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Abstract

In a fusion reactor, materials will be subjected to significant fluxes of high-energy neutrons. As well as
causing radiation damage, the neutrons also initiate nuclear reactions leading to changes in the chemical
composition of materials (transmutation). Many of these reactions produce gases, particularly helium, which
cause additional swelling and embrittlement of materials. This paper investigates, using both neutronics
and inventory calculations, the variation in gas production levels (and transmutation rates) as a function of
position within the high flux regions of a recent conceptual model for the ‘next-step’ fusion device DEMO.
Additionally, simple modelling of grain structures and gas diffusion rates illustrates that the lifetime of
components, limited by He embrittlement, varies widely between different materials.

1. Introduction

In both planned and future fusion devices one
of the key outstanding issues for researchers lies in
the understanding of how materials are affected by
the high fluxes of neutrons produced by the fusion
plasmas. Not only do the incident neutrons cause
atomic displacements within materials surrounding
the plasma, leading to defect accumulation, but
they can also initiate non-elastic nuclear reactions
that cause the atoms of a material to be altered
(transmuted), leading to a change in the structure
and behaviour of components. Even more problem-
atic, are the subset of the possible nuclear reactions
that produce gas particles (helium and hydrogen).
Helium in particular, with its low reactivity, can
persist in materials over long periods of time, lead-
ing to accumulation in existing cracks or at grain
boundaries, which can then result in swelling or em-
brittlement.

Since many of these gas-producing nuclear reac-
tions have thresholds, gas production and any sub-
sequent swelling is more of a concern in fusion com-
pared to fission because of the larger fraction of
neutrons at higher energies and higher overall flux
(see for example, figure 1, which compares the neu-
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Figure 1: Comparison of the neutron-energy spectra in fis-
sion and fusion reactors. Shown is the average neutron spec-
trum in the fuel-assembly of a PWR reactor and the equa-
torial FW spectrum for the DEMO model in figure 2.

tron flux per lethargy interval1 as a function of en-
ergy for the 3.0 GWt [gigawatts of thermal power]
DEMO concept to a 3.8 GWt fission reactor).

This paper describes the latest results from
neutron-induced transmutation calculations as a

1a lethargy interval is the standard measure for spectra of
this type, and is equal to the natural logarithm of the ratio
of a given energy-interval’s upper bound to its lower bound.
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function of position in a conceptual design of
DEMO – the demonstration fusion power-plant.
We also develop a simple model for the accumu-
lation of He at grain boundaries and, using results
from the neutronics and inventory calculations, es-
timate the timescales associated with embrittle-
ment of different materials in a fusion environment.

2. Neutron-induced transmutation of mate-

rials

Previous works [1] have focused on the transmu-
tation response of various materials under identical
first wall (FW) conditions. Here we go further to
investigate the response of materials as a function
of position within a fusion device, with particular
emphasis on how gas production rates change.

2.1. Geometry dependence of neutron flux and en-

ergy spectrum

Neutron spectra have been calculated for differ-
ent regions of a recent DEMO design, proposed by
CCFE in 2009 [2], (see figure 2) using the neutron-
transport code MCNP [3]. The model is highly
simplified, with only the major structures included,
and with homogeneous material compositions. Sev-
eral of the spectra calculated for this model are
shown in figure 3.

Both the energy profile and fluxes of the neu-
tron spectra vary dramatically as a function of
depth into the equatorial region of the FW at
A in figure 2. Not only does the spectrum of
energies become heavily moderated as the depth
increases, but the flux also falls greatly – from
8.25 × 1014 n cm−2 s−1 in the 2 cm FW at posi-
tion A, to 3.9×1013 n cm−2 s−1 in the final five cm
of the blanket.

Within the divertor the neutron flux and spec-
trum also show significant variation as a function
of position (see figure 3b). At point E in figure 2,
the total flux in the 2 cm layer of pure W diver-
tor armour, is approximately twice as high as that
at G (7.1 × 1014 n cm−2 s−1 at E compared to
3.6 × 1014 n cm−2 s−1 at G).

2.2. Influence on transmutation and gas production

The calculated neutron spectra and total fluxes
for the DEMO model have been used in the in-
ventory code FISPACT [4] to simulate the burn-up
(transmutation) of various materials relevant to de-
sign. FISPACT requires an external library of reac-
tion cross sections and decay data, and here we have

Figure 3: Comparison of the neutron-energy spectra in
DEMO; (a) as a function of depth into different regions of
the containment vessel at the equatorial position (A) in fig-
ure 2; and (b) in the divertor-armour layer as a function of
position ((E–G) in 2)

employed the 2003 version of the European Activa-
tion File (EAF) [5]. Note that, for W, we employ
the self-shielding correction-factors obtained in [1]
to the FISPACT calculations.

