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Abstract
One of the generic designs of the nuclear fusion DEMO reactor proposed by the EUROfusion
consortium foresees the development of a tritium breeding blanket (BB) relying on the use of
the liquid-metal PbLi eutectic alloy as both neutron multiplier and tritium breeder, namely the
water-cooled lithium lead (WCLL) BB, whose strengths and weaknesses are well known. This
paper focuses the attention on one of the possible disadvantages of such a technology: the
production of the highly radiotoxic radionuclide 210Po, which could become a safety issue to
be accounted for. The 210Po concentration within the PbLi circuit has been assessed by solving
a modified version of Bateman’s equations to consider the alloy circulation, so a
one-dimensional convective fluid-dynamic model has been set up. Nuclear quantities have
been evaluated by Monte Carlo neutron transport analyses using MCNP code and adopting a
fully heterogeneous model of DEMO equipped with the WCLL BB. Moreover, rough
sensitivity analyses have been performed to assess the influence on the results of the
uncertainties related to the 209Bi radiative-capture cross section and the initial concentration of
this nuclide which is present in the PbLi as an impurity. Results obtained have been critically
discussed and some safety issues have been addressed to evaluate the possible hazard in case
of a leak of PbLi accident.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The European Research Roadmap to the Realisation of Fusion
Energy [1] foresees a comprehensive design study of a
DEMOnstration fusion reactor (DEMO), based on a D-T
plasma, with the aim of feeding into the grid several hundred
MWs of net electricity getting the tritium self-sufficiency [2].
The DEMO component which will convert the nuclear power
and will breed tritium is called breeding blanket (BB).

∗ Author to whom any correspondence should be addressed.

One of the generic designs of the nuclear fusion DEMO
reactor proposed by the EUROfusion consortium is equipped
with the water-cooled lithium lead (WCLL) BB, that relies
on the eutectic alloy Pb–15.8Li (PbLi from now on) as
breeder/multiplier system, pressurized water as coolant, and
EUROFER as structural material [3, 4] Many studies dealt with
the strengths and weaknesses of this project [5, 6] and, among
the identified problems, this paper focuses the attention on the
production of the highly radiotoxic radionuclide 210Po. Such
a nuclide can be produced within the PbLi by neutron inter-
actions with 209Bi (100% abundance in natural Bismuth and
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present as an impurity in the alloy) and with 208Pb by suc-
cessive captures and decays both via the 209Bi formation and
directly by 210Pb formation. 210Po is almost a full α emitter
(5.305 MeV) with a relatively short half-life of 138 days, so it
is not a concern for the reactor decommissioning but its inven-
tory could become a safety issue to be accounted for workers
in case of chronic releases as well as the population in case of
a major accident like a PbLi circuit pipe break.

In order to assess the 210Po concentration within the PbLi
circuit, a MATLAB [7] one-dimensional convective fluid-
dynamic model has been set up encompassing both the liquid
metal flow and the production and burning of the involved
isotopes. As far as the nuclear quantities are concerned, they
have been evaluated by Monte Carlo neutron transport anal-
yses adopting MCNP-5.1.6 code [8] along with the trans-
port cross section library JEFF3.3 [9] and the activation
libraries TENDL-19 [10] to take into account 209Bi, 210Bi and
210Po and llldos [8] for 209Pb and 210Pb as they are not available
in [10].

In the following paragraph, the physical-mathematical
model set-up is described, in section 3 neutronic results
are reported, in section 4 the results obtained in terms of
nuclides inventories are shown together with a sensitivity anal-
ysis assessing the influence of the uncertainties on the 209Bi
radiative-capture cross section and the initial concentration
of this nuclide. Section 5 is dedicated to some rough safety
observations related to 210Po and finally, in the last section,
conclusions on the outcomes of the study are drawn.

2. Description of the mathematical model

In order to show the procedure set-up to assess the concentra-
tion of 210Po in the PbLi circuit, it is important to clarify how
such an isotope is produced. Figure 1 shows the chains of neu-
tron radiative captures that is the (n, γ) reactions and decays,
β and α, leading to the formation of 210Po within the PbLi.

