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Abstract. The radionuclide inventory plays a central role in the safety of nu-
clear installations both during operation and their decommissioning. In nuclear
fusion reactors using Pb-Li tritium breeding blankets, the undesired production
of radiotoxic 219Po is still an unresolved safety issue. In this work, neutron trans-
port calculations and inventory calculations are combined to predict the 210Po
inventory in a DEMO fusion reactor using either a Helium Cooled Lithium Lead
or a Water Cooled Lithium Lead breeding blanket. In order to guarantee that the
environmental 219Po release associated with an ex-vessel leak-of-PbLi accident re-
mains below the no-evacuation limit, the 219Po concentration in the Pb-Li should
be kept below 1500 appt. It was found that no Pb-Li purification is required to
keep the 210Po concentration in DEMO below this limit. However, in case the Pb-
Li makes direct contact with water, more volatile Po-containing (oxy-)hydroxides
could form. If these species increase the 210Po release rate by more than a fac-
tor two, safety measures will be required. Therefore, 219Po generation in DEMO
does not pose a hazard in case of a regular ex-vessel leak-of-PbLi accident, unless
possibly in case the Pb-Li makes contact with water.

Keywords: breeding blanket, Pb-Li, Po-210, radiotoxic, DEMO, activation, inventory
Submitted to: Nucl. Fusion



210po production in the European DEMO fusion reactor

1. Introduction

The first generation of commercial fusion reactors will
generate electricity exploiting the deuterium-tritium
(D-T) fusion reaction. The earth’s oceans account for a
virtually inexhaustible supply of deuterium as 0.0156 %
of the hydrogen isotopes in ocean water is deuterium
(according to the Vienna Standard Mean Ocean Wa-
ter). Tritium, however, having a half-life of 12.32 years,
only appears in trace amounts in nature. The very
limited global inventory of tritium available today has
been exclusively generated in CANDU-type fission re-
actors and is estimated to range between 12.2 and
27.6 kg at the start-up time of the European DEMO
(DEMOnstration power station) fusion reactor, while
its required start-up inventory is of the same order of
magnitude [1]. Therefore, in order to scale up nuclear
fusion to a viable and economical source of energy, a
fusion reactor will have to produce (breed) at least as
much tritium as it consumes. The most realistic way
to do this, is by making as many fusion neutrons as
possible interact with 6Li, which primarily results in
the production of T and “He. As it is inevitable that
some fusion neutrons will interact with other materials
or will simply escape from the reactor, a neutron mul-
tiplier is indispensable. The prime candidates for this
purpose are Pb and Be. They both have advantages
and disadvantages and are therefore still being studied
in parallel.

This work addresses the undesired production of
radiotoxic 2'°Po occurring only in the tritium breed-
ing concepts using Pb as a neutron multiplier. In
these concepts, liquid eutectic Pb-Li circulates through
a blanket surrounding the fusion plasma and is fre-
quently bypassed through a Tritium Extraction and
Removal System which collects the produced T. The
undesired 2'°Po production is initiated by a radiative
neutron capture by 2°8Pb, the main component of nat-
ural Pb (52.8%). This results in 2°Pb which is un-
stable and quickly undergoes a beta decay into 2°9Bi
(t1/2 = 3.25 h). When this isotope subsequently cap-
tures another neutron, either ground state 2'°¢Bi or
metastable 219 Bji is produced. The latter alpha de-
cays into 29T (t;,5 = 3.04 x 10° y), while the for-
mer beta decays (t;/2 = 5.01 d) into the problematic
210Po which is a strong a-emitter having a specific ac-
tivity of 166 TBq/g [2] (4500 times higher than 2°Ra)
and a half-life ¢; 5 of 138 days. It was found to be
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highly radiotoxic, with a median systemic lethal dose
LDs5q estimated in the range of only 3.773 —21.56 MBq
(23 — 130 ng) for a 70-kg male adult [3, 4]. The prob-
lematic reaction chain is visualized in Figure 1.

