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HIGHLIGHTS

e A fine spatial resolution has been shown to be necessary when simulating time-dependent tritium breeding ratio in homogenised solid-type breeder

blankets.

 Five radial segmentations were found to be sufficient when 6Li burn-up is not more than 20%.
e Segmentation of the blanket cells allows the simulation to take account of the variation neutron spectrum through the blanket.
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ABSTRACT

High energy neutrons produced in future fusion reactors will cause significant transmutation reactions
in the breeder blanket, including the important tritium breeding reactions. The reaction rate for a given
reaction type depends on the neutron spectrum and material properties. The inventory consequences for
tritium production of a solid-type breeder blanket are discussed in this paper. ADEMO fusion reactor with
19 homogeneous breeder blanket modules made of Eurofer, helium, Be;,Ti and Li4SiO4, with enriched 6Li
content. Each blanket module was segmented radially in order to analyse the time-dependent reaction
rate as a function of depth. The resolution of radial segmentation was varied and 5 radial divisions were
found to be sufficient to accurately model the tritium inventory. Time-dependent tritium production was
simulated with the use of the interface code, FATI, which couples radiation transport code MCNP 6 with
the inventory code FISPACT-II. The simulated results show how the tritium production varies over the
expected lifetime of the blanket. The overall tritium production of the solid-type blanket decreases as the
6Li and 7Li are burnt up. The effect of 6Li burn-up in the breeder zones nearest to the plasma is identified

as the main contributing factor to the decreasing tritium production of the whole breeder blanket.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

the (D-T) plasma. Blanket designs capable of breeding T will be tri-
alled in ITER. Blankets such as the Helium Cooled Pebble Bed (HCPB)

Fusion energy has the potential to provide a sustainable source
of energy, which will help address the global energy need. The most
achievable fusion reaction requires deuterium (D), which is avail-
able from seawater and tritium (T) available through Li reactions.
However, there is currently no sustainable source of T to allow for
long term operation of a fusion reactor. A sufficient amount of T
could be produced in heavy water reactors to provide a limited
start up inventory. One of the critical roles of a DEMOnstration
fusion power plant (DEMO) will be to establish breeder blanket
technology that is capable of meeting the T demands of fuelling
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have undergone neutronic design optimisation [1] to ensure T self-
sufficiency. This is particularly challenging when considering the
burn-up of Li, ’Li and ?Be.

Aside from ensuring T self-sufficiency predictions of the Tinven-
tory are of interest for subsequent fusion power plants requiring
a start-up inventory. Predicting the maximum T storage require-
ments will be necessary for safety licensing. Here we present
simulations of the tritium breeding ratio (TBR) and T inventory
over the expected life-time of the breeder blanket. The research
builds on the work of [2-5]. In our simulation we use a DEMO 3D
geometry containing homogenised breeder blankets that are seg-
mented both radially and toroidally to examine the effects of spatial
resolution of the breeder blanket on the T inventory. The compu-
tational advantages of homogenised models over more detailed

0920-3796/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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heterogeneous models make them attractive for burn-up and para-
metric studies.

2. Material and methods

The reactor model was adapted from a tokamak DEMO model
developed by KIT under an EFDA 3PT task [6]. The model includes
first wall, homogenised breeder modules and a rear shielding layer.
The breeder zones were split toroidally into 19 modules and up to
10 segments radially (see Fig. 6). The neutron source geometry was
based on the plasma parameters: 9 m major radius; 2.25 m minor
radius; triangularity of 0.33; peaking factor of 1.3; and an elon-
gation of 1.66. The 14.1 MeV neutron source used birth locations
based on the plasma density and temperature and emitted isotrop-
ically. The magnets were defined as Nb3Sn and the vacuum vessel
from 316 stainless steel. A3 mm layer of pure tungsten was defined
as the plasma facing component (the first wall) [7]. The reduced
activation steel Eurofer [8] with a helium coolant (3 cm thick and
homogenised) was selected as the material for the front and rear
casing of the breeder blankets [ 7]. Eurofer with helium coolant was
also used as a structural material within the breeder blankets, total
steel and coolant volume was set at 15% of the blanket volume.
Be1,Ti was selected as the neutron multiplier instead of beryllium
metal due to its performance capability at higher temperatures [9].
Li4SiO4 with a 6Li enrichment of 40% was selected as the ceramic
breeder material. Both the Beq,Ti and the Li4SiO4 were assumed to
be in pellet form with a packing fraction of 0.63. Helium purge gas
at atmospheric pressure was used to fill the voids between Li4SiO4
and Be,Ti pebbles. The resulting homogenised material is based on
the HCPB [10], details of the materials used in the breeder zone can
be found in Table 1. It should be noted that homogenised models
have been shown to over estimate TBR values by 2% when compared
to heterogeneous arrangements [11]. The thickness of the inboard
blankets was 0.75 m and the outboard blankets was 1.30 m.