As it can be observed, two channels lead to 210Po starting
from 208Pb, the first is characterized by the production of 209Bi
and the second by the production of 210Pb. More precisely,
209Bi (n, γ) reaction has a branch leading to the metastable
isomer 210mBi (with a very long half-life of 3.3 × 106 years)
which does not produce 210Po. The half-lives of the radioactive
isotopes above introduced are summarized in table 1 [11].

The branching ratio between the reactions 209Bi (n, γ)210Bi
and 209Bi (n, γ)210mBi is about 2/3 [12, 13], but it is to be noted
that cross section libraries show not negligible discrepancies
on this value so that it represents a source on uncertainty for
the calculation which is to be taken into account.

The scheme of figure 1 shows that to determine the 210Po
concentration along the PbLi circuit the dynamic behaviour of
the involved isotopes must be evaluated. Moreover, since the
PbLi flows in the in-vessel components (where it is irradiated)
and ex-vessel piping of the aforementioned circuit, the con-
vective transport of the isotopes and their irradiation histories
have to be considered. So, a modified version of Bateman’s
equations has been set up considering a one-dimensional fluid-
dynamic model as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂NPb−208(x, t)
∂t

+ u(x, t)
∂NPb−208(x, t)

∂x
= −rrem

Pb−208(x, t)NPb−208(x, t)

∂NPb−209(x, t)
∂t

+ u(x, t)
∂NPb−209(x, t)

∂x
= rn,γ

Pb−208(x, t)NPb−208(x, t) −
[
rrem

Pb−209(x, t) + λPb−209
]

NPb−209(x, t)

∂NPb−210(x, t)
∂t

+ u(x, t)
∂NPb−210(x, t)

∂x
= rn,γ

Pb−209(x, t)NPb−209(x, t) −
[
rrem

Pb−210(x, t) + λPb−210
]

NPb−210(x, t)

∂NBi−209(x, t)
∂t

+ u(x, t)
∂NBi−209(x, t)

∂x
= λPb−209NPb−209(x, t) − rrem

Bi−209(x, t)NBi−209(x, t)

∂NBi−210(x, t)
∂t

+ u(x, t)
∂NBi−210(x, t)

∂x
= γrn,γ

Bi−209(x, t)NBi−209(x, t)+λPb−210NPb−210(x, t)−
[
rrem

Bi−210(x, t)+λBi−210
]

NBi−210(x, t)

∂NPo−210(x, t)
∂t

+ u(x, t)
∂NPo−210(x, t)

∂x
= λBi−210NBi−210(x, t) −

[
rrem

Po−210(x, t) + λPo−210
]

NPo−210(x, t)

. (1)

In the set of equation (1), the symbol N is used to indicate
the concentration of the isotope labelled by the subscript, u is

the PbLi speed, λs the decay constants, γ the 209Bi radiative
capture reaction yield and the rs are the following quantities:

rrem
s (x, t) ∼= rrem

s (xi, t) =
1
Vi

+∞∫

0

∫

4π

∫

Vi

[
σn,γ

s (x , E) + σn,2n
s (x , E)

+ σn,p
s (x , E) + σn,α

s (x , E) + · · ·
]
ϕ(x ,Ω, E, t)dV dΩ dE, (2)
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Figure 1. Scheme of polonium production in PbLi.

which is the isotope removal rate due to all the transmutation
reactions for a unit density, and

rn,γ
s (x, t) ∼= rn,γ

s (xi, t)

=
1
Vi

+∞∫

0

∫

4π

∫

Vi

σn,γ
s (x , E)ϕ(x ,Ω, E, t)dV dΩ dE,

(3)

which is the neutron radiative capture rate of the isotope for
a unit density.

Symbols in (2) and (3) have the usual meaning, so σs are
microscopic cross sections, ϕ is the angular flux and Vi is
the generic sub-volume of the calculation domain. The PbLi
speed, u, has been calculated all along the circuit using the
nominal mass flow rate and the dimensions of the hydraulic
structures evaluated taking into account the 2019 design of the
WCLL BB [14] and the 2020 design of the PbLi loop [15].
In this regard, it is noted that the field variables, which are
the isotope concentrations, have been considered as passive
scalars.

As far as the boundary conditions on the spatial variable are
concerned, they are imposed by the occurrence that the PbLi
flows in a closed circuit and so N (0, t) = N (L, t) ∀ t, where L
is the circuit length. Regarding the initial conditions, they are
reported in table 2 [16].

