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1 Introduction

Spallation sources are devices designed to produce neutrons from nuclear reactions. In
order to produce this kind of reactions it is necessary to accelerate a proton using electro-
magnetic fields up to a huge amount of kinetic energy. At that moment, protons are led
to impact on a nucleus of a heavy atom (generally mercury, lead or tungsten) producing
what it is known as a spallation reaction.

The place where the reaction is produced is known as Spallation Target and it is consid-
ered the neutron source. These Targets are complex devices from an engineering point
of view, where a huge amount of heat is deposited in the spallation material. It is worth
noting than in some cases, the heat density can be higher than fuel bars in a nuclear
power reactor, making an equivalent engineering challenge. ESS target is one of these
cases.

The European Spallation Source is an ambitious European project with a budget over
1800 Me. The aim is to build the most important and the greatest spallation source in
the world. It will use a proton beam with 5 MW final power (five times higher than SNS
and JPARC) which will impact on a tungsten Target cooled by helium gas.

The Target will be designed with a set of tungsten blocks placed inside of a wheel of
2.5 meter of diameter. Protons imping on the wheel from a radial direction. Inside the
wheel, helium flows at high velocity, cooling the tungsten blocks and dissipating the heat
produced by the nuclear reactions. The wheel rotates at a speed of 0.2-0.5 Hz, so the
proton beam impacts on a different region of the wheel, distributing the heat over the
whole perimeter and volume.

Protons and neutrons generated by spallation reactions will produce a high radiation en-
vironment on the Target wheel. This environment leads to changes in material properties
that could lead to the mechanical failure of the component, hence why this evaluation of
radiation damage is one of the critical steps in the design process of such devices. The
aim of this report is to evaluate the radiation damage produced in the ESS Rotating
Target.

2 Irradiation damage: Basic issues

Spallation targets operate in very high radiation environment arising from both the con-
stant bombardment of the proton beam and the neutrons and other particles and nuclear
fragments generated by the spallation reactions. There are four different issues to be
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considered as sources of radiation-induced damage such as:

� Electronic excitations: When an ion transfers its energy to material electrons an
ionization process takes place. In the case of metals, the energy given to the
electrons is distributed between all the system as heat without leading to significant
damage. In contrast, ionization within isolators like ceramics or polymers may
easily severe chemical bonds thus producing a fast degradation of the material.

� Collisions: when an energetic particle collides with nuclei transmits part of its in-
coming energy. If the energy transmitted is higher than the threshold energy of the
crystalline net the atom moves from its position, generating a Primary Knockdown
Atom (PKA). This PKA can produce additional collisions with other atoms and
move them from their positions. This effect is known as displacement cascade.

� Nuclear reactions: if the incident particle has enough energy, nuclear reactions can
take place. In such nuclear interactions a large amount of energy is transmitted
to the reaction products, generating high energy recoil nuclei. As in the previous
cases this recoiling particles can produce a displacement cascade.

� Gas production: An special case of nuclear reaction is the production of light gas
isotopes (H2 or He). These gases are produced in large quantities on materials under
high energy particles irradiation and typically accumulates inside the material. If
the gas accumulation is high enough it leads to swelling.

Steel and Tungsten are metallic materials so the ionization effect can be ignored. Nev-
ertheless, the other components of the damage could have an important effect in the
mechanical properties. In the following sections a review of the damage analysis method-
ology is given. After than, the described methodology will be applied to the ESS target
damage analysis.

3 Methodology

3.1 Displacement cascades

When an atom receives an amount of energy larger than the displacement threshold
energy of its lattice, the atom moves from its equilibrium position to an interstitial thus
leaving a vacant site. This combination of an atom in an interstitial position, called
Self-interstitial-atom, (SIA) and a vacant is known as Frenkel Pairs. The kinematics of
the displacement cascade is described below, ignoring relativistic effects. In an elastic
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collision, the maximum energy transfer from an incident particle (1) to a static particle
(2) is:

Em =
4E0A1A2

(A1 + A2)2
(1)

Where A1 and A2 are the atomic masses of the particles. In the case of a neutron or
proton hitting a heavy material such as Iron, Em ∼ 4E0A

−1. Alternatively, if A1 = A2,
any energy up the full energy of the incident particle may be transfered. This is the case
when a PKA hits another atom of the lattice.

