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Abstract. Inventory calculations have a key role to play in designing future
fusion power plants because, for a given irradiation field and material, they
can predict the time evolution in chemical composition, activation, decay heat,
gamma-dose, gas production, and even damage (dpa) dose. For conceptual designs
of the European DEMO fusion reactor such calculations provide information about
the neutron shielding requirements, maintenance schedules, and waste disposal
prospects; thereby guiding future development.

Extensive neutron-transport and inventory calculations have been performed
for a reference DEMO reactor model with four different tritium-breeding blanket
concepts. The results have been used to chart the post-operation variation in
activity and decay heat from different vessel components, demonstrating that
the shielding performance of the different blanket concepts — for a given blanket
thickness — varies significantly.

Detailed analyses of the simulated nuclide inventories for the vacuum
vessel (VV) and divertor highlight the most dominant radionuclides, potentially
suggesting how changes in material composition could help to reduce activity.
Minor impurities in the raw composition of W used in divertor tiles, for example,
are shown to produce undesirable long-lived radionuclides.

Finally, waste classifications, based on UK regulations, and a recycling
potential limit, have been applied to estimate the time-evolution in waste masses
for both the entire vessel (including blanket modules, VV, divertor, and some
ex-vessel components) and individual components, and also to suggest when a
particular component might be suitable for recycling. The results indicate that
the large mass of the VV will not be classifiable as low level waste on the 100-year
timescale, but the majority of the divertor will be, and that both components will
be potentially recyclable within that time.
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1. Introduction

During operation of a DEMOnstration fusion power plant, a large flux of 14 MeV
neutrons will be generated within the burning plasma — ~ 3.5 x 102°n s~! per GW of
deuterium-tritium (DT) fusion power — and these neutrons will necessarily impinge on
the surrounding vessel components, causing structural damage and activation. The
material activation, in particular, is problematic because the associated radiation fields
(of y-rays or photons, as well as 3 and « particles) can severely hamper maintenance
operations, and the cost of disposal and recycling prospects of waste at the end of
reactor (or component) lifetime is one of the primary considerations when assessing
the commercial viability of fusion power. Furthermore, the DT neutrons must be
prevented from escaping or otherwise irradiating sensitive reactor components (such
as electronics) or reactor personnel.

It is therefore important to perform analyses during the conceptual designing
of DEMO to ensure that the shutdown activation (including decay heat to avoid
expensive active cooling) and radioactive waste are minimised, and hence that there
is sufficient neutron shielding within and surrounding the reactor vessel. Inventory
calculations have a key role to play in this process because, for a given neutron
irradiation field and material, they can predict the time evolution in composition,
activation, decay heat, ~-dose, gas production, and even damage (dpa) dose.
Combined with neutron transport calculations of DEMO designs (to define the
neutron fields) such calculations can provide information about the neutron shielding
requirements, possible maintenance schedules, and waste disposal prospects, thereby
guiding future development.

The present paper describes calculations of post operation activation and decay
heat of vessel components — the divertor and vacuum vessel (VV), in particular — as well
as predictions of the build-up and evolution of different classifications of radioactive
waste for the entire reactor model, and whether the waste is potentially recyclable.
All of these are considered for a conceptual design of the European DEMO with
four different tritium breeding blanket and cooling options, which allows for a basic
analysis (in a fixed reactor geometry) of the likely implications of a particular choice
on the activation of components, and hence on the differing shielding performance and
requirements of each option.

2. Calculations

The simulations and analyses presented here have three stages: 1) calculation of the
neutron spectra and fluxes throughout the regions of interest in the DEMO geometry;
2) running of extensive inventory simulations (sometimes more than one) for each
reactor region; and 3) post processing of the inventory results to define component-
averaged results and/or waste classifications. The three steps are briefly described
below before the presentation of the results in section 3.

2.1. 3D DEMO model and Monte Carlo neutron transport simulations

Neutron transport simulations have been performed using MCNPv6.1 [1] for a
conceptual model of DEMO created within the European DEMO studies programme
in 2014 (developed as part of [2], but see also, for example [3, 4]). The reactor
symmetry makes it possible to model only an 11.25° sector of the full DEMO Tokamak
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with vertical reflecting planes at the 0° and 11.25° boundaries. The model has
homogenized tritium blanket modules (i.e. containing no detailed structural features)
whose thicknesses have nominally been optimised (for shielding and tritium-breeding-
efficiency factors) to a helium-cooled pebble-bed blanket scenario.

Since DEMO is in the conceptual design phase, design changes of the breeding
blanket can be expected in the future, e.g. in order to satisfy the tritium breeding
requirement (TBR > 1.05 [5]). However, here the main dimensions and material
mixture of the breeding blanket are consolidated, see below, and hence the results
obtained in this study are relevant and provide guidance in the further development
of the DEMO design. In addition, the present case allows for a direct comparison of
the relative shielding characteristics of the different concepts in identical geometric
configurations. A schematic of the 3D-cell geometry of the DEMO design used within
MCNP is shown in figure 1.