Although 2'°Po will not pose problems during the
decommissioning phase of the fusion reactor (due to
its relative short half-life), its inventory needs to be
monitored during operation to ensure the safety of the
workers as well as to prevent a release to the environ-
ment. The aim of this study is to obtain a realistic es-
timation of the Po inventory in the European DEMO
fusion reactor, which, if any limit value is exceeded,
may stipulate complementary safety measures or a pu-
rification system.

2. Computational tools

2.1. Geometrical model of the European DEMO
reactor

Over the years, different generic models of the
European DEMO reactor have been proposed by
the Power Plant Physics and Technology (PPPT)
programme of the EUROfusion Consortium. These
reference designs contain the foreseen implementation
of the major components of the reactor (vacuum
vessel, magnetic field coils, divertor, etc.) and define
the residual space available for the breeding blanket.
In this work, the DEMO baseline configuration
‘DEMOI1 2014’ was used for which the most important
characteristics are listed in Table 1 [5]. In order to
keep the computational cost reasonable, calculations
are performed in a 11.25° toroidal section of this
model (making optimal use of the toroidal symmetry
of the model). Four breeding blanket concepts are
currently being developed in the EU and are considered
for implementation in the European DEMO [6]:
Helium Cooled Pebble Bed (HCPB), Helium Cooled
Lithium Lead (HCLL), Water Cooled Lithium Lead
(WCLL) and Dual Coolant Lithium Lead (DCLL).
As the name suggest, the latter three use liquid
Pb-Li as breeder/multiplier combination. In this
work, calculations on the HCLL and WCLL blanket
designs have been performed. For both concepts,
two implementations in the generic model were
considered: (i) a homogeneous implementation in
which the blanket models are filled by a concept-
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Figure 1: A visual summary of the *°Po production reaction chain. The problematic reaction chain is initiated when a
(fusion) neutron is captured by °®Pb instead of being multiplied (lower reaction path).

specific homogeneous material mixture [7], and (ii) a
heterogeneous implementation containing the concept-
specific blanket module including e.g. cooling pipes
and stiffening plates [8, 9]. The idea behind this
approach is to examine whether a homogeneous model
of the design yields results comparable to the ones
obtained for a detailed heterogeneous model. If this
is the case, there is no need to create a heterogeneous
model for all future intermediate blanket designs
(which can be time-intensive), but instead the material
mixture in the homogeneous model can be adapted
accordingly to acquire a good (first) estimation of the
210po inventory. Figure 2 shows a poloidal section of
the models used in the calculations. In these models,
the material composition of all components has been
defined. This allows us to perform realistic neutron
transport calculations throughout the full model and
determine the neutron flux in the components where
Pb-Li is present. The total amount of Pb-Li in each
model is listed in Table 2. It is assumed that Li is
enriched to a 90% SLi content to enhance the tritium
breeding capability.

Number of TF coils 16
Major radius 9.0 m
Minor radius 2.25 m

Aspect ratio 3.6

Plasma elongation 1.56
Plasma triangularity 0.33
Fusion power 1572 MW
Average neutron wall loading 1.07 MW /m?
Net electric power 500 MW

Fusion neutron source intensity 5.581 x 10%° n/s

Table 1: Characteristics of the ‘DEMO1 2014’ baseline [5].

2.2. Neutron transport calculations

To calculate the energy-dependent neutron flux in the
Pb containing regions, neutron transport calculations
were performed using the MCNP (Monte Carlo N-
Particle) code [10], which is currently the reference

Water Cooled Lithium Lead

Helium Cooled Lithium Lead

Homogeneous

Heterogeneous

Figure 2: A poloidal section of the 4 DEMO models used
in the neutron transport calculations. For each model, the
equatorial outboard module is also shown in detail.