At this point, it is important to note that both theoretical
considerations and preliminary calculations allow simplifying
the problem described by (1). Firstly, the 208Pb burn-up can
be neglected due to the substantial abundance of 208Pb in the
PbLi (≈44.6%) and the very high time constant by which it
is depleted. Indeed, analyses performed with a frozen veloc-
ity field showed that the spatial average of such time constant
(the inverse of the removal rate) has an order of magnitude of a
few thousand years in the DEMO nominal operative scenario.
Second, the channel of 210Po production via 210Pb is negligi-
ble because of the short half-live of 209Pb (3.253 hours), which
makes the 210Pb production not so relevant and the long half-
life of 210Pb (22.3 years) which is comparable with the BB life,
as observed in [17]. Of course, also this assumption has been
confirmed by preliminary analyses. In light of these consider-
ations, to solve the problem, it is possible to simplify the set of
equation (1) in the following way:

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

∂NPb−209(x, t)
∂t

+ u(x, t)
∂NPb−209(x, t)

∂x
= rn,γ

Pb−208(x, t)N0
Pb−208 −

[
rrem

Pb−209(x, t) + λPb−209
]

NPb−209(x, t)

∂NBi−209(x, t)
∂t

+ u(x, t)
∂NBi−209(x, t)

∂x
= λPb−209NPb−209(x, t) − rrem

Bi−209(x, t)NBi−209(x, t)

∂NBi−210(x, t)
∂t

+ u(x, t)
∂NBi−210(x, t)

∂x
= γrn,γ

Bi−209(x, t)NBi−209(x, t) −
[
rrem

Bi−210(x, t) + λBi−210
]

NBi−210(x, t)
∂NPo−210(x, t)

∂t
+ u(x, t)

∂NPo−210(x, t)
∂x

= λBi−210NBi−210(x, t) −
[
rrem

Po−210(x, t) + λPo−210

]
NPo−210(x, t)

, (4)

where N0
Pb−208 is the initial concentration of 208Pb.

3. Neutronic analyses

To assess the nuclear quantities rs shown in (2) and (3), a point
kinetic assumption has been done for the neutron flux, ϕ, so
that its functional form has been modelled as the product of an
amplitude function, I, depending on time only, and a shape
function φ, such that ϕ(x ,Ω, E, t) = I (t)φ(x ,Ω, E). Then, I
has been considered the same periodic function as the DEMO
fusion power one normalized to its maximum value.

In particular, the considered DEMO duty cycle is charac-
terized by a sequence of pulses, each one comprises a 100 s

ramp-up transient, a 7200 s—long flat-top phase, a ramp-down
transient of 100 s, and a 600 s dwell phase [18].

As a consequence of this assumption, the quantities rs have
been calculated under a steady-state condition, applying then
I(t) as amplitude function. Results have been normalized using
a neutron yield of 7.095 × 1020 n s−1 which is related to the
plasma flat-top phase and corresponds to a fusion power of
1998 MW, as in [19].

A fully heterogeneous MCNP model of the 2018 design of
the WCLL DEMO developed at ENEA Frascati (extensively
described in [19]) has been used together with a peculiar neu-
tron source simulating the D-T plasma. Regarding the material

3
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Table 1. Half-lives of the considered radioactive isotopes.

Isotope T1/2

208Pb Stable
209Pb 3.253 (hours)
210Pb 2.230 (years)
209Bi Stable
210Bi 5.012 (days)
210Po 138.376 (days)

Table 2. Initial concentrations of the considered isotopes.

Isotope N(x, 0) (cm−3) N(x, 0) (appm)

208Pb 1.533 80 × 1022 4.458 02 × 105

209Pb 0 0
210Pb 0 0
209Bi 5.844 04 × 1018 1.698 58 × 102

210Bi 0 0
210Po 0 0

Figure 2. Detail of a poloidal–radial section of the WCLL DEMO
model.

compositions, EUROfusion recommendations have been pur-
sued [16]. Figure 2 shows a detail of a poloidal–radial section
of the model highlighting the outboard (OB) and the inboard
(IB) segment of the WCLL BB.