When the average energy transmited by neutrons the media atoms is relative high, the
PKA atom lose its electrons and performs as an ion. Its capacity to produce additional
displacements in the atoms of the metallic mesh is limited by its interaction with the
electrons of the media. There are two important thresholds to highlight: the threshold to
remove an electron of the media and threshold to move an atom to its position in the net.

The first limit is the energy needed to remove an electron from the media (energy cut-off).
This energy is proportional to the atomic number of the element (2). Above this energy,
most of the energy transmitted to the PKA is lost by interactions with the electrons
of the media so, for metallic materials as iron, this fraction of the energy not produce
damage additional displacements.

Ec ∼ 103A(eV ) (2)

The second important threshold is the energy needed to move and atom to and interstitial
position in the net. Typically this energies are between 40 to 90 eV per displacement.
Below this limit, the PKA can not displace additional atoms of the net. The Table
1 shows the standard displacement energies proposed by ASTM/E for most common
elements [3].

Element Be,C Al Fe,Co,Ni W, Ta
Tth 31 25 40 90

(eV)

Table 1: Threshold energies for common elements

Based on this two critical energies, several models have been proposed to calculate the
total number of atoms displaced by a given PKA based on its energy. Early on, the
Kinchin and Pease model is used[2]. This model is based on the hypothesis that between
a threshold energy and an upper energy cut-off, the number of Frenkel pairs generated
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follows a linear relationship with the energy of the incident particle. Below the threshold,
no displacement is produced (though neutrons can still cause damage by other mecha-
nisms), and above the upper cut-off, the additional energy is assumed to be dissipated
by electronic excitation.

Back in the sixties, Linhard developed a more detailed theory calculating the fraction of
the PKA energy that was dissipated in electronic excitations [?]. Norgett, Robinson and
Torrens (NRT) developed, using this theory, the NRT model. This model gives the total
number of displaced atoms produced by an PKA as:

νNRT (Ti) = 0.8 · Ti · L(Ti)

2 · Tth
(3)

L(Ti) =
1

1 + k · g(ε)
(4)

where Ti is the energy of the PKA, Tth is the displacement threshold energy and k and
g(ε) are efficiency factors as a function of the PKA energy. The 0.8 factor in the equation
accounts for the fact that atoms are not actually hard spheres. We have to remark that
νNRT is the “useful energy” to produced displacements in the net but, a fractions of
this displacements will recombine after the damage so, this value is useful for damage
comparisons but it is not an observable magnitude.

The parameters k and g(ε) can be obtained by the following equations:

k =
0.0793 · Z2/3

i · Z1/2

target · (Ai + (A)target)
3/2

(Z
2/2
i + Z

2/4

target · A
3/2
i · A

1/2

target)
(5)

g(ε) = ε+ 0.40244 · ε3/4 + 3.4008 · ε1/6 (6)

ε = α · Ti · 106 (7)

α =
0.8853 · Atarget

27.2 · Zi · Ztarget · (Z2/3
i + Z

2/3

target)
1/2 · (Ai + Atarget)

(8)

The NRT model is widely used for the evaluation of radiation damage and we will adhere
to it. Nevertheless, this model does not consider the recombination of the Frenkel pairs
produced so, despite of the fact that the numbers obtained are comparable with the
bibliography, they can not be directly correlated with the experimental observations.
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3.2 Displacement Cross-section

The methodology described in the previous section shows the process to evaluate the
number of displacements starting from the PKA energy. The energy transmited by a
neutron to the PKA can be evaluated directly from the cross section:

Ti(E, µ) =
A · E

(A+ 1)2
· (1− 2 ·R · µ+R2) (9)

where µ is the scattering cosine and the R is given by:

R =
√

1− (A+ 1) · (−Q)

A · E
(10)

The Damage production cross section is then obtained from:

D(E) = σ(E)

∫ 1

−1

f(E, µ)Ti(E) · νNRT (Ti)dµ (11)

where f is the angular distribution from the ENDF/B [4]cross section.