Table 2: The Pb-Li volumes implemented inside and
outside the breeding zone (BZ) for the dfferent models.
HCLL WCLL
. 3
Veb-1i (m7) homo. het. homo. het.
Inside BB 575 563 575 668
Outside BB 150 150 150 150
Total 725 713 725 818

code for neutron transport calculations. It uses the
Monte Carlo principle to probabilistically track the
neutrons on a microscopic level from birth to death
throughout a 3D geometry in which the material com-
position has been defined. Along this track, all possi-
ble physical interactions between the neutron and the
material are modeled based on their probability of oc-
currence. A realistic fusion neutron source was used
which is based on the properties of the ‘DEMO1 2014’
baseline (see Table 1) and a mathematical description
of a typical tokamak fusion neutron source [11]. Tt
should be noted that MCNP can not model the vari-
ation of the material composition over time resulting
from transmutations. Nevertheless, the obtained ini-
tial neutron flux spectrum can be used for the whole
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lifetime of the reactor, as the Li burn-up and inventory
build-up for a DEMO fusion reactor is quite limited,
making the neutron flux spectrum approximately con-
stant over time.

2.8. Nuclear data used in the MCNP calculations

The probability of a nuclear reaction is given by
the corresponding energy-dependent cross section,
which are evaluated using theoretical models (often)
combined with experimentally measured cross-section
data. Relying on different theoretical models, large dis-
tinctions sometimes exist between the same cross sec-
tion found in different nuclear data libraries. There-
fore, the choice of nuclear data library can have a
significant impact on the obtained neutron flux spec-
trum. To allow for an unambiguous comparison of re-
sults, a common set of evaluated nuclear data for fis-
sion and fusion applications has been developed i.e.
the Joint Evaluated Fission and Fusion (JEFF) nu-
clear library [12]. The EUROfusion project demands
that all neutron transport calculations on the Euro-
pean DEMO are performed using this library. In this
work, the JEFF-3.2 version was used.

2.4. Inventory calculation

As MCNP can not calculate the time-dependent ma-
terial composition in the model, a dedicated inventory
code was used for this purpose. FISPACT-II is a For-
tran code developed by the United Kingdom Atomic
Energy Authority allowing to perform inventory cal-
culations [13]. The required input consists of (i) the
initial density of the material, (ii) the initial chemical
composition and (iii) the time-dependent neutron flux
in the material. The program then allows to deter-
mine the material composition at any requested time.
FISPACT-II also makes use of dedicated nuclear data
libraries. In this work, ten nuclear data libraries have
been compared of which four were selected for detailed
calculations.

The liquid Pb-Li is not static within the breed-
ing blanket but continuously circulates through a ded-
icated loop of which some parts are located close to and
others far away from the fusion plasma. The loop is
essentially composed of the breeding blanket modules
(high neutron flux), the Pb-Li manifold (lower neutron
flux) and the Pb-Li storage tank, the heat exchanger,
the tritium extraction system and the pumps (negligi-
ble neutron flux). In the HCLL blanket concept the
Pb-Li is foreseen to complete 11 recirculations per day,
while in the WCLL about 10 recirculations per day are
expected [14]. This has two important consequences
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on the 21%Po inventory: (i) all activation products are
continuously redistributed over the whole Pb-Li cir-
cuit rather than remaining in the area where they were
produced and (ii) not all Pb-Li is continuously being
exposed to a high neutron flux, therefore areas of dif-
ferent neutron flux have to be distinguished.

Commercial eutectic Pb-Li available today typi-
cally contains between 10 — 33 appm 2°?Bi impuri-
ties [15]. These impurities have an effect on the final
210pPg inventory as they provide a shortcut in the prob-
lematic reaction chain shown in Figure 1. The neutrons
can be captured directly by 2°°Bi, resulting in a higher
210Po production rate. This effect has to be consid-
ered to decide whether it is necessary to use a higher
quality “nuclear grade” Pb-Li or even an on-site Pb-Li
purification system.

