-
old, the Lindhard partition function is used to split be-
tween nuclear (NIEL) and electronic losses, which are
then converted to NRT-DPA using the same rule.

In the NRT-DPA formalism, the number of Frenkel
pairs produced by a primary knock-on atom of kinetic en-
ergy T is given by:

NF,NRT(T ) = ϑ
L(T ) T

2Ed
,

where ϑ is the displacement efficiency (typically 0.8) [14].

Molecular dynamics simulations indicate that the ac-
tual defect survival efficiency decreases with increasing
PKA energy, due to recombination within overlapping cas-
cades. One empirical approximation is:

NMD

NNRT
→ 0.3+

8.81
17.1

X↑4/3 +
9.57

0.3 + 1.3X5/3 , X =
T

20 keV
.

It should be noted that the binary collision simula-
tions underlying the NRT model focused only on the colli-
sional phase of the displacement cascade, neglecting cas-
cade evolution as atomic velocities decrease. As a con-
sequence, NRT-DPA is known to overestimate stable de-
fect production, typically by about a factor of three [1].
Figure 1 shows the time evolution of a collision cascade,
obtained from typical molecular dynamics simulations of
10 keV primary knock-on atom in Au [1]. The individ-
ual dots show atom positions. Blue circles illustrate atoms
with low temperature and red and whitish atoms have high
kinetic energies, with the energy scale given to the right.
Initially, when the atoms are hot (high kinetic energy),
a large number of atoms are displaced from their lattice
sites. However, as the cascade cools down, almost all
atoms regain positions in the perfect lattice sites. It is
because of these two so-called heat spike effects that the
number of atoms replacing other atoms is much larger and
the amount of final defects generated much smaller than
the prediction from simple linear collision cascade models
like the NRT-DPA model

Quantification of the amount of displacement damage
introduced by energetic particle interactions in matter is
important for a broad range of fundamental science and

applied engineering applications ranging from semiconductor
physics to nuclear energy generation1. Kinchin and Pease2

developed the basis for an early model to calculate displacements
per atom (dpa) by considering kinetic energy transfers above a
threshold material-specific displacement energy. The current de
facto international standard for quantifying atomic displacement
levels in irradiated materials is based on the more than 40-year-
old binary collision computer simulations of ion collisions in
solids3,4. The predicted number of atomic displacements (Nd) as a
function of cascade energy, or the damage function, is given in
this model by

Nd Td! Þ ¼
0 ; Td<Ed
1 ; Ed<Td< 2Ed

0:8
0:8Td
2Ed

; 2Ed
0:8 <Td<1

2

64

3

75; !1Þ

where Td is the damage energy, i.e. the kinetic energy available for
creating atomic displacements. The damage energy for a single
ion is given by the total ion energy minus the energy lost to
electronic interactions (ionization). Typical values of Ed for dif-
ferent materials range from 20 to 100 eV5,6. This is essentially the
Kinchin–Pease model, except that the original kinetic energy term
was replaced by the damage energy to account for ionization
effects and a factor of 0.8 was introduced to account for more
realistic interatomic potentials.

The importance of the calculated dpa parameter is that it is the
starting point for calculations of virtually all radiation effects in
solid materials, and it facilitates quantitative comparisons of
different materials irradiated with the same irradiation source as
well as materials irradiated in different irradiation sources such as
electron, ion and neutron irradiation1–8 facilities. Estimation of
the damage is also important in modern materials processing by
focused ion beams, or when irradiating nanomaterials9,10. How-
ever, it has been recognized for several decades that the dpa value
calculated from Eq. (1) for energetic cascades in pure metals on