Four tritium-breeding concepts have been considered in this study by filling the
blanket module cells with different material compositions at appropriate densities.
These are (see [0] for more details):

e HCLL — a Helium-Cooled system with a liquid Lithium-Lead blanket (13% by
volume EUROFER steel, 78% LiPb with 90% enrichment to 6Li, and 8% He at
80 bar pressure);

e HCPB — Helium-Cooled with a ceramic Pebble-Bed of beryllium and lithium-
orthosilicate (11.8% EUROFER, 37.9% Be, 13% Li;SiO4 with 60% ©Li
enrichment, and a combination of He at 80 bar and 1 bar pressure totalling
37.3% of the volume in total);

e WCLL — Water-Cooled with liquid Lithium-Lead (18% EUROFER, 1.9% water,
and 80.1% LiPb with 90% °Li enrichment);

e DCLL — a Dual-Cooled reactor with a self-cooling liquid Lithium-Lead blanket
and helium cooling elsewhere in the first wall, blanket cases, etc. (12%
EUROFER, 73% LiPb with 90% SLi enrichment).

The volume % material compositions given in brackets above are for the homogenized
blanket breeding modules themselves. In all cases the divertor is water cooled with a
5 mm tungsten plasma-facing layer (also used for the 2 mm first wall armour).

EUROFER is the primary in-vessel structural steel, with a weight % composition
of: 0.12% C, 0.6% Mn, 0.005% P, 0.005% S, 0.05%Si, 0.01% Ni, 9.5% Cr, 0.005% Mo,
0.24% V, 0.14% Ta, 1.2% W, 0.02% Ti, 0.01% Cu, 0.005% Nb, 0.01% Al, 0.045% N,
0.002% B, 0.01% Co, 0.01% As, 0.01% Sn, 0.01% Sb, 0.01% Zr, 0.01% O, and Fe the
balance.

In other regions, including the vacuum vessel (VV) walls, SS316L(N)-IG is the
primary steel, with a weight % composition of: 0.03% C, 2% Mn, 0.5% Si, 0.025% P,
0.01% S, 18% Cr, 12.5% Ni, 2.7% Mo, 0.08% N, 0.001% B, 0.3% Cu, 0.05% Co, 0.01%
Nb, 0.1% Ti, 0.01% Ta, and Fe the balance.

For each version of the model, 10° neutron histories were simulated in MCNP,
which, combined with a neutron weight window generated using appropriate global
variance reduction techniques [7], produced reasonable statistics (typically less than
5% uncertainty in total fluxes) for neutron spectra (in the standard 175-group Vitamin-
J energy bin structure — see [8] for details) recorded in the cells (of which there are
more than 800 in the present DEMO model) of interest. The nuclear interactions in the
simulations were governed by the FENDL-2.1 [9] neutron-reaction cross section library,
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Figure 1. (Colour online) A schematic of the 11.25° sector DEMO model used
for the neutron transport simulations.

with supplementary information from the ENDF/B-VII.1 [10] library for nuclides that
were absent from FENDL-2.1. Figure 2 shows some typical spectral results obtained, in
this case for a series of locations at increasing depths into the outboard equatorial wall
of the HCPB concept. The first wall (FW) armour is nearest to the plasma, followed
by, in increasing depth order, FW, blanket, manifold, and VV. The full spectra in
figure 2a, which have been scaled from the “per-source-neutron” results from MCNP to
the 1.6 GW fusion power of the 2014 reactor concept (equivalent to ~ 5.6x 1029 ns=1),
illustrates the drop in total flux as the neutrons are gradually moderated and absorbed.
Meanwhile, the normalised cumulative spectra in figure 2b show (more clearly than
in 2a) how the neutron spectrum becomes increasingly moderated with depth — as
neutrons under-go evermore interactions.

Figure 3, on the other hand, compares the spectrum for the same region of the
DEMO model with the four different blanket concepts, in this case for the outboard
equatorial VV wall. While the overall profile of the spectrum does not change with the
four concepts (figure 3b), the absolute flux values (figure 3a) are significantly different.
In particular, the fluxes experienced by the VV in the HCLL concept are around an
order of magnitude higher than those for the WCLL or HCPB concepts. This is
in agreement with previous “DEMO comparison” studies [11], where, in a somewhat
different reactor geometry (an earlier concept within the European programme), it was
again found that the neutron fluxes on the VV are highest behind the HCLL concept.
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Figure 2. (Colour online) Neutron energy spectra simulated for the HCPB
concept in different regions of the outboard equatorial first wall. (a) the absolute
neutron fluxes per lethargy interval, and (b) normalised cumulative distributions.
Note that these plots use a fine, 616 energy-bin structure [8] instead of the 175-
group structure used for the inventory simulations.

Note that in that work [11] the HCLL concept was also predicted to have significantly
higher fluxes in FW regions than HCPB (see figure 3 in [11]). The results presented
later will show that this different shielding performance of the HCLL concept has
significant implications on the activation of the VV.
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Figure 3. (Colour online) Neutron energy spectra simulated for the outboard
equatorial vacuum vessel (VV) wall in the four different DEMO-blanket concepts.
(a) the absolute neutron fluxes per lethargy interval, and (b) normalised
cumulative distributions. Note that these plots use a fine, 616 energy-bin
structure [8] instead of the 175-group structure used for the inventory simulations.