DEMO is foreseen to have two breeding blanket
phases. In the first phase, a so-called starter blanket
will be installed limited to a maximum displacement
damage to the structural material of 20 dpa. For the
second phase, a new blanket generation allowing for
50 dpa structural material damage is expected, based
on the progress in material irradiation studies [6]. In
this work, we focus on the starter blanket as this is
the one currently under design. This blanket will be
used during the first 5.2 years of DEMO operation
and the irradiation schedule shown in Figure 3 can
be assumed for the inventory calculations. In this
first blanket phase, DEMO will be operated at 30%
of its full power capacity for 5.173 years, followed by
48 4-hour pulses at full power with 1-hour intervals
at zero power. The total lifetime of DEMO is set at
6 full-power years (FPY). A conservative irradiation
schedule would therefore be a continuous operation for
6 years at full power, which can also be considered as
representative for a first generation commercial fusion
reactor. Both of these irradiation schedules will be
simulated and compared.
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Figure 3: DEMO first blanket irradiation schedule

assumed in the activation calculations.
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3. Results

3.1. Neutron flux

In the MCNP neutron transport calculations several
regions containing Pb-Li were distinguished. The most
important ones are the actual breeding zones. In the
homogeneous models, these regions refer to the en-
tire material mixture filling the blanket modules. In
the heterogeneous models, however, they refer to the
regions within the blanket module that contain pure
Pb-Li. It is expected that most of the 21°Po will be pro-
duced within these regions as they contain the largest
portion of the total Pb-Li amount and are exposed
to the highest neutron flux. The obtained energy-
dependent neutron flux in these regions for all four
models, is shown in Figure 4. It can be seen that for
the WCLL blanket, a softer (less-energetic) spectrum is
found due to the moderation of the neutrons by water
molecules . The resulting neutron spectra in the breed-
ing regions for the homogeneous and the heterogeneous
model are found to be qualitatively the same with some
distinctions at lower neutron energy for which the het-
erogeneous models yield a lower flux. This is because
of the increased absorption rate of low-energy neutrons
by SLi, which is present at larger concentrations in pure
Pb-Li than in the homogeneous blanket mixtures. It
should be noted that in this work not only the breeding
zones were considered to be contributing to the 2!°Po
production, but also all other regions containing Pb-Li
with a non-negligible neutron flux such as the Pb-Li
manifold and the blanket backplate.
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Figure 4: Calculated neutron flux spectra in the breeding
zones for the 4 considered DEMO models.

3.2. Proof of instantaneous mizing assumption

The obtained neutron fluxes for the different regions
containing Pb-Li were used to calculate the 2'°Po in-
ventory with FISPACT-II. In a first calculation only
internal circulation of Pb-Li was allowed, meaning that
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activation products generated within a given region
(breeding zone, manifold, backplate) always stayed
within that same region. This results in an accu-
mulation of activation products in the breeding zones
where the neutron flux is higher than in the other re-
gions. The increased 2°“Bi concentration in the breed-
ing zones promotes 2!°Po production, resulting in a
higher overall 2'°Po inventory.

In reality however, the Pb-Li circulates through
the entire Pb-Li loop at a rate specific to the breed-
ing blanket concept. For the HCLL concept one cy-
cle takes 2.2 hours (11 recirculations/day), while for
the WCLL concept one cycle takes 2.4 hours (10 recir-
culations/day) [14]. A 6 FPY irradiation schedule is
now considered which amounts to a total of 24107 and
21915 redistribution steps for the HCLL and WCLL
designs. As simulating this large amount of redistribu-
tion steps showed to be quite demanding, at first fewer
redistribution steps (and so longer redistribution inter-
vals ) are assumed. Then the number of redistribution
steps is gradually increased towards the target value
to study the evolution of the result. The final 2'°Po
inventory as a function of the number of redistribu-
tion steps is shown in Figure 5 (for both the EAF-2010
and TENDL-2014 nuclear data library). It can be seen
that the 219Po inventory has converged to a stable value
long before the actual number of redistribution steps
is reached. The crosses in Figure 5 were obtained as-
suming instantaneous mixing (using a single volume-
averaged flux). It can be seen that the obtained re-
sults coincides with the converged result. Therefore,
instantaneous mixing can be assumed which allows to
volume-average the fluxes in the different regions. This
way, more complex irradiation schedules can be consid-
ered using the available computational resources.