The BB is composed of breeder units (BUs) to be consid-
ered elementary cells replicated along the poloidal direction, in
particular, the OB segments are articulated in 104 BUs and the
IB ones in 94 BUs [19]. Both the OB and IB segments present
two irregular volumes at their poloidal limits which are filled
with PbLi. Furthermore, the WCLL BB design foresees inlet
and outlet PbLi manifolds to drive the flow, as clarified later in
the paper.

Regarding the BB, neutronic analyses have been performed
in all the PbLi domains taking into account each BU and the
poloidal limit volumes as well. Regarding the manifold, 29 and

31 non-overlapping poloidal segments have been considered,
respectively for the IB and OB, for the calculations. Figure 3
shows the poloidal distribution of total flux during the plasma
flat-top phase, reporting the values at the centre of mass of
every PbLi volume. Both the OB segments, the lateral (LOB,
figure 3(a)) and the central one (COB, figure 3(b)) have been
considered, so it is possible to appreciate an albeit slight shift
of the maximum values of the flux towards the equatorial zone
from the left segment to the central one.

In this regard, it is worth mentioning that in the OB seg-
ments the higher flux values are located in the sub-equatorial
region, while the higher neutron wall loading (NWL) is located
around the equatorial region [19]. This discrepancy probably
depends on the different poloidal discretization adopted in the
two works, as demonstrated by a simple rearrangement of the
results obtained for the neutron flux. This is somehow con-
firmed also in [20], where the profile of the NWL is evaluated
using a finer poloidal segmentation than [19] and is quite flat in
the region of interest. Furthermore, it is easy to deduce that the
mean flux is higher in the OB than in the IB and also that the
maximum value of the flux is located in the equatorial zone
of the IB. This latter finding appears, again, in contrast with
the poloidal profiles of the NWL in DEMO [19, 20] and this
together with the previous observations leads to a more gen-
eral consideration. Indeed, it seems that the common practice
of using the distribution of the NWL to scale quantities related
to the flux should be adopted with caution.

Figure 3(c) reports, on a suitable scale, the flux poloidal
distribution in both the IB and LOB manifolds and shows the
same behaviour as that evaluated in the blanket. As it can be
noted, the neutron flux is lower in the manifolds than in the
blanket but not to such an extent that the transmutation of
the isotopes of interest can be considered negligible. For sake
of simplicity, the results related to the quantities rs are not
reported, since their spatial distributions are similar enough to
the flux ones.

4. Transport analyses

To assess the distribution of 210Po and the other considered iso-
topes concentrations along the DEMO PbLi circuit, as already
mentioned, a 1D fluid-dynamic mathematical model repre-
sented by the set of equation (4) has been set up considering
both the in-vessel and ex-vessel portions of the circuit.

4.1. Description of the PbLi circuit

The PbLi circuit is divided into 6 independent loops, 4 for the
OB and 2 for the IB. In each loop, the various blanket segments
are fed in parallel, with the inlet located at the bottom and the
outlet at the top. A 3D model of the PbLi loops is depicted in
figure 4.

Each BB segment is equipped with two concentric
rectangular-shaped spinal manifolds (the inlet manifold is the
inner one) that extend along the entire poloidal direction of the
blanket. As an example, figure 5(a) shows the PbLi large-scale
poloidal motion in a COB blanket segment.

4
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Figure 3. Neutron flux distribution on IB and LOB, (a), IB and COB, (b), and IB and LOB manifolds, (c).

The PbLi enters the lower part of each BU from orifices
present in their backplate, flows radially towards the first wall,
therefore it rises poloidally and then returns radially back in
the upper part of the BUs to exit from other orifices in the
backplate. This serpentine motion inside the BUs is made
possible by the specific layout of stiffening and baffle plates
(figure 5(b)).

It is important to note that the BUs are fed in parallel, so,
along its circuit, the PbLi is irradiated in the manifolds (where
the neutron flux is lower) and only once per cycle inside the
BUs (where the neutron flux is quite high).

Considering the PbLi mass flow rates for the different IB
and OB loops reported in [15], and supposing a uniform dis-
tribution of the PbLi mass flow rates both among the blanket
segments and, in turn, among the different BUs, it is possible
to have an estimate of the PbLi transit time inside each one of
the 104 OB BUs and the 94 IB BUs. It is worth noting that,
since each BU has a different geometry, significantly different
transit times are obtained, as depicted in figure 6.