The described methodology has been applied by KIT team[1] for the production of dam-
age cross section for neutrons and protons. Based on the following procedure the DPA
ratios has been evaluated for neutrons and protons:

DPANRT =

∫ 2GeV

0

Φn(E)σDPA(E)dE (12)

The Figure 1 shows the damage cross sections for Iron up to 2 GeV energy. We can
remark that low energy protons do not produce a significant amount of damage com-
pared with hight energy ones so, the simulations can be cut at 10−4 MeV in order to save
computing time.

The coincidence in the damage cross section at hight energy level for both particles means
that (model description shown on section3.1) that the PKA spectra produced is similar
and so damage produced is comparable.

3.3 Gas production cross-section

The second parameter that leads the radiation damage conditions is the gas produc-
tion. Most of the materials under high energy neturons irradiation generate significant
amounts of hydrogen and helium. These light species can migrate in the metallic network
to interstitial positions or boundaries between grain boundaries producing gas bubbles
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Figure 1: Damage cross section for neutrons and protons on iron

inside the material. These bubbles can increase the macroscopic dimensions of the ma-
terial in a phenomena known as shelling. The Figures 2 and 3 shows the gas production
cross section.

In most of the metallic elements hydrogen is light enough to migrate up to surface of the
material and the shelling effect is lead by the helium accumulation. As shown on Figure
3, the helium production cross section for protons above 10 MeV is very similar to the
cross section for neutrons so both particles will produce the same helium distribution
inside the material.

3.4 Considerations for neutron damage on RCC-MRx design
code

The standard design codes for pressurized equipment on nuclear environment (ASME
or RCC-MRx) establish criteria for the utilization of materials under radiation environ-
ment. Typically these criteria give a relation between the irradiation damage and the
acceptable stress level in order to limit the solicitations for the materials.
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Figure 2: Hydrogen production cross section for neutrons and protons on iron

100 101 102 103

Energy [MeV]

10-31

10-30

10-29

10-28

10-27

10-26

10-25

10-24

10-23

H
e-

4 
[c
m
−

2
]

He4 -n in Fe
He4 -p in Fe

Figure 3: Helium production cross section for neutrons and protons on iron
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The the reference code for ESS (RCC-MRx[8]) has been developed for neutron radiation
damage on fusion and fission applications. This means that the materials have been
tested for neutrons up to 14 MeV. In the case of ESS Target, the maximum neutron
energy rises up to 2000 MeV hence, it is not obvious that the damage produced by spal-
lation neutrons can be covered by the code.

If we considered an elastic collision between a neutron and an static atom, the average
energy transmitted to the PKA is given by the following expression[7]:

< EPKA >= Eneutron ·
(1− α)

2
(13)

α = (
A− 1

A+ 1
)2 (14)

where A is the mass number of the PKA. Considering an iron atom, the average energy
of the PKA is ∼ 3.5 % of the neutron incoming energy.

In order to compare the damage produced by 2-14 MeV neutrons (covered by the code)
and 200-2000 MeV spallation neutrons we have to consider that the average energy of
the PKA produced by these neutrons are respectively 70-490 keV and 7-70 MeV. Fig-
ure 6 shows the damage displace efficiency as a function of the PKA energy based on
the Linard-Robinson model described on previous sections. This function represents the
fraction of energy of the PKA which it is not dissipated by electron interactions and can
produce displacement.

The Table 2 shows the energy values for the average collision for neutrons at 2,14,30, 200
and 2000 MeV. Neutrons at 30 MeV produce damage cascades with only a 20% more
energy than 14 MeV, hence, the density and shape of the damage cascade (Figure 3 on
[5]) have to be similar. Figures 4 and 5 shows two cascades in copper produced by 200
and 1000 keV[]. The cascade produced by 1000 keV is similar to 5 cascades of 200 keV
communicated by areas with low displacement densities (the path of the primary recoil)
so the damage effect can be considered as linear. It should be remarked that more than
95 % of the neutron displacement damage in the target is produced by neutrons with
energies below 30 MeV (see Section 5.2).