3.83. Comparing nuclear data for FISPACT-II

The final 2'1%Po inventory depends on the nuclear data
library used in the FISPACT-II calculation. Two nu-
clear cross sections have a critical impact on the fi-
nal result: the neutron capture cross section of 2°®Pb
and the neutron capture cross section of 2°9Bi resulting
in ground state 2'96Bi. To speed up the calculations,
FISPACT-II collapses the energy-dependent cross sec-
tions with the specified energy-dependent neutron flux
resulting in a single effective one-group (flux spectrum
weighted) cross section for every type of nuclear inter-
action. Figure 6 shows these effective cross sections
Oeff, as well as the 2108Bi/?19Bi,; branching ratios
and the final 2!°Po inventories that were all calculated
for the homogeneous HCLL neutron spectrum and the
DEMO first blanket irradiation schedule using 10 dif-
ferent nuclear data libraries. The error bars were de-
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Figure 5: The calculated ?'°Po inventory versus the

number of redistribution steps used during a 6 FPY
irradiation schedule for the homogeneous HCLL model for
both the EAF-2010 and TENDL-2014 libraries. The gray
vertical line marks the actual number of Pb-Li cycles in
6 years. The crosses and dashed lines show the obtained
value assuming instantaneous mixing.

duced by FISPACT-II.

It can be seen that different versions of the same
library tend to give similar results. The JENDL-4.0 li-
brary was found to give exactly the same result as the
JEFF-3.3 library, which suggests that these libraries
share nuclear data. The biggest discrepancies between
the libraries were found to result from the different
209Bi(n,g)?1%Bi cross section used. It can be seen that
this cross section is roughly directly proportional to
the presented branching ratios, proving that a con-
sensus exists about the total neutron capture cross
section of 2°9Bi but not about the branching ratios.
This issue has been addressed in detail by Fiorito et
al. [16] and in conclusion they urge the need for dedi-
cated experiments in order to remove these discrepan-
cies. Four well established nuclear data libraries en-
closing the entire range of results were selected for fur-
ther calculations: the European Activation File 2010
(EAF-2010) [17], the TALYS-based Evaluated Nuclear
Data Library 2017 (TENDL-2017) [18], the Joint Eval-
uated Fission and Fusion File 3.3 (JEFF-3.3) [12] and
the U.S. Evaluated Nuclear Data File 8.0 (ENDF/B-
VIIL.O) [19].

3.4. ?1%Po inventory: 2% Bi impurity level effect

Multiple 2'°Po inventory calculations were performed
using different initial 2°°Bi impurity levels in the Pb-Li.
A linear relationship was found between the final 2!°Po

inventory and the initial 2°°Bi impurity level:
Naiop, = rfl%gci) + AN209Bi,i- (1)

In this equation, N2i0p, denotes the final 2'°Po inven-
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Figure 6: The effective one-group cross sections of the
important neutron captures for 2!°Po production (top), the
210eB3 /2198, branching ratios in case of a neutron capture
by 2°9Bi (center) and the final >°Po inventories (bottom),
all calculated for the homogeneous HCLL neutron flux
spectrum and the DEMO first blanket irradiation schedule
using 10 different nuclear data libraries.

tory for a given initial Bi impurity level Neoop; , Nﬁ%gé

is the final 2'°Po inventory for impurity-free Pb-Li and
A is the determined slope. Nﬁ%g{i) and A are presented
in units of appt and appt/appm respectively in Table 3
and 4 for the DEMO first blanket irradiation schedule
and in Table 5 and 6 for a 6 FPY irradiation schedule.
They can also be obtained in units of mg and mg/appm
by multiplying the reported values by 8.247 for the ho-
mogeneous HCLL, 8.104 for the heterogeneous HCLL,
8.242 for the homogeneous WCLL and 9.301 for the
heterogeneous WCLL (these factors are obtained us-
ing the total Pb-Li volumes shown in Table 2 and an
average Pb-Li density of 9500 kg/m? corresponding to
a Pb-Li temperature of 292°C [20]).