2.2. Inventory Simulations and processing

The neutron spectra tallies discussed above have been used in a sequence of detailed
inventory simulations performed with the FISPACT-II [3] system using the EAF-
2010 [12] neutron-reaction cross section library and associated decay data. The
material in each non-empty cell (the geometry contains many vacuum cells) of the
geometry was irradiated according to the full 2-phase operation scenario envisaged
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for DEMO [13] under the neutron spectrum predicted for that cell. Specifically, this
involved a 5.2-year phase-1 period of pulsed operation (modelled in FISPACT-II in
the standard way as a continuous flux at 30% of full power), followed by a l-year
shutdown for a complete blanket and divertor replacement, and then a further 14.8-
year pulsed operation in phase 2, which was split into three parts (“phases 2a, 2b, and
2¢”) with 8-month shutdown periods for additional divertor replacements in between.
Note that at the end of each phase the pulsed operation was modelled explicitly so as
to accurately capture the short-lived radionuclides that might produce a significant
radiological response immediately after shutdown.

The waste classification analyses performed in this work (see section 3.3) required
further that additional inventory simulations be performed for the cells of the blanket
and divertor, to match the number of times they are to be replaced — a removed
component will still contribute to the overall waste inventory. In practice, this meant
two FISPACT-II simulations for each blanket cell: the first modelling the phase 1
irradiation and followed by a “zero-flux” phase 2 schedule, which was required to
have matching time-stepping to the end of DEMO lifetime in each file of FISPACT-II
inventory results; and a second with only the phase 2 irradiation scenario (including
divertor-replacement shutdowns). Similarly, four different simulations were required
for each divertor cell — for phases 1, 2a, 2b, and 2¢ (again with blank, zero-flux time-
steps as necessary to produce time-coherent results). All other cells were simulated
once with both phase 1 and 2 included. At the end of the operational phase a sequence
of decay-cooling steps were modelled to define activities at 1 second, 5 minutes, 30
minutes, 1 hour, 3 hours, 5 hours , 10 hours, 1 day, 2 days, 1 week, 2 weeks, 4 weeks,
8 weeks, 6 months, 1 year, 10 years, 100 years, and 1000 years after final DEMO
shutdown.

The resulting set of FISPACT-II outputs (almost 1700 per DEMO-blanket
concept) contains detailed nuclide inventory breakdowns as a function of concentration
and radiological response, as well as total activities, decay-heats, v-doses, inhalation
and ingestion doses, and clearances indices, at each time-step (plasma-operation or
shutdown). These outputs have been post-processed to extract and calculate relevant
data, including total Becquerel activity and decay heat (measured in Watts), as well
as contact v dose rate (Sievert per hour), which is needed to define the waste class of
a particular cell (see section 3.3). Where appropriate, results have been summed or
averaged as a function of reactor component, for example, over all cells of the VV, with
a cell’s volume and density (from the MCNP model) used to define its mass scaling
factor. Volumes were computed stochastically using a separate MCNP simulation,
where the model is flooded with neutrons and all cells are set to vacuum so that the
resulting cell tallies (with statistical uncertainties of less than 1%) define the pure
volume fraction of the cell — i.e. without any nuclear reactions. Selected results,
focusing in particular on comparisons between the four DEMO-blanket concepts, are
presented in the following results section.

3. Results

8.1. Activity and decay heat

A direct application of the standard output from the inventory simulations is to analyze
the poloidal variation in activity and decay heat at different decay-cooling times in
the same component, illustrating the scope of the calculations and the level of detail
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available. Component averaging can then be used to look at the radiological responses
as a function of time. The following results focus on the vacuum vessel (VV) and
divertor.

8.1.1. VV Figure 4 shows the poloidal variation in total activity and decay heat in
the VV of the DEMO model with the four blanket concepts, four weeks after the final
DEMO shutdown. The high level of activation in the relatively poorly shielded inboard
equatorial VV regions is entirely expected as there is not much room for shielding, but
the significantly higher result for VV regions behind the tritium breeding blanket of the
HCLL concept is a potential cause for concern. This is caused by the higher neutron
fluxes experienced by the HCLL-VV (see figure 3), and suggests that the HCLL (and
to a lesser extent DCLL) concept would require relatively more shielding to protect
the VV than either HCPB or WCLL, where the Be (HCPB) or water (WCLL) of
their blanket modules greatly improves neutron moderation and absorption, and hence
shielding. However, since the shielding and blanket design of the geometry used for
these calculations was optimised for the HCPB concept, it may be that the effect here
would be somewhat mitigated in a properly optimised configuration for each concept,
without the need for any additional shielding.