2.2.1. Fe and Cr

The gas production from Fe, as the primary con-
stituent of steels, will be a major factor in determin-
ing the lifetime of near-plasma component in fusion
reactors. Chromium (Cr), which forms around 10%
of the composition of the reduced activation steels
being proposed for fusion application, has a very
similar transmutation profile to Fe [1], but has been
included in the present study due to its prominence.

Figure 4 shows how the concentration of He and
H produced under irradiation varies as a function
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Figure 2: The simplified, homogeneous, DEMO model used in MCNP simulations to obtain neutron fluxes and spectra.

of time and of position on the FW of the DEMO
model. The irradiation times shown here and else-
where in this work are DEMO full-power years. In
Cr, the gas concentrations are 20-25% lower than
in Fe, but the variations as a function of time and
position are similar.

At position B, the significant drop in gas produc-
tion from Fe (and Cr) results from a combination
of reduced total flux (∼ 7 × 1014 n cm−2 s−1 vs.
∼ 8 × 1014 n cm−2 s−1 at the other positions) and
a lower proportion of neutrons above the thresh-
old energies for the gas producing reactions (e.g.
(n, α)).

As a function of depth into the vessel, inventory
calculations reveal that the changes in the neutron
irradiation conditions (figure 3) cause the He (and
H) production levels to fall significantly in Fe. For
example, after 3 years under DEMO full-power con-
ditions, the He concentration is around 400 atomic
parts per million (appm) in the FW, but has barely
reached 1 appm in the 20 cm backplate behind the
blanket (see figure 5).

Note that the neutron spectra calculated by
MCNP do not take into account time-dependent

compositional changes in materials, such as those
that will take place in the blanket as the Li is
depleted during tritium breeding. It is possible
to investigate these processes by using an inven-
tory code, such as FISPACT, to periodically up-
date the material compositions in an MCNP cal-
culation. Packer et al. [6] have recently applied
such a methodology to investigate how the tritium-
breeding inventory evolves in the DEMO blanket.

2.2.2. W

While W (tungsten) will be present throughout
a typical reactor vessel as small concentrations in
most steels, it will be used in an almost pure form
primarily in the high heat-flux divertor regions due
to its high melting-point, thermal-conductivity, and
resistance to sputtering and erosion [7]. In many
reactor designs W is also considered for the FW
armour layer [8].

For the present DEMO model the FW layer is
very thin, meaning that it is almost transparent to
neutrons, and so it is realistic to assume that the
irradiation conditions found for FW on DEMO in
the previous section are very close to those that
would be obtained if the FW were W instead. The
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Figure 4: Variation in the (a) He, and (b) H, concentrations in pure Fe as a function of time for the spectra at different FW
positions in DEMO – see figure 2.
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Figure 5: Variation in He concentration in pure Fe after a
3-year irradiation as a function of depth into the DEMO
vessel at (A) in figure 2. Note the logarithmic scale of the
concentration axes.

results from inventory calculations (figure 6) reveal
that the concentration of He (and H) produced from
pure W is very low, but can also vary significantly,
even within the same layer of the divertor.

The amount of He produced in the divertor ar-
mour (see figure 2) after the first 3-years of irra-
diation varies from 9 appm at position E, to less
than 1 (one) appm at G – an order of magnitude

difference (figure 6a). In the divertor structure be-
hind the armour the variation is similar, albeit at
a systematically lower level. For H, the variations
with position are similar but the absolute concen-
trations are roughly twice those found for He. The
higher flux in the FW causes the gas concentration
to be somewhat greater than those observed for the
divertor (see figure 6).

Perhaps of greater significance for W, are the
variations in Re concentration between the FW and
the divertor (figure 6b), because of the potential for
σ-phase precipitates (with Os) [9]. After 3 years in
the FW at A, Re reaches a concentration of around
20000 appm (2 atomic %), which is broadly in line
with the previous findings in [1]. However, in the
divertor armour at position E, Re only reaches a
concentration of around 6400 appm (1 at.%) on the
same timescale.

2.2.3. Be

Beryllium, as the primary constituent of the blan-
ket in the present DEMO model, has been found
previously [1] to produce significant concentrations
of He under neutron irradiation. For the present
model, the inventory calculations indicate He con-
centrations in Be after 3-year irradiations of be-
tween 12000 appm in the first 1 cm of the equatorial
blanket at position A in figure 2, to only 1200 appm
in the final 5 cm (see figure 7). By comparison, H
production in Be is around two orders of magnitude
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Figure 6: Variation in concentrations of (a) He, and (b) Re, produced in pure W under neutron irradiation as a function of
position (and depth) in the divertor region of the DEMO design (figure 2).

less than for He, with, for example, only 230 appm
produced in 3 years under the conditions calculated
for the first centimetre of the DEMO blanket at A.
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Figure 7: Variation in He concentration in pure Be after
a 3-year irradiation as a function of depth into the DEMO
blanket at (A) in figure 2.