The average transit times inside BUs, BB manifolds, and
ex-vessel components of the PbLi loops are summarized

in table 3, resulting in ≈12 circulations of PbLi per day
for the IB loops and ≈15 circulation per day for the OB
loops.

4.2. Description and validation of the implemented
numerical method

Finding a solution for the set of equation (4) inside the complex
geometrical domain described in section 4.1 is not straightfor-
ward. This is due to the multiscale nature of the problem that
requires integrating the equations over the several years of the
BB lifetime, while capturing the details related to the pulsed
operation, needing timescales of the order of few minutes.
To overcome this issue a different approach with reference to
analogous works [21, 22] has been considered and a dedicated
numerical method has been developed, with the aim to provide
accurate results in a reduced amount of time, as described in
the following.

In particular, the modified Bateman’s equation for the
nuclear species s of equation (4) can be written in the following

5
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Figure 4. 3D view of OB (blue) and IB (red) PbLi loops.

Figure 5. Schematic overview of PbLi large-scale motion inside the COB circuit, (a), and detail of the PbLi flow inside the inlet manifold
(in blue), the BU (in orange), and the outlet manifold (in red), (b).

Table 3. Average transit times (in seconds) for BUs, BB manifold, and ex-vessel components.

Transit time BUs Transit time manifolds Transit time ex-vessel Total transit time

OB 3432 1389 1021 5842
IB 4233 1628 1520 7381

compact form

∂Ns(x, t)
∂t

+ u(x, t)
∂Ns(x, t)

∂x
=

M∑
j=1

a j(x, t)Nj(x, t) + b(x, t),

(5)
where the coefficients a j(x, t) account for the λs and rs values
of equation (4), b(x, t) is different to zero only for the 209Pb
equation, where a source term depending on the concentra-
tion of 208Pb appears, and M is the number of nuclear species
considered (here equal to 4). By adopting the method of char-
acteristics, this set of partial differential equations can be easily
reduced to a set of ordinary differential equations (ODEs) of

the form

dNs(x0, t)
dt

=

M∑
j=1

a j(x0, t)Nj(x0, t) + b(x0, t), (6)

by performing a suitable change of variables. The link between
equations (5) and (6) is provided by the characteristic equation

dx
dt

= u(x, t), (7)

whose general solution depends on the constant of integration
x0, appearing as parameter in (6). Adopting this approach, it is
sufficient to perform an integration in time (and not in space),
but the knowledge of Ns(x, t) requires to solve (6) for any value

6
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Figure 6. PbLi transit time inside each BU (for IB and COB). BUs
are numbered from bottom to top.

of the parameter x0. The method of characteristics allows to
solve the original set of equations in a Lagrangian framework,
i.e., equation (6) follows the evolution in time of a generic
particle starting from the position x0 at time t = 0 along its
trajectory, determined by the solution of (7).

The adoption of this approach offers several advantages
with respect to the numerical solution of (5): the time-step
is not constrained to Courant–Friedrichs–Lewy (CFL) condi-
tion, it is possible to take advantage of the several optimized
ODE solvers implemented in MATLAB, and it is straightfor-
ward to exploit parallel computing, since each value of x0

defines an equation (6) that can be solved independently from
all the others, in view of the fact that there are no interactions
among the different particles.

Once a solution of (6) is found in (x0, t), it is possible to
perform an additional change of variables to the original coor-
dinates (x, t), exploiting again the characteristic equation (7),
thus allowing to reconstruct the solution in an Eulerian
framework.

The procedure described above, which will be referenced
as Lagrangian–Eulerian (LE) approach from now on, has been
applied to find the concentration of the generic species Ns(x, t)
under two simplifying assumptions. First, the complex PbLi
circuits for IB and OB described in section 4.1 have been
reduced to two independent closed loops of three components
in series: a single equivalent BU, an equivalent manifold, and
the ex-vessel PbLi components. Each component has been
characterized by average values of PbLi velocity and transit
time (the values of table 3 have been adopted), length, and rs,
as well as by its total volume. Second, the velocities u(x, t)
of equation (5) have been supposed to be only a function of
space, i.e. a PbLi fluid-dynamics steady-state condition has
been considered.