Notice in figure 4 that the VV activation behind the divertor cassette at the
bottom of the reactor (VV positions 13-18 in the figure) are virtually identical in the
four blanket concepts, which is expected since the divertor cells do not differ. It is also
important to remember here that the presented results in the figure are for relatively
large homogenised VV cells. This is particularly the case for the inboard VV. In a
more heterogeneous model, for example with a VV made up of several layers, the
activation results could be quite different. Such analyses are the subject of further
studies [14], which will be presented in a future publication.

The relative comparison between the different cells of the VV does not change
with time, so a plot of the situation after 10 years, for example, would look the same as
figure 4, albeit with different absolute Becquerel and Watt scales. Thus, rather than
considering more plots like this — showing the full poloidal variation —, it is instead
more useful to examine the time-evolution. Figure 5 shows the time-evolution after
shutdown in activity and decay heat per kg. The values shown are averages across
the entire VV, where the mass of each cell was used to weight its contribution to the
average. It demonstrates, on a logarithmic decay-timescale, that the activation of the
material contained in the VV (predominantly a 80% SS316, 20% water by volume
mix) falls by several orders of magnitude after only a few years. For example, the
total activity per kg in the HCLL case drops from around 1 TBq immediately after
shutdown to around 10 GBq after 10 years. As in figure 4, the activation of the VV
behind HCLL blanket modules is the highest at all decay times, with the HCPB and
WCLL concepts, in particular, producing almost an order of magnitude lower “per
kg” activities and decay heats at all times. It is interesting to note that the curves
and data points for HCPB and WCLL in the figure are almost indistinguishable — in
agreement with figure 4 —, which is somewhat surprising given the different material
compositions of the blanket modules that neutrons have been moderated by on their
journey to the VV.

Using the full inventory output from FISPACT-II at each time-step, it is also
possible to define the time-evolving nuclide contributions to the calculated total
activity and decay heat. Figure 6 shows how the contributions from the most
important radionuclides varies with time during decay-cooling for the VV of the HCLL
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Figure 4. (Colour online) Poloidal variation in (a) total activity in GBq kg™1,
and (b) decay heat in mW kg~!, of the VV four weeks after final DEMO shutdown.
Results are shown for all four DEMO-blanket concepts. The toroidal cross section
through the MCNP geometry indicates the position of the numbered VV cells in
the plots. The error bars associated with each point in these plots (and elsewhere)
are those computed by FISPACT-II based on the uncertainties in the input EAF-
2010 [12] nuclear data.
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Figure 5. (Colour online) Decay profile of (a) activity, and (b) decay heat,
averaged (by cell mass) across all VV cells.

concept (results for the other blanket concepts are similar but on different absolute
scales) — again, mass-averaged across all VV cells.

For activity (figure 6a), it can be seen that at short timescales the problematic
(most dominant) radionuclide is *Mn (T 2 = 2.6 hours), which is produced: at high
neutron energies, from the main °°Fe isotope (91.8 atomic % of pure Fe, and 58.1
atm.% of SS316 overall) via (n,p) — neutron capture followed by proton emission —
nuclear reactions; and at lower energies, via (n,y) reactions on the 2 atm.% of **Mn
(100% of pure Mn) in the steel. At longer decay times, greater than 1 day, first >1Cr
and then °Fe become the most dominant nuclides, with half-lives of 27.7 days and
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2.7 years, respectively. While °Fe production is unavoidable (produced either from
(n,2n) reactions on 5Fe or (n,y) reactions on **Fe), the contribution from *'Cr, on the
other hand, could be reduced if the concentration of Cr, responsible for the majority
of its production, were lowered. Indeed, the reduced-activation EUROFER steel has
significantly less Cr than SS316 (see section 2.1), and we shall see below in the divertor
analysis that the ®!Cr contribution is largely absent (figure 9).

Similarly, at very long decay times in figure 6a — greater than 10 years—, the
dominant contribution from ®Ni (T}, = 100.6 years) originates from the relatively
high Ni content (12.5 weight %) of SS316.

The decay heat radionuclide contributions in figure 6b are noticeably different
to the activity results at medium timescales between 1 day and 10 years. It is
50Co (T2 = 5.3 years), instead of either 55Fe or °!Cr, that dominates the heat
produced from the material because it is a significant v emitter, while the other two
predominantly decay via (8 emission, which does not produce as much heating.

8.1.2. Divertor body In the DEMO model considered here the divertor is composed
of three layers of cells: a plasma-facing armour layer of pure tungsten 5 mm thick; an
intermediate layer, again dominated by W, but also containing CuCrZr, pure copper,
and water to represent cooling channels; and then the bulk divertor body composed
of EUROFER steel. Figure 7 shows a typical poloidal variation in the activity and
decay-heat profiles for the different cells of the divertor body — in this case at 1 second
after DEMO shutdown in the final replacement divertor. This “phase 2¢” divertor
(see section 2.2) is the one present in the DEMO vessel at end-of-life (EOL), and
is thus the most relevant for analysis of the decommissioning prospects, although
we will consider the contributions from the earlier, removed divertors in the waste
classification studies (section 3.3). As with the VV results in the previous section,
there is very little change in this profile with time and so the time-evolution in the
average activation response for the component is more informative, and is shown for
all four DEMO-blanket concepts in figure 8.