the one hand overestimates the number of stable defects by a
factor of 3 to 4 (refs. 11–14), and on the other hand underestimates
the amount of atomic mixing (atoms permanently displaced from
their initial lattice position to replace an atom in another posi-
tion)13,15,16 that takes place as a result of the cascade. Even
though the initial effect is on the nanometric scale, it has also
been estimated that it can lead to macroscopic consequences such
as a 5-year underestimation of the lifetime of a nuclear reactor
pressure vessel exposed to a very high thermal flux17. Similar
trends have also been reported for intermetallic alloys18 and
ceramics19–21. Figure 1 illustrates the time-dependent evolution
of a displacement cascade based on molecular dynamics (MD)
simulations in a typical metal (see Methods section). Such a
displacement cascade can be induced by a passing neutron or
other high-energy (MeV or more) particle. The first lattice atom
to receive a recoil energy is called the primary knock-on atom.
Note how initially, when the atoms are highly excited, many of
them are displaced from their lattice sites. However, as the cas-
cade begins to thermally equilibrate with its surroundings, nearly
all atoms regain positions in the perfect lattice structure. It is
because of these two so-called heat spike effects22,23 (also known
in parts of the literature as ‘thermal spike’) that the amount of
final defects generated is much smaller, and the number of atoms
replacing other atoms (atomic mixing) much larger than the
prediction from simple linear collision cascade models such as the
NRT-dpa model (see Fig. 2). The physical reasons to this are
discussed in detail in the following two subsections (building
upon an earlier review work by us24), which also present
improved functional forms and tests of these against experimental
and new simulation data.

Results
In-cascade recombination effects on defect production. The
physical basis for the overprediction by the NRT-dpa model of
the defect production at high energies is the enhanced recombi-
nation of defects in close proximity in energetic displacement
cascades. The binary collision simulations used as the basis of the
NRT-dpa model3 focused on the collisional phase of the
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Fig. 1 Collision cascade. A cross-sectional view of a collision cascade induced by a 10 keV primary knock-on atom in Au obtained from typical molecular
dynamics simulations. The individual dots show atom positions. Blue circles illustrate atoms with low temperature and red and whitish atoms have high
kinetic energies, with the energy scale given to the right. Note how initially, when the atoms are hot (high kinetic energy), a large number of atoms are
displaced from their lattice sites. However, as the cascade cools down, almost all atoms regain positions in the perfect lattice sites. It is because of these
two so-called ‘heat spike’ effects that the number of atoms replacing other atoms is much larger and the amount of final defects generated much smaller
than the prediction from simple linear collision cascade models like the NRT-dpa model
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Figure 1. Time lapse of the Molecular Dynamic simulation[1]

2.2.3 DPA-SCO

In Fluka, the DPA-SCO scoring scheme is derived from
the conventional NRT-DPA formalism by introducing
an approximate, energy-dependent efficiency coefficient
ϑSCO(T ), based on molecular dynamics simulations:

ϑSCO(T ) = f
(

T
Ed

)
, (4)

where T is the recoil energy of the primary knock-
on atom and Ed is the threshold displacement energy.
The functional form f (·) represents the fraction of NRT-
predicted defects that survive recombination, and it is ex-
pected to:
• decrease monotonically with increasing recoil energy T ,



Measured

Scenario I  
(μA)

Prompt 
 [MeV/pr]

Decay 
Heat (kW)

Q_in* 
 (kW)

6 mA·h 134 513.562 negligible 68.9

935 mA·h 147 513.562 0.23 75.8

Simulated

Scenario T_in  
(°C)

T_out 
 (°C)

Flow  
(L/min)

Q_out * 
 [kW]

6 mA·h 27.3 29.2 476 70

935 mA·h 26.8 29.0 485 82

* With an uncertainty of 20%

*With an uncertainty of 20%

Table 4. Summary of displacement per atom estimates for the
(W+Ta) target obtained with DPA-SCO, DPA-NRT and

ARC-DPA models. Both average (AVG) and peak (PEAK)
values are reported.