A Monte Carlo approach utilising MCNP 6 [ 12] was used to simu-
late neutron transport. The inventory code FISPACT-II [ 13| was used
to model activation, transmutation and neutron-induced burn-up.
The interface code FATI [14] was used which couples MCNP 6 and
FISPACT-Il together. FENDL3.0 [15] nuclear data was used preferen-
tially for particle transport. TENDL 2014 [ 16] nuclear data was used
by FISPACT-II to model activation, transmutation, neutron-induced
burn-up and also for particle transport when FENDL data was not
available. Recent investigations into the effect of different sized
time steps have be carried out [17] and time steps of less than one
month were recommended. Burn-up was simulated in time steps of
15 days for a fusion reactor with 2.4 GW of fusion power, operating
70% [18] of the time. To minimise the computational expense the
equivalent steady state approximation [19] was used to approxi-
mate the irradiation scenario. An irradiation scenario of 5 years at
70% of the reactor power was used. The T inventory is the differ-
ence between production of T in the blanket and consumption in
the plasma, accounting for T decay. Leakage, retention and isotope
separation efficiencies of T were not accounted for in this simu-
lation. H and He isotopes produced within the burn cells during

Table 1
Material specifications for the homogeneous breeder blanket material.
Material Component Volume Resultant
percent density (g/cm?)
Eurofer 9.705
H ised He coolant 5.295
b Om(;’gemse - LisSiO4 9.450 1.816
reeder materia He purge gas 3145
Be,Ti 44.10
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Fig. 1. Neutron spectra for different locations in the equatorial outboard blanket
module of the model with 5 radial segmentations at the first time step. Obtained
using average cell flux tallies (type F4).
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Fig. 2. Neutron flux incidence on the first wall of each breeder module. See Fig. 6
for module numbers.

irradiation were assumed to be removed from the breeder zones in
the purge gas flow.

3. Theory

Tritium is produced within a fusion breeder blanket, pre-
dominantly via the SLi(n, t) reaction; the SLi(n, n't) reaction also
contributes via higher energy neutrons. Another key threshold
reaction is 9Be(n, 2n) which serves to increase the neutron flux. As
the material is transmuted the changing composition will result in
a time-varying reaction rate, which results in a time-varying neu-
tron spectrum. The neutron spectrum also varies spatially within
the tokamak. The rate of T production depends upon the neu-
tron spectrum and regions which experience significantly different
spectra should be modelled separately. Modelling regions with
significantly different neutron spectra collectively causes a smear-
ing effect as material transmutations occurring predominantly at
one location are averaged across the cell. The majority of lithium
depletion occurs at the region of the breeder blanket nearest to
the plasma due to the high neutron flux. The spatial resolution of
the MCNP model must be sufficiently high to account for localised
burn-up within the blanket, otherwise the simulation would effec-
tively be replenishing lithium supplies at the inner surface of the
breeder blanket and overestimate T production. Fig. 1 shows how
the neutron spectrum and, in particular, the 14.1 MeV component
vary with blanket depth. The blanket modules also receive different
amounts of incident neutrons (see Fig. 2), this is largely due to the
varying proximity of the breeder modules to the neutron source and
the distribution of neutrons within the source geometry. As mate-
rials are irradiated transmutation and decay processes change the
material composition, affecting the neutronic behaviour. The con-
sequence of the changing material composition is a time-varying
spectra (see Fig. 3). Nuclei with large capture cross sections are
burnt-up more rapidly and therefore slight increases in the flux at
lower energies is observable over long irradiation periods.
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Fig. 3. Neutron spectra at two irradiation times for the equatorial outboard blanket
module.
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Fig.4. TBR (fitted) and the associated T inventory. Only simulations with 1, 2, 5 and
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Fig.5. TBRand Tinventory after five years for differently segmented blanket models.
Error bars were derived from MCNP tally uncertainties and represent a 1 sigma
confidence.