Figure 7 demonstrates the expected variation, namely that cells more exposed to
neutrons (rather than waste gases), which are those with the least amount (thickness)
of material between them and the fusion plasma, become more activated than cells
that are better shielded. In the figure, for example, cell 2 is producing the most
activity and decay heat at 1 second and is almost directly exposed to neutrons from
the plasma, with only the armour and coolant layers for protection. On the other
hand, the adjacent cells 1 and 3 are, on average, much less active due to the additional
shielding — provided largely by cell 2.

The time evolution in average divertor body response (figure 8) shows that the
activation is almost the same in each of the four DEMO-blanket concepts at all decay
times, which is to be expected since the material and geometry of the divertor does
not vary with concept.

While the activity and decay heat is initially higher in the divertor body than
in the VV, which is probably unavoidable due to the higher neutron fluxes in the
in-vessel regions, it is interesting to observe that at longer decay-times the reverse
is true — the EUROFER steel of the divertor body is less active than the SS316
steel (compare figures 5 and 8), particularly at decay-timescales on the order of
100 years and beyond. Examining the time evolution in the component-averaged
nuclide contributions for the divertor body of the HCPB concept (figure 9) reveals
that the long-lived 93Ni isotope, which dominated the long-term activity of the VV
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Figure 6. (Colour online) Radionuclide breakdown of the decay-profile of (a)
activity, and (b) decay heat, averaged (by cell mass) across all VV cells of the
HCLL concept.

(figure 6), is no longer important in EUROFER. This is due to the much lower
concentration of Ni in the starting composition of EUROFER in comparison to
SS316. The long-term activation in EUROFER is, instead, dominated by C in
terms of absolute Becquerel activity (figure 9a), while *4Nb is important for decay heat
(figure 9b), although in both cases the levels of activity and decay heat are relatively
tiny at these timescales. Both of these radionuclides could be reduced by changing
the composition of EUROFER, either by element reduction or exchange, potentially
improving the long-term activation characteristics of the steel even further. This
could be particularly necessary to reduce '*C, as figure 9a suggests that it produces
activity in the few MBq kg~! range beyond 100 years, potentially influencing the
reclassification of divertor components as low-level waste, which is determined by a
B + 7 activity limit of 12 MBq kg™! (see section 3.3) — 1#C is a pure 3 emitter.
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Figure 8. (Colour online) Decay profile of (a) activity, and (b) decay heat,
averaged (by cell mass) across all divertor body cells (following irradiation of the
final replacement divertor).

Meanwhile, ?*Nb produces significant v dose, and so its production may have to be
reduced in order to improve the recycling prospects of the divertor relative to the
2 mSv h™! limit discussed in 3.3.

However, EUROFER does not have such a “low activation” response at short
decay times because of the 1.2 atm.% W. Figure 9 shows that the '®"W produced
from W under irradiation causes significant activity, and to a lesser extent decay heat,
during the first day after shutdown, which could have implications if immediate remote
maintenance of the divertor is required.
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Figure 9. (Colour online) Radionuclide breakdown of the decay-profile of (a)
activity, and (b) decay heat, averaged (by cell mass) across all divertor body cells
in the HCPB concept.

3.1.3. Divertor armour The armour layer of the divertor plasma-facing components
(PFCs) is almost entirely W, and so the problem with short-term activity from ¥7W
(T1 /2 = 23.9 hours) noted above for EUROFER is even more significant here. The
component-averaged nuclide contributions to the activation of the divertor armour of
the HCPB DEMO shown in figure 10 demonstrate the high activity and decay heat at
short times caused predominantly by '®”W — more than an order of magnitude greater
than in the divertor body.

While the expected isotopes of W dominate the activity of the divertor armour
at short timescales, it is interesting to note that at longer times, beyond around
10 years of decay, it is instead radionuclides produced from the minor impurities of
the nominally pure W (99.96 wt.% W, but also containing 0.003% Fe, 0.01% Mo,
0.001% Co, 0.001% K, 0.001% Nb, 0.005%P, 0.002% Si, 0.003% C and several others)
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that contribute the majority of the activity. In particular, from figure 10, %°Co
on the medium timescale, and then 3°Ar (T} /2 = 269 years) at longer times with
minor contributions at even longer times from isotopes of niobium. This potentially
illustrates the need to pay more attention to the fabrication of W for near-plasma
regions to reduce the concentration of the minor impurities (Fe, Co, K, Nb, Mo, etc.)
that produce these radionuclides.
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Figure 10. (Colour online) Radionuclide breakdown of the decay-profile of (a)
activity, and (b) decay heat, averaged (by cell mass) across all final-replacement
divertor armour cells in the HCPB concept.