(W+Ta) DPA-SCO DPA-NRT ARC-DPA
target

Monte Carlo Rate [dpa/primary]

AVG 7.5 → 10↑23 ± 5% 2.5 → 10↑22 ± 4% 6.7 → 10↑23 ± 4%

PEAK 2.1 → 10↑22 ± 15% 5.8 → 10↑22 ± 15% 1.4 → 10↑22 ± 15%

Dpa rate [dpa s↑1] (200 µA proton beam)

AVG 9.4 → 10↑8 3.1 → 10↑7 8.4 → 10↑8

PEAK 2.6 → 10↑7 7.2 → 10↑7 1.75 → 10↑7

Estimated dpa in one year [dpa]a

AVG 3 10 2.6

PEAK 8 22 5.5

Dose per Amp-hour [dpa/Ah]

AVG 1.69 5.58 1.51

PEAK 4.68 12.96 3.15

a Values estimated under the assumption of continuous operation at full beam
current (24 h/day, 365 days/year).

irradiation proton current of 200µA. The rate for a differ-
ent operating current can be derived from the reported val-
ues in the plot multiplying by a factor I(µA)

200 . For each plate,
the simulation reports the average value of the displace-
ments per atom rate separately for the tungsten core and
the tantalum cladding. These values were obtained using
the USRBIN scoring option in REGION mode.

If the USRBIN region option is selected, the results
must be normalised by the corresponding region volume.
This is because, by definition, the evaluation of DPA de-
pends on the number of atoms contained within the scored
volume, which implicitly requires normalisation by vol-
ume. Accordingly, the raw results must be divided by the
region volume (in cm3) to yield a physically meaningful
estimate of the DPA.

A detailed analysis was also performed to examine and
compare the distribution of radiation damage, expressed
in terms of displacements per atom, between the front and
rear faces of each tantalum cladding. Here, the front face
refers to the surface first impinged by the primary proton
beam. The results indicate a clear asymmetry between the
front and rear surfaces.

In the first two plates, the rear face experiences a mod-
erately higher level of damage, with average DPA values
up to 18% greater than those at the front face. From the
third plate onwards, however, the trend is reversed: the
front face progressively becomes more affected, and by
the ninth plate the DPA in the front region of the tanta-
lum cladding is approximately 50% higher than that in the
corresponding rear face.

This inversion of the damage profile reflects the evo-
lution of the proton interaction processes along the target
depth, with nuclear collisions dominating in the upstream
plates and energy loss through secondary particle cascades
and ionisation becoming more prominent further down-
stream.

Finally, Table 5 presents the estimated ARC-DPA val-
ues per primary for each thermocouple together with those
of the associated housing, as installed in the respective
plates. The statistical error associated to those estimation
is between 20 and 40% for all the cases.

Table 5. ARC-DPA values [dpa/primary] for Ni thermocouples
and Ta housings.

TC ARC-DPA [dpa/pr]
Ni Ta housing

1 1.3 → 10↑22 8.8 → 10↑23

2 1.2 → 10↑22 1.0 → 10↑22

3 1.4 → 10↑22 9.1 → 10↑23

4 1.1 → 10↑22 8.6 → 10↑23

5 9.0 → 10↑23 5.8 → 10↑23

6 8.0 → 10↑23 6.6 → 10↑23

7 5.2 → 10↑23 2.8 → 10↑23

8 4.4 → 10↑23 3.5 → 10↑23

9 3.3 → 10↑23 1.6 → 10↑23

10 2.0 → 10↑24 1.5 → 10↑24

This analysis has to be refined with better statistics.

6.1 DPA-SCO and DPA-NRT estimates: old

approach

Previous estimations of the displacement per atom were
performed by adopting specific values of the threshold dis-
placement energy Ed for the materials considered in the
models. The selected values were based on the recommen-
dations provided by NJOY nuclear data processing system,
and are as follows:

• Tungsten: 90 eV

• Tantalum: 90 eV

• Iron: 40 eV

• Nickel: 40 eV

For materials not explicitly defined, a default value of
Ed = 30 eV was assumed. This convention ensures con-
sistency across simulations while accounting for the large
variability of displacement threshold energies reported in
the literature, which depend strongly on crystal structure,
atomic bonding, and momentum transfer direction. The
results for the DPA in the target are reported in Table 6.