The obtained 2'°Po inventories are higher for the
6 FPY irradiation schedule as this is a more inten-
sive irradiation schedule than the one foreseen for the
first DEMO blankets. It can be seen that the choice



210po production in the European DEMO fusion reactor

of nuclear data library has a dominant impact on the
resulting 219Po inventory: the ENDF/B-VIILO library
produces values up to 4.6 times (360%) higher than
the ones obtained for the JEFF-3.3 library. The dif-
ferences in the flux spectra obtained using the homo-
geneous and heterogeneous model (Figure 4) are found
to have an almost negligible effect for the HCLL blan-
ket (maximum discrepancy in the 2'°Po concentration
is only 2%), while for the WCLL blanket the effect is
somewhat larger due to the larger flux at low neutron
energies (where the major discrepancies are found),
resulting in a 2!°Po concentration up to 30% higher
for the homogeneous model (corresponding to a total
210Po inventory higher by at most 15% given the larger
Pb-Li volume in the heterogeneous model, see Table 2).
However, the effect remains small compared to the dis-
crepancies introduced by using different nuclear data
libraries. Therefore, it can be concluded that homoge-
neous models can be used to obtain a good first indi-
cation of the expected 2'9Po inventory for future inter-
mediate blanket designs. Nevertheless, it is advisable
to use a detailed heterogeneous model to estimate the
210Po inventory in the final blanket design.

For impurity-free Pb-Li, the HCLL concept is
found to result in somewhat higher 2!°Po concentra-
tions than for the WCLL concept (see Table 3 and 5).
However, the homogeneous WCLL concept is found to
be more sensitive to the initial 2°°Bi impurity level
compared to the other models as can be seen from
the higher slopes A (see Table 4 and 6). As a result,
this model will result in the highest 2'°Po concentra-
tions whenever the initial 2°°Bi concentration exceeds
a given limit which varies between 1.4 and 36 appm
depending on the nuclear data library and irradiation
schedule.

Using the obtained coefficients of equation 1, it is
now possible to calculate the 2°°Bi impurity level cor-
responding to a 10 % increase in the final 29Po inven-
tory. The obtained values are presented in Table 7 and
8 for the two irradiation schedules and are a good in-
dication for the Bi impurity level at which a noticeable
impact on the final 2'Po inventory can be expected.
All Bi impurities levels lower than the reported ones
could thus be considered as having negligible impact.
In case of a 6 FPY irradiation schedule, more 219Po
will be produced starting from 2°8Pb compared to the
first DEMO blanket irradiation schedule. This reduces
the relative significance of the initial 2°?Bi impurities
present in the Pb-Li, thus resulting in higher values in
Table 8. As previously mentioned, commercial eutectic
Pb-Li available today typically contains between 10 —
33 appm 29Bi impurities [15]. It can be seen that all
values in Table 7 and 8 are lower than these values,
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which means that the Pb-Li should be purified before
operation to at least these levels if one wants to nullify
the impact of the initial Bi impurities. A similar ap-
proach can be used to calculate the Bi impurity limits
for e.g. a final 2'19Po inventory of 1 appb or a total
210Pg inventory of 1 g in the total Pb-Li volume.

Table 3: The final 2!°Po inventory for a Pb-Li breeder
free of 2°°Bi impurities (Nélﬁ)];’,‘o in Eq. 1) in units of appt
for different blanket models and nuclear data libraries and

the DEMO first blanket irradiation schedule.

o B HCLL WCLL
Niiop, (appt) homo. het. homo. het.
EAF-2010 8.30 8.41 5.44 4.19
TENDL-2017 7.68 7.68 6.12 4.65
JEFF-3.3 3.78 3.85 2.54 1.95
ENDF/B-VIIL.O 17.3 17.7 10.7 8.18

Table 4: Coefficient A from Eq. 1 in units of appt >!°Po
per appm 2°°Bi impurities in the Pb-Li for different blanket
models and nuclear data libraries and the DEMO first
blanket irradiation schedule.