Figure 11 shows the poloidal variation in activity in the divertor armour at two
different decay times after DEMO shutdown. After 1 hour (figure 11a), there is a
significant difference between the four DEMO-blanket concepts, particularly in the
more exposed (to neutrons) cells such as B, J, and R. However, by 1 year after
shutdown (figure 11b) the differences between the DEMO-blanket concepts have
largely disappeared — as demonstrated in figure 12, where the component-averaged
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time-evolution curves for activity and decay heat in the different concepts can only
be separated on timescales of less than around 1 week (the decay times in this plot
have been truncated to 2 years to highlight this). This almost exactly agrees with the
timescale of dominance for "W in figure 10, which will be produced predominantly
via (n,7) reactions on ¥6W (28.43 atm.% of pure W) that are most probable (have the
highest reaction cross sections) at low neutron energies. The analysis suggests that the
greater neutron moderation in the water cooled blanket of the WCLL concept results
in neutron spectra with a higher proportion of low-energy neutrons in the divertor
armour, thereby enhancing '8”W production. This perfectly demonstrates how very
subtle changes (in composition, neutron fields, etc.) can have a significant influence
on inventory results.
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Figure 11. (Colour online) Poloidal variation in total activity in TBq kg—! of
the divertor armour (a) one hour, and (b) one year, after final DEMO shutdown.
Results are shown for all four DEMO-blanket concepts. The toroidal cross section
through the MCNP geometry indicates the position of the numbered divertor
armour cells in the plots.

3.2. Total component decay heat

The total decay heat from a particular component is an important quantity to
predict because, in particular, it will determine whether or not active cooling must be
continued (and how long for) after DEMO has shutdown — a component cannot be
allowed to heat-up beyond its design limit to prevent damage to itself and surrounding
areas. The total decay heat from a particular cell can be obtained by multiplying the
raw kW kg~! from FISPACT-II by the cell’s mass, and the total for a component by
summing across all cells. For the VV total component decay heat profile in figure 13a
this is equivalent to multiplying the component-average kW kg~! in figure 5b by the
total VV mass, including the scale-up to a full 360° Tokamak from the 11.25° sector
used for the Monte-Carlo simulations. The divertor results in figure 13b, on the other
hand, is for all three layers of one divertor cassette occupying 7.5° of the Tokamak
(there are 48 cassettes in the DEMO design considered here) and was calculated as
two-thirds of the result obtained for the 11.25° model.

As seen in section 3.1.1, the HCLL concept is predicted to have the highest VV
decay heat at all times after shutdown following the full DEMO operational schedule,
with WCLL and HCPB the best performers (figure 13a). As a consequence, it might
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averaged (by cell mass) across all divertor armour cells during the first 2 years
following EOL.

be necessary to continue with active cooling for longer in a HCLL DEMO reactor
unless the shielding of the VV is greater compared to the other concepts. On the
other hand, it is worth noting that the HCLL blanket modules themselves have the
lowest decay heat during the first few days after shutdown [15].

The differences between concepts for the decay heat from a single divertor cassette
(figure 13b) are naturally only minor. However, notice how the scale of the decay heat
from a cassette is only around an order of magnitude less than that from the VV,
despite there being more than two orders of magnitude difference in their respective
masses — around 55 tonnes for a single divertor cassette in the present model (this is
relatively high due to overestimated mixed-material densities — ~ 15 tonnes is more
realistic), compared to almost 8000 tonnes of VV. This illustrates how active in-vessel
components become, and suggests that a divertor cassette may need significant post-
shutdown cooling, potentially even after it has been removed from the reactor.

Figure 13b, includes a second set of decay-heat curves, this time for a cassette
made predominantly from SS316 steel instead of EUROFER. These results were
obtained by repeating the entire set of MCNP and FISPACT-II calculations for new
versions of the DEMO model for each of the four different blanket-concepts, where
the EUROFER in the divertor-body cells had been replaced by the same SS316 used
in the VV. The resulting total component decay heat for an SS316 divertor cassette
in the figure is around a factor of 5 higher at all decay times greater than around
1-year (the differences are lower at shorter times), suggesting that such a divertor
would require a longer period of active cooling following shutdown.

This difference is largely caused by the higher Co content in SS316 in comparison
to EUROFER (0.05 vs. 0.01 wt.% — see section 2.1), leading to the production of
60Co. This °Co dominates the decay heat at timescales up to 100 years despite the
relatively minor concentrations of Co in both steels, highlighting that small changes
in composition can have a major impact on the radiological response.
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Figure 13. (Colour online) Total component decay heat predicted for (a) the
entire VV, and (b) a single divertor cassette. Results are shown for all four
DEMO-blanket concepts. Additionally, in (b), are results for a divertor cassette
where the default EUROFER steel has been replaced by SS316.

3.3. Waste classification

Predicting the amount of waste produced from DEMO is vital to assess the likely
environmental impact, which should be minimised, and disposal costs of DEMO,
and also to secure regulatory approval. Using preliminary waste classifications
(currently under review within Europe), based on UK regulations [16], for IAEA
waste classes [17], it is possible to trace the time-evolution in waste masses in each
class using the inventory output, both during operation and after shutdown. The mass
of material (in fact 32 times the mass to account for a full 360°) in every cell of the
geometry (i.e. including all in-vessel and ex-vessel components present in the model,
and the VV) was attributed to waste classes at each time-step using the following
definitions and limits:

e NAW — None Active Waste. Material falls into this category if its TAEA clearance
index [18] is at or below 1. Clearance index is a standard output per nuclide from
FISPACT-II;

o LIW — Low Level Waste. Categorised as material with a activity of less than
4 MBq kg~! and a combined 3+ v activity of less than 12 MBq kg~!. FISPACT-
IT breaks-down the activity of each nuclide according to their established decay
schemes, making comparisons against these limits straightforward;

e ILW — Intermediate Level Waste. Material with activities above the LLW limits.