3. Modelling of He accumulation at grain

boundaries

The calculations described in the foregoing sec-
tion produce quantitative estimates of the He pro-
duction rates under any neutron-irradiation condi-
tions. Using a simple model for He segregation to

boundaries, we can use these results to estimate the
timescales required to produce a sufficient amount
of He to embrittle materials.

For a spherical grain:

NHe ≈

4

3
πR3nGHe, (1)

where NHe is the total number of He atoms, GHe

is the atomic concentration of He atoms in atomic
parts per million (appm), and n is the atomic den-
sity of the material (cm−3). If every He atom pro-
duced in a given grain migrates to the boundary,
then

4πR2νHe =
4

3
πR3nGHe,

where νHeis the surface density of He, and so

νHe =
R

3
nGHe. (2)

In a real grain there are likely to be internal obsta-
cles that trap some of the He, but we neglect these
here for simplicity.

Let us suppose that the grain boundaries begin
to fail if the stored energy associated with the accu-
mulated He is greater than (or equal to) the energy
required to turn the boundaries into free surfaces.
For the surface energy εsurf, which in the present
work we estimate for different materials using ex-
perimental values from [10], and the energy of so-
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lution for a He atom Esol

He
we thus have:

Esol

Heν
c

He ≈ 2εsurf, (3)

where νc

He
is the critical density required to bring-

about boundary destabilization. Once νc

He
is

known, the critical bulk He concentration Gc

He
can

be obtained from equation (2).
Using average values for Esol

He
(i.e. averaged over

different positions) [11, 12, 13, 14], we find the Gc

He

values for a grain size of 0.5 µm in different materi-
als given in table 1, with other elemental quantities
taken from [15]. Unsurprisingly, Be, having a low
atomic density n, has the lowest Gc

He
value and so

it is likely to be more susceptible than most to He-
induced grain-boundary embrittlement.

Table 1 also shows estimates of the critical life-
times tc

He
associated with the Gc

He
values for each

material. In this case we have performed FISPACT
calculations using the FW irradiation conditions
predicted for the FW of DEMO at A in figure 2.

Be has the lowest estimated lifetime; only
22 days. Meanwhile Ta and W, have high crit-
ical densities and very slow He production rates,
producing large lifetimes; more than 200 years for
these small 0.5 µm grains.

As an illustration of how critical the material
grain size R is in these calculations consider the
effect of increasing the grain size in Fe by an order
of magnitude. Under such circumstances, tc

He
≈

4 years for the 0.5 µm grain radius (table 1), but is
only 4 months if the effective size of grains is 5 µm.

4. Summary

The MCNP calculations on the conceptual design
of the DEMO fusion reactor show that the neu-
tron irradiation conditions can vary significantly as
a function of position within the reactor. Even in
the same component the flux can change dramati-
cally over short distances. As a function of depth
into the first wall the flux drops by several orders
of magnitude and the energy spectrum becoming
considerably softer.

The FISPACT-inventory calculations reveal how
the variation in conditions influence the transmu-
tation of materials. In Fe (and therefore in steels)
for example, the gas concentrations fall by many
order of magnitude from the thin FW layer to the
outer regions of the vessel, such as the shield. While
the production of He is likely to be significant for
the FW (concentrations in the range of 400 appm

are known to cause a change fracture behaviour
of neutrons-irradiated steels compared to those ex-
posed to neutrons alone [16]), it will quickly become
unimportant in regions further from the plasma.

In W the predicted gas concentrations are prob-
ably too low to have any impact on component life-
time. However, further work is needed to quantify
the acceptable levels of other impurities in W, such
as Re, Ta, and Os, because these can reach non-
negligible levels.

In Be, the inventory calculations confirm the pre-
vious findings [1], and show that He can be pro-
duced in large amounts in the inner regions of the
blanket. However, the production rate tails off
rapidly as the conditions change through the blan-
ket, so that by its outer edge the He concentrations
are roughly two orders of magnitude smaller than
at the inner, near-plasma edge. This large varia-
tion is likely to produce non-homogeneous changes
to structural and mechanical properties across the
full depth of the blanket, especially since Be is
known to swell significantly under neutron irradi-
ation [17, 18].

Even worse for Be, are the results from the mod-
elling of grain-boundary embrittlement. The es-
timates suggest that Be would suffer very signifi-
cantly from embrittlement after relatively short pe-
riods of time in a fusion reactor. In other materials,
the situation is less bad, with the prospect, for ex-
ample, of Fe being perfectly adequate for structural
purposes on commercially viable timescales.
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