A (appt/appm) HCLL WCLL
homo. het. homo. het.
EAF-2010 2.90 2.86 3.49 2.84
TENDL-2017 2.62 2.56 3.70 2.93
JEFF-3.3 1.69 1.68 2.04 1.64
ENDF/B-VIII.0 4.56 4.53 5.26 4.28

Table 5: The final 2!°Po inventory for a Pb-Li breeder
free of 29Bi impurities (N?ﬁ,%i) in Eq. 1) in units of appt
for different blanket models and nuclear data libraries and
a 6 FPY irradiation schedule.

om HOLL WCLL
Niiop, (appt) homo. het. homo. het.
EAF-2010 104 105 67.9 52.4
TENDL-2017 99.9 100 77.8 58.9
JEFF-3.3 47.2 48.0 31.8 24.3
ENDF/B-VIH.O 216 221 133 102

3.5. Safety analysis

In 2006, Petti et al. [21] have performed a safety anal-
ysis on a conceptual 1000 MWe fusion power plant
ARIES-AT. In this analysis, they estimated that in
case of an ex-vessel leak-of-PbLi accident a 2'°Po con-
centration of 100 appt in the eutectic Pb-Li would re-
sults in a total amount of 0.43 TBq 2'°Po being re-
leased into the environment in the first hour after the
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Table 6: Coefficient A from Eq. 1 in units of appt
210pg per appm 2°°Bi impurities in the Pb-Li for different
blanket models and nuclear data libraries and a 6 FPY
irradiation schedule.

A (appt/appm) HCLL WCLL
homo. het. homo. het.
EAF-2010 9.30 9.19 11.19 9.13
TENDL-2017 9.06 8.90 12.3 9.73
JEFF-3.3 5.42 5.38 6.56 5.27
ENDF/B-VIIIL.0 14.6 14.5 16.9 13.7

Table 7: Maximum amount of initial 2°°Bi impurities in
ppm to keep the increase in the final 2'°Po inventory below
10% w.r.t. Pb-Li free of impurities for different blanket
models and nuclear data libraries and the DEMO first
blanket irradiation schedule.

0% HCLL WCLL
N20951,imnp (ppm) homo. het. homo. het.
EAF-2010 0.286 0.294 0.156 0.147
TENDL-2017 0.293 0.300 0.165 0.158
JEFF-3.3 0.224 0.229 0.124 0.118
ENDF/B—VHI.O 0.380 0.390 0.203 0.191

Table 8: Maximum amount of initial 2°°Bi impurities to
keep the increase in the final *'°Po inventory below 10%
w.r.t. Pb-Li free of impurities for different blanket models
and nuclear data libraries and a 6 FPY irradiation
schedule.

0% HCLL WCLL
N2095,imnp (ppm) homo. het. homo. het.
EAF-2010 1.11 1.14 0.607 0.574
TENDL-2017 1.10 1.12 0.632 0.606
JEFF-3.3 0.872 0.892 0.484 0.461
ENDF/B—VIH.O 1.48 1.52 0.790 0.743

accident before the heating-ventilation-air conditioning
system of the lower functional area (where the Pb-Li
pool forms) is shut down. This quantity showed to be
about half the allowable no-evacuation release limit of
0.92 TBq for a release point close to the ground, a 1 km
site boundary and average weather conditions.