It was assumed that no waste fell into a further category for high level waste
(HLW), which is based, additionally, on the cooling requirements of waste generating
significant decay heat (this would most likely be arranged at a DEMO site and
occur before material is released as waste). Where a component was replaced during
operation, both the removed mass and its replacement were added to the appropriate
waste class as a function of time — hence the need for the blank padding time-steps
discussed in section 2.2. This means, for example, that the divertor results (figure 15)
include the mass from four sets of divertor cassettes — each at different stages of decay
at any given time.

In addition to the waste classifications there was also a preliminary assessment
of the recyclability of components. As an approximate measure, a component was
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considered to be composed of potentially recyclable material (PRM) if the contact
7 dose rate (calculated by FISPACT-II [3]) was below 2 mSv h=! — a level below
which the material could be manipulated by remote handling equipment without their
electronics being too severely damaged (at least on the timescales necessary to perform
the manipulation). Note that this limit is somewhat conservative, and more optimistic
limits for advanced remote maintenance systems would use a much higher limit.

Figure 14 shows the evolution in waste masses (in tonnes) for the complete
DEMO reactor in each of the four breeding-blanket concepts. In each of the plots the
breakdown and growth of waste masses during the operation lifetime of 22.333 years
is shown using a linear timescale, with red-background plasma-operation phases
separated by grey maintenance periods for divertor and/or blanket replacement (see
the inventory details in section 2.2). The subsequent end-of-life (EOL) decay out-
to 1000 years is plotted on a logarithmic timescale. The figure clearly shows, in
particular, the jumps in ILW and LLW waste masses associated with the additional
divertor (~ 2600 tonnes per replacement) and blanket components when DEMO is
restarted following the maintenance phases. It also demonstrates the lower overall
masses associated with the HCPB concept because of the lower density of the blanket-
module material in this ceramic pebble-bed concept (1.9 g cm ™3 for HCPB compared
to an average of 8.4 g cm ™ for the three lithium-lead designs, resulting in total blanket
masses of ~ 2400, and ~ 6500 tonnes, respectively, per replacement). In particular,
the HCPB concept has around 20% lower ILW mass at EOL, which is the classification
of all blanket modules at this time, than any of the LiPb concepts. For comparison,
the other major components include the VV with a total mass of 7600 tonnes, the
Blanket manifold (not replaced) weighing 2400 tonnes, and the coils (toroidal and
central solenoid) weighing 15800 tonnes.

Most material of the DEMO model, including all of the VV and divertor, is ILW
during operational lifetime and for the first few decades beyond EOL. A small fraction
of the total mass never exceeds the LLW limits during operation (including some of
the homogenized blanket modules), and during decay the LLW class grows until it
eventually becomes the majority. The actual position of the cross-over between the
ILW and LLW classes varies between the four DEMO-blanket concepts with HCPB
performing better (having an earlier cross-over). The waste classification of the VV
(not plotted separately) shows the differences between the models even more clearly,
although in no concept does the VV become significantly LLW until several hundred
years after shutdown. For HCLL this situation is particularly bad, with virtually none
of the VV classifiable as LLW, even after 1000 years, demonstrating again the potential
issue with the HCLL concept. However, the VV cells used in the present DEMO
model are relatively thick, with homogenized materials and density. A more detailed
analysis, with heterogeneous VV cells, would be expected to produce a gradient of
neutron fluxes across the VV — instead of just a single value —, leading to a different
distribution across the waste classes. Indeed, ongoing studies [14] for a VV split into
10 layers (with depth), suggest that the waste analysis could be more favourable,
with the VV behind the HCPB concept becoming 50% LLW after around 200 years
(compared to around 500 years in the present work). These results will be the subject
of future publications. Increased heterogeneity would also alter the results for some
of the in-vessel components, particularly the blanket modules.

Finally, in figure 14, for all four blanket concepts, little of the waste mass is
classifiable as NAW until it has been decay-cooling for more than 50 years, and none
of the VV becomes NAW at any time. Figure 15, which shows the waste and recycling
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classification results for the HCPB divertor body and PFCs (results for other DEMO-
blanket concepts are predictably indistinguishable from this), shows that there is also
no NAW mass for the divertor, which is not surprising for an in-vessel component
exposed to significant neutron fluxes. Indeed, all of the NAW mass classified in this
analysis originates from ex-vessel port or coil components.