To conclude this analysis, note that the final energy available to produce displacement
for the high energy spallation neutrons is only a factor of 2 higher that the 14 MeV,
hence not enough to change dramatically the structure of the damage cascades.

Taking into account this similarities in the available damage energy between fussion neu-
trons and “spallation neutrons”, we can conclude than the evaluation process proposed
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Figure 4: Displacement cascade produced by 200 keV copper on copper[6]

Figure 5: Displacement cascade produced by 1 MeV copper on copper[6]

by RCC-MRx developed to fussion-fission neutrons is acceptable to evaluate the material
performance for spallation neutrons.

As summary of the previous discussion, we can conclude that the DPA pro-
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Neutron Energy Averaged PKA Damage displace efficiency Displacement Energy
(MeV) (MeV) L(Ti) (keV)

2 0.070 0.52 36.5
14 0.490 0.25 124.0
30 1.050 0.16 164.7
200 7 0.033 230.9
2000 70 0.0037 258.3

Table 2: Threshold energies for common elements
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Figure 6: Damage displace efficiency as a function of the PKA energy

duced by “spallation neutron” is comparable with fussion DPA and based on
that no additional safety factor is needed for RCC-MRx material limits.

We have to remark that the previous discussion had not taken into account the gas ac-
cumulation which also plays a role in the material performance under radiation. Hence,
the ratio between He and DPA also have to be evaluated on each particular case to be
under safe conditions.
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3.5 Considerations for proton damage on RCC-MRx design
code

Proton damage is not cover by RCC-MRx code. However, it the case of high energy
protons damage there similarities with high energy neutrons that should be remarked.

The main diference between damage cascades produced by ions and neutrons is that ions
has a very hith interaction cross section. This means that they can produce several PKA
atoms close in the space and so there are interaction effects between two diffrente PKA
cascades. However, in the case of neutrons the mean free path of the particle between
collisions is in the range of ∼ cm whereas the size of the cascade is in the sub µm range,
hence, there is no interaction between cascades.

The protons crossing the beam entrance window has an energy of 2000 MeV. We should
take into account that for proton energies above 100 Mev, the coulom barrier effects are
negligible, hence the mean free path of the particle in between collisions is also in the
∼ cm range. Due to this, for these high energy protons there is no interaction effect in
between cascades.

Based on this effect, the proton performs in a very similar way to a high energy neu-
trons. Of course, the proton loses a significant amount of its energy due to electronic
interactions. However, this energy will not produced damage in metals, so if a direct
collision is produced, the elastic scattering analysis proposed in the previous section is a
good approximation to estimate the energy of the PKA produced. Therefore the values
shown on Table ?? for 2000 MeV neutrons can be applied to 2000 MeV protons.

Therefore the structure of the displacement cascades produced by protons in the beam
entrance window will have double the size of the fusion damage cascades. The simulation
analysis shows that there are even larger differences in the damage available energy can
be found comparing fussion and fision recoils [5] and both of then are included in the
RCC-MRx rules as the same type of “dpa”. Hence there is no reason to consider that
the high energy protons cascades needs any additional safety factor.

Once again, we have to remark that the previous discussion had not taken into account
the gas accumulation which also plays a role in the material performance under radiation.
Hence, the ratio between He and DPA also have to be evaluated on each particular case
to be under safe conditions.
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3.6 Considerations about life time of the target

The previous analysis was focused on the damage analysis to compared with the mechan-
ical design rules for equipment under pressure but the life time of the target is not under
the scope of previous analysis. Additional information can be found on ESS Material
Handbook [14].
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4 Particle transport model

In order to evaluate the particle distribution wheel needed to solve Damage formulation
(15) MCNP6[9] code is used. This code is the latest version of MCNP family codes for
montecarlo particle transport developed by Los Alamos National Laboratory in USA.

The MCNP model for the target wheel has been generated from the CATIA 3D model
[10] by means of CADtoMCNP tools [11] and [12]. This means that the model reproduces
with high accuracy the geometry of the target components. However, the model is much
more detailed than usually needed for neutronic analysis so it is only recommended for
target wheel analysis.