4. Results

We have investigated spatial segmentation of breeder blankets.
Ideally the mean free path of a neutron within the material would
determine the segmentation size, however such accuracy is com-
putationally expensive. FATI simulations were performed for the
2.4GW fusion power DEMO models allowing the TBR and T inven-
tory as a function of radial segments to be investigated. The TBR of
the system decreases as a function of time, but remains above 1,
as shown in Fig. 4, which also shows the T inventory. The TBR and
T inventory of the breeder blanket with only 1 segment remained
higher than the more finely segmented models for the 5 year irradi-
ation time. The TBRand T inventory for models with 5 or more radial
segments converge to the same value. Fig. 5 suggests that modelling
this particular breeder blanket as a single homogeneous segment
overestimates the T inventory at five years by 4 kg. Modelling this
particular breeder blanket as a single homogeneous segment over-
estimates the T inventory at five years by 4 kg (see Fig. 5).

6Li burn-up is not uniform throughout the blanket due to the
different spectrum experienced at different locations. Fig. 6 shows
the percentage of the original 6Li remaining after 5 years. The
6Li depletion is highest (81% remaining) at the inner segment of

9 10
8 11
7
12
6
13
a4
14
3 15
16
2 17
Fraction of
original SLi
remaining
1 18 Lg%
= 85%
- 90%
19 =
i95%
AWV oo
B T — T

Fig.6. SLidepletion throughout the breeder blanket after 5 years and neutron source
intensity. Breeder blanket modules are numbered.

blanket module 3. Whereas, the Li burn-up in the outer segment of
blanket module 19 is negligible (0.1%). The modules are divided into
segments with equal percentages of the overall module thickness
and therefore the SLi depletion is averaged over cells of different
thicknesses.

5. Discussion

We find that calculated TBR declines more rapidly due to burn-
up of lithium when blanket modules are radially segmented in
the model. These results imply that some previous studies of T
inventories in homogenised breeder blanket models may have
overestimated T production over time due to lack of radial seg-
mentation [4,5]. Although 5 radial segmentations appears to be
sufficient for this particular model, heterogeneous breeder blan-
ket models are likely to require finer segmentation. This is because
the lithium ceramic regions are often separated by structural mate-
rials or cooling components and the spectra is likely to be different
on either side of these components.

By performing these simulations we see that 6Li burn-up varies
throughout the blanket and some regions are under utilised while
other areas experience high 6Li burn-up. Tailoring the blanket com-
position to suit the incident neutron spectra could improve the
durability of the blanket while potentially reducing the material
cost. This could be achieved by varying the ratio of neutron multi-
plier to lithium ceramic or the 8Li enrichment.

6. Conclusion

TBR simulations have been carried out for breeder blankets with
toroidal and radial segmentation. From this research the following
conclusions are made.

e A fine spatial resolution has been shown to be necessary for
accurate predictions of the T inventory when simulating time-
dependent TBR in homogenised solid-type breeder blankets.
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e Five radial segmentations were found to be sufficient when 6Li
burn-up is not more than 20%.

e Segmentation of the blanket cells allows the simulation to take
account of the variation neutron spectrum through the blanket.

While cell based division is able to provide the required spatial
resolution for this model it may be less suitable for heterogeneous
breeder blankets. The shape of regions experiencing similar spectra
is likely to be more complex for detailed breeder blanket designs.
A mesh based approach to burn-up could be advantageous.
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