The HCPB waste analysis for the divertor PFCs in figure 15a, and for the divertor
body in figure 15b, both show that virtually all of the waste mass is ILW at shutdown,
and that the divertor PFCs remain largely ILW even after 1000 years of decay. Note
that the divertor PFCs include both the W armour discussed in section 3.1.3 and
the cooling layer, containing CuCrZr, Cu and water, beneath it. The long-lived ®>Ni
(T2 = 100.6 years), produced via (n,p) reactions on 63Cu (the main isotope of Cu at
69.17 atm.%), is the reason why the divertor PFCs remain significantly ILW at such
long decay times. For the divertor body, on the other hand, in figure 15b, the waste
is predicted to decay enough to become almost entirely LLW between around 10 and
100 years, which is exactly the timescale over which ®*Fe and %°Co decay away (see
figure 9).

However, despite the differences in the waste analysis of the divertor PFCs and
body, the recycling-mass estimates in figures 15¢ and 15d, respectively, show similar
results. In both cases the components are predicted to become potentially recyclable
within 100 years. For the VV the situation is the same, with the entire mass of SS316
steel PRM within 100 years.

4. Summary

Extensive neutron-transport and inventory simulations have been performed for a
DEMO model with different tritium breeding blanket concepts in identical reactor
geometries. The resulting predictions have been used to assess and compare
the activation and decay-heat of the vacuum vessel (VV) and divertor of the
European DEMO design after the expected operational lifetime. Additionally, the
waste production prospects of the reactor geometry have been investigated using a
preliminary classification system based on TAEA and UK guidelines.

In the fixed geometry of the model, which was optimised for the helium-cooled
pebble-bed (HCPB) option, the helium-cooled lithium-lead (HCLL) blanket modules
provide significantly less shielding, leading to greater activation in the VV. This
suggests that, for the present DEMO design, the HCLL (and to a lesser extent the
dual-cooled lithium-lead, DCLL) blanket concept would require additional design-
optimisation to achieve the same neutron-shield protection as provided by either the
HCPB or WCLL concepts. At the same time, the subtle changes in the neutron fields
produced by the different blanket concepts can also have localized impact on in-vessel
components, for example, causing higher short-lived activity in the divertor armour
near the WCLL blanket modules.

Component-averaged radionuclide inventories, which are similar for all four
blanket concepts, for the plasma-facing armour of the divertor suggest that the minor
impurities present in the manufacturing specifications of “pure” W create long-lived
activation products, indicating the need for careful control of material compositions.
Meanwhile, in the EUROFER steel of the divertor and the SS316 steel of the VV,
the usual short-lived radionuclides (°°Fe, 5°Mn) dominate at short decay-timescales.
However, at longer times there are noticeable variations caused by subtle differences
in the compositions of the steels, and SS316 performs badly, producing not only more
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Figure 14. (Colour online) Time evolution in waste masses for the entire
geometry of the four DEMO-reactor blanket concepts, including the main in-
vessel components (blanket and divertor), the VV, and any ex-vessel regions that
are present. The red regions in the plots indicate periods of operation and the
grey regions represent shutdown and maintenance periods. The red time axis
labels refer to the progression of the operational phase of DEMO plotted on a
linear scale and the blue labels the EOL shutdown plotted on a logarithmic scale.
To aid visualization, vertical gridlines are shown at 10, 50, 100, 200, and 500 years
beyond EOL. See the main text for explanation of the waste abbreviations.

60Co than EUROFER, but also long-lived nuclides of Ni. As a consequence, using
SS316 as the structural steel in a divertor cassette is predicted to cause five times more
decay heat post-operation than an equivalent cassette constructed of EUROFER (the
default).

Waste classification predictions, which included all components modelled in the
geometry (blanket modules, VV, divertor, and some ex-vessel components), indicate
that the majority of the DEMO vessel, but particularly the steel of the VV and
divertor, will remain as intermediate level waste (ILW) for many decades (or even
centuries) after shutdown before decaying sufficiently to allow reclassification as low
level waste (LLW). However, neither the VV or in-vessel components (blanket and
divertor) decay sufficiently in 1000 years to satisfy the TAEA clearance index limit for
none active waste (NAW), and the tungsten armour of the divertor remains largely
ILW on this timescale. After around 100 years, the VV and divertor are predicted to
be recyclable for all DEMO reactor designs. Note that the homogenization across
the thickness of the VV in the present DEMO model significantly overestimates
the activity of outer VV regions (far from the plasma), while underestimating inner
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Figure 15. (Colour online) Time evolution in waste (a and b) and recyclable (c
and d) masses for the HCPB divertor PFCs (a and c¢) and divertor body (b and
d). The red regions in the plots indicate periods of operation and the grey regions
represent shutdown and maintenance periods. The red time axis labels refer to
the progression of the operational phase of DEMO plotted on a linear scale and
the blue labels the decay following EOL shutdown plotted on a logarithmic scale.
In (c and d), the total material mass is given and the recyclable material masses
are additionally separated by waste class. To aid visualization, vertical gridlines
are shown at 10, 50, 100, 200, and 500 years beyond EOL. See the main text for
explanation of the abbreviations.

regions. This could significantly alter the predictions made here, and so an analysis
of a more realistic, heterogeneous VV is part of ongoing work.
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