Figures 7 and 8 show the MCNPX model for the target. A detailed geometry of 4 sectors
has been included in order to produce high accuracy results for heat load, irradiation
damage and streaming proton paths along the wheel. The remaining 32 sectors has been
simplify as an homogeneous mixture of helium and tungsten keeping the average density.

MCNPX-MCNP6 Target model

* Detail model for 4 sectors 
including 200 W-brick

* SS-316L ribs, target vessel 
and beam entrance window

* Internal hellium SS-316L 
distributors.

Figure 7: MCNP6 geometrical model for ESS Target.
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Proton 
Beam

Streaming 
path

Figure 8: MCNP6 geometrical model for ESS Target.

5 Results

5.1 Damage on Spallation material

As it was mentioned in the introduction, the ESS Target will use tungsten as spalla-
tion material. This element is well known to became brittle with very small values of
irradiation damage[13] so the evaluation of the irradiation conditions during operation
is essential for the target design. However, tungsten is not an structural material in the
wheel, hence, its failure is not associated with a loss in the pressure confinement barriers
of the system.

The damage in the tungsten has two clear components: in one hand we have protons
of the beam which produced the spallation reactions. The proton beam will hit each
sector every 36 pulses, so the total damage is distributed in all the elements of the wheel.
In order to evaluate the worst conditions from the irradiation point of view, we have
assumed a perfect synchronization between the beam and the rotation of the wheel, so,
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the maximum proton beam current is always in the same position.

Figures 12, 13 and 14 shows the dpa, hydrogen and helium generation by proton flux.

Figure 9: Proton induced damage (DPA) in the spallation material for 5000 h full power
operation

The proton irradiation is produced only if the cassette is in front of the beam. Opposite
to that, the neutron irradiation is produced also when the cassette is not in from of the
beam due to the neutrons reflected by the moderator,reflector and shielding. To capture
this effect in the analysis the neutron flux has been evaluated all along the angular
movement in order to consider in the analysis all the contributions:

Φ(E, r, z) =

∫ 2π

0

Φn(E, r, Ψ, z)dΨ (15)

Figures 12, 13 and 14 show the damage produced by neutrons. It can be remarked that
proton damage is a much higher than neutron damage, but neutron effect is not negligi-
ble. Notice also than neutron average energy is much lower than protons one so, despite
neutron dpa is around 30% of protons one, in the case of gas production there is a factor
of more than 10 between both.

In order to summarize both sources of damage, the Figures 15 and 16 includes the total
values for damage and the ratio Helium/dpa. Along 5 years of full power operation, the
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Figure 10: Hydrogen production by protons in the spallation material for 5000 h full
power operation

Figure 11: Helium production by protons in the spallation material for 5000 h full power
operation

spallation material will accumulate 10 dpa and 2000 appm of helium. Based on the ESS
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Figure 12: Neutron induced damage (DPA) in the spallation material for 5000 h full
power operation

Figure 13: Hydrogen production by neutrons in the spallation material for 5000 h full
power operation

Material Handbook [14] we should expect a 0.22% increase of volume due to swelling
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Figure 14: Helium production by neutrons in the spallation material for 5000 h full power
operation

which is not a significant geometrical effect for the tungsten configuration. Regarding
the damage, we should expect to have a completely brittle material after a few months
of operation.
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Figure 15: Total DPA in the spallation material for 5000 h full power operation

Figure 16: Ratio Helium/DPA in the spallation material for 5000 h full power operation
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5.2 Damage in the target vessel

The target vessel is the structural element (material SS-316L) that configure the wheel.
It has to withstand the static loads of the system (weight and helium pressure) as well
as the secondary loads produced by the radiation field (temperature and thermal stress).
From the nuclear safety point of view, the vessel is one of the pressurized barriers of the
system and due to that it has to be designed according to the standard nuclear regula-
tions (RCC-MRx).