Consider a DEMO reactor using ‘dirty’ commer-
cial Pb-Li (33 appm 2°°Bi) and no purification system.
Under these conditions, 2!°Po inventories between 56.1
and 184 appt (depending on the nuclear data library
used) are found for the DEMO first blanket irradia-
tion schedule and between 198 and 700 appt for a 6
FPY irradiation schedule. For both cases the maxi-
mum predicted inventory is above the 100 appt limit
determined for ARIES-AT. However, the ARIES-AT
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fusion power plant is designed to use Pb-Li both as
breeder and coolant. As a result, the Pb-Li blanket
outlet temperature is as high as 1125°C, which is far
above the Pb-Li operation temperature foreseen for a
DEMO fusion reactor using an HCLL or WCLL blan-
ket i.e. 300°C and 328°C respectively [14, 22, 23]. Petti
et al. [21] demonstrated that in case of an ex-vessel
leak-of-PbLi accident at ARIES-AT, 0.64 TBq of 2'°Po
is expected to evaporate in the form of PbPo from the
leaked Pb-Li pool (initially at 980°C) within the first
two hours. This was found to be least 30000 times more
than the amount of PbPo expected to evaporate within
the first two hours in case of a leak-of-PbLi accident at
DEMO, resulting in a Pb-Li pool below 300°C. This
is because the PbPo mobilization rate is governed by
a diffusion-limited bulk process at high temperatures,
whilst being limited by a slower surface evaporation
process at low temperatures.

As the surface evaporation rate is directly propor-
tional to the 219Po concentration in the Pb-Li, it could
be proposed to allow 2!°Po inventories 30000 times
higher than the 100 appt limit determined for ARTES-
AT. However, although PbPo is indeed expected to
be the primary evaporating species in an inert atmo-
sphere [24], recent experiments suggest that in contact
with air, Po-containing (oxy-)hydroxides with a higher
volatility than PbPo but lower than elementary Po will
form [25]. Using the known evaporation rate of elemen-
tary Po, a conservative upper limit of the?'9Po amount
evaporating within 2 hours from a DEMO-conditioned
Pb-Li pool in contact with air was estimated and found
to be still at least 15 times smaller than the evaporated
PbPo amount at ARIES-AT. Therefore, a new 2'°Po
concentration limit of 1500 appt could be proposed for
DEMO. In the previous paragraph, it was shown that
the predicted 2!°Po inventories for DEMO using ‘dirty’
Pb-Li (33 appm 209Bi) are at least a factor 2 below this
new limit. Therefore, 219Po is expected not to pose a
threat in case of a leak-of-PbLi accident in which the
Pb-Li is in contact with air. It should be noted how-
ever, that in case the Pb-Li makes contact with water
(e.g. the coolant in the case of WCLL), Po species more
volatile than elementary Po are expected to form [25].
If these species increase the evaporation rate by more
than a factor two, certain safety measures will be re-
quired. A dedicated study of the stability and volatil-
ity of these Po-containing (oxy-)hydroxides is required
to make statements on the required 2'°Po concentra-
tion threshold keeping the 2'°Po release below the safe
limit for this specific accident scenario. If the evapo-
ration rate increases by not more than a factor 15, a
safe 2'°Po concentration threshold would be 100 appt
which can be satisfied for the DEMO first blanket irra-
diation schedule by using relatively clean commercial
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Pb-Li (< 17 appm 2°"Bi) and for the 6 (or longer) FPY
irradiation schedule by incorporating an on-site Pb-Li
purification system keeping the 2°9Bi level always be-
low 5 appm.

4. Conclusions

Combining MCNP neutron transport calculations and
FISPACT-II inventory calculations, the expected 2!°Po
inventories in the HCLL and WCLL breeding blankets
for the DEMO fusion reactor have been determined.
It was found that the discrepancies resulting from
using different nuclear data libraries are often larger
than the ones obtained for the different models. The
inconsistency of the branching ratio between a neutron
capture by 2%°Bi resulting in either 21%8Bi or 2!0mBi
is the primary cause and dedicated experiments are
necessary. A safety analysis showed that in case
of an ex-vessel leak-of-PbLi accident in DEMO, a
210po concentration below 1500 appt would limit the
environmental 2'°Po release to values below the no-
evacuation limit. Even for the most conservative
combination of Pb-Li purity, irradiation schedule and
nuclear data library, the 2'9Po concentration stays
below this limit by at least a factor 2, with no need for
Bi or Po removal from the Pb-Li. However, if the Pb-Li
makes contact with water, very volatile Po-containing
(oxy-)hydroxides could form. If these species increase
the evaporation rate by more than a factor 2, certain
safety measures will be required (e.g. on-site Pb-Li
purification).
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