This provides an opportunity to confirm that DPA-
SCO is consistent across both the old and new approaches,
showing negligible sensitivity to the choice of Ed within
the range from 70 eV (new approach) to 90 eV (previous
approach).

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].

The peak values in Ni is almost in the same range of 
peak value in W+Ta
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FIG. 7. A histogram of potential energies of high-dose simulated
microstructures. The solid line shows the expected fraction of atoms
in each bin, normalized so the area under the curve equals one. The
symbols show the predicted fraction of nonthermal atoms [Eq. (9),
for a range of doses].

The total athermal atom count for these simulations is plotted
in Fig. 8. Note that this is a count of all the atoms which have
high energy and not a count of point defects. The interstitial
and total vacancy count in this figure were computed using a
Wigner-Seitz analysis of the occupation of lattice sites, and
the vacancy total separated into vacancy clusters and vacancy
loops using the method of Ref. [48]. We see a saturation of
athermal atoms above 0.1 cdpa at about 8% of the total atom
count, while the vacancy concentration saturates at 0.3%. This
illustrates how a defect in this model is treated as a spatially
diffuse scattering region, and not as the individual point de-
fects.

In Fig. 9, we show the computed thermal diffusivity for
the relaxed high-dose microstructure simulations, computed
using a single snapshot atomic position file and scattering
rates using Eq. (13) parameterized with σ MD

1 , σ MD
2 . A sepa-

rate Green-Kubo calculation for the phonon contribution was

FIG. 8. Computed atomic fraction of athermal atoms and de-
fect types for high-dose CRA+MD simulations. Interstitials appear
mostly as loops, vacancies appear as loops, and a homogeneous
dispersion of monovacancies and small vacancy clusters.

FIG. 9. Computed thermal diffusivity of MD simulated mi-
crostructures at a range of doses. Also shown, experimentally
measured diffusivity using transient grating spectroscopy (TGS) and
an estimate by Reza et al. [18] of thermal diffusivity due to TEM-
visible dislocation loops.

performed. We first thermalized the atoms for 100 ps, then
sampled the velocity twenty times over 25 ps windows. This
was repeated for 25 independent runs, making a total MD
sampling time 12.5 ns per data point. We found that the cor-
rection was within the size of the data points in Fig. 9 (order
3–5%) was made if κel and κph were computed separately
in this way. The values are listed in Table II. We therefore
recommend computing thermal conductivity in tungsten us-
ing Eq. (13) only, using the values for the scattering rates
σ MD

1 , σ MD
2 and not using an expensive separate phonon con-

ductivity calculation.
In Fig. 9, we also include the computed thermal diffusivity

for CRA-only simulations, with no MD cascade relaxation.
We see that the unrelaxed CRA-only simulations show the
correct general trend seen in the experiment, namely, that the
thermal diffusivity is significantly reduced as dose increases
but saturates over 0.1 dpa. But it is clear that the effect is
overestimated. This is an expected consequence of the over-
estimation of the number of defects generated by the CRA
method alone.

Finally, in Fig. 9, we show an estimate for the thermal
diffusivity made by Reza et al. [18] due to TEM visible
dislocation loops (>1.5 nm diameter). This model uses the
area observed in loops in TEM images [66] to find a number
of interstitial point defects. It is then assumed that each in-
terstitial is paired with a vacancy, and the scattering rate per
Frenkel pair is used to turn the observed point defect count
into a maximum thermal diffusivity. As each interstitial is
treated as a strong scattering source, even though it may be
in the center of a large dislocation loop and so locally appears
as (strained) perfect crystal, this model must overestimate the
scattering due to observed defects. However, this estimate
clearly still underestimates the true drop in diffusivity, indicat-
ing that visible damage is only a small contributor to the true
change in thermal conductivity. In Ref. [18], the authors find
a better model for the absolute change in thermal diffusivity
by assuming defects too small to see follow a power-law dis-
tribution [58,67], though cannot track the shape of the curve
well.
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