In this component the only area subjected to proton flux is the beam entrance window
which will be analyzer in detail in the next section. Figures 17,18 and 19 shows the neu-
tron induced damage in the vessel elements taking into account the effect of the rotation
of the wheel. In can be remark that the gas production in the component is relatively
low because of the rotation of the wheel which dilutes the high energy neutrons produced
on the spallation reaction with the moderated neutrons coming from the surrounded el-
ements.

Figure 17: Neutron induced damage (DPA)in the target vessel for 5000 h full power
operation
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Figure 18: Hydrogen production by neutrons in the target vessel for 5000 h full power
operation

Figure 19: Helium production by neutrons in the target vessel for 5000 h full power
operation
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Figures 20 and 21 show the fraction of damage produced by neutrons below 14 and 30
MeV. Despite of the fact that Neutrons at high energy do not produce a damage cascade
structure with sustantial differences compared with fusion neutrons, more that 85% of
the displacements in the maximum of neutron damage is produced close to fusion condi-
tions, which reinforces the argument in the Section3.4). Considering the gas production,
the maximum He/dpa ratio is he range 1− 2 He-appm per dpa which is in the standard
range for fision-fusion applications. Hence, the RCC-MRx limits proposed for SS-316L
are valid for the Target Vessel damage conditions.

Figure 20: Fraction of DPA produced by neutrons bewlow 14 MeV

Figure 21: Fraction of DPA produced by neutrons bewlow 30 MeV
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The target vessel life time is 5 years of full power operation so the maximum dpa value
will be ∼ 6 dpa. The Table 3 shows the limits proposed by RCC-MRx code for SS-316L
under radiation for secondary loads. It should be remarked that the maximum values
of dpa are only produced in the center of the rib in between sectors so, the mechanical
limit for other areas of the vessel can be much higher than the value included in the Table.

Temperature 200oC 350oC
DPA SAem(MPa) SAem(MPa)
2.75 2320 1857

4 1724 1376
6 771 606
6 771 606

Table 3: SAem(MPa) for SS-316L proposed on RCC-MRx. In blue the DPA values for the
worse position in the target vessel
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5.3 Damage on the beam entrance window

The proton beam window is irradiated by neutrons generated in the spallation material
and by protons of the beam so the radiation damage has these two components. Figures
22, 23 and 24 show the DPA, hidrogen and helium production in the window by the pro-
ton flux. The total DPA value is not very different from other facilities due to the dilution
effect produced by the rotation because it splits the proton damage in between 36 sectors.

Figure 22: Proton induced damage (DPA) on the proton beam window for 5000 h full
power operation

Taking into account the neutron dpa generation, the maximum damage value in the win-
dow will be 0.7 dpa year−1 with a He/dpa ratio in the range of 200. After 5 years of
operation the window has 3.5 dpa with a gas accumulation below 700 appm, almost a
factor of 2 lower than other facilities like SNS [15].

The Table 4 shows the limits proposed by RCC-MRx code for SS-316L under radiation
for secondary loads. Based on the previous discussion, we will consider the lim-
its of secondary loads associated to 4 dpa.
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Figure 23: Hydrogen production by protons in the beam window for 5000 h full power
operation

Figure 24: Helium production by protons in the beam window for 5000 h full power
operation
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Temperature 200oC 350oC
DPA SAem(MPa) SAem(MPa)
2.75 2320 1857

4 1724 1376
6 771 606
*4 1724 1376

Table 4: SAem(MPa) for SS-316L proposed on RCC-MRx. In blue the DPA values for the
worse position in the proton beam window
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6 Conclusions

The characterization of the irradiation damage conditions for the target wheel materials
has been completed. Based on this analysis the following conclusions can be remarked:

� The spallation material will accumulate 10 dpa and 2000 appm of helium after 5
years of operation. The swelling will not be significant but the material will be
brittle after a few months of operation.

� The damage values produced in the target vessel are relatively moderated (< 6
DPa) and its effect will be included in the RCC-MRx analysis.

� The design of the beam entrance window required the assimilation of proton to
high energy neutron irradiation. After 5 years of operation the window has 3.5 dpa
with a gas accumulation below 700 appm, almost a factor of 2 lower than other
facilities like SNS [15].
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