To numerically solve equation (4) adopting the LE
approach, a discrete number P of values x0 has been consid-
ered. For each of them, equation (6) has been integrated in time
with a Dormand–Prince method of order 5 [23]. Finally, the
results obtained have been interpolated over an Eulerian grid

of G nodes. Albeit not mandatory, it has been chosen G = P
for simplicity.

Indeed, the LE approach has been thoroughly tested to
assess the independence of the results on time-step size and
values of P. Moreover, two additional tests have been per-
formed: it has been checked the influence of the relative posi-
tion between the BU and the manifold components inside the
three-component loop, and, with regards to figure 6, showing
a significant spread of the transit times, it has been evaluated
whether the assumption to consider a single equivalent BU
characterized by the average value of transit time may affect
the calculated polonium inventories. For sake of brevity, the
results obtained are herewith synthetically reported:

• Concerning the time-step size, a dedicated sensitivity
analysis has been performed on a single Lagrangian par-
ticle starting at a given x0 value. The results obtained
showed how at least 50 time-steps are required for each
pulse to obtain a maximum error on concentration below
0.5% with respect to asymptotic estimations (obtained
with several thousand steps for each pulse). Moreover,
it has been shown how adopting different time steps for
flat-top and dwell phases could significantly improve the
quality of the results with a limited increase of the overall
computational cost;

• Regarding the number P of discrete x0 values, a dedi-
cated sensitivity analysis showed that a good convergence
is already obtained with P = 30;

• Inverting the relative position of the BU and the mani-
folds, a negligible difference is observed on the final 210Po
concentration inside the circuits;

• Some preliminary 0D analyses have shown that consid-
ering a single equivalent BU characterised by an average
transit time is a reasonable and conservative assumption,
which, however, allows to significantly reduce the calcu-
lation time with respect to a more detailed approach.

Finally, the LE approach has been validated against the
results reported in [24]. In particular, the 6 full power years
(FPY) irradiation schedule scenario has been considered with
consistent values of fusion neutron source intensity at different
209Bi initial concentrations. The scenario has been simulated
considering the BB as composed of a single equivalent BU
with no PbLi circulation (manifolds and ex-vessel components
have been neglected, as in [24]). The outcomes of the analyses
are reported in figure 7, in terms of 210Po concentration after 6
FPY operation. As it can be noted, the results obtained with the
proposed method are in line with the findings of [24], reported
in figure considering different cross section libraries.

4.3. Results

Transport analyses have been performed under the hypothesis
of a pulsed DEMO scenario without considering the reactor
availability factor. More precisely, a time interval of 6 years has
been investigated in such a way to collect a budget of neutrons
almost equal to that obtained considering an expected life of
6 FPY for the blanket. Of course, this working scenario could
be thought of as that of a fusion power plant.

7
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Figure 7. Comparison between results obtained with the LE
approach (in red) and the results of [24] obtained with different
cross section libraries (dashed lines).

Figure 8(a) shows the time behaviour of the isotope con-
centrations in the whole IB (similar results are obtained for
the OB) and it highlights how 210Po gets essentially saturated
in about 2 years. Furthermore, it is observed (although not evi-
dent in figure) how 209Pb gets saturated in approximately 1
month, and 210Bi in a few pulses. Differently from the other
species, 209Bi (not shown in figure) grows very slightly, deviat-
ing just a little from its initial concentration. Figure 8(b) shows
the 210Po concentrations in the IB and OB, making clear that
the behaviour is almost the same in the two sections of the blan-
ket, even if the concentration is always slightly higher in the IB.
This is due to the greater transit times in the in-vessel section of
the IB in which, then, PbLi is irradiated longer. Furthermore, it
is observed that also the transit time in the ex-vessel section in
the IB is greater than in the OB but both are much shorter than
the 210Po half-life and therefore it is not possible to appreciate
a significant difference in the removal of the isotope due to the
decay in the ex-vessel section of two circuits.

Some additional simulations investigated how the presence
of the manifolds affects the results. The results obtained have
shown that the final 210Po concentration is 8% and 7% lower,
respectively for the IB and the OB loops, not including the
manifolds in the model.

To clarify the effect of the pulsed neutron source on the
behaviour of the isotope concentrations, figure 9 shows the
details of the average 209Pb concentration during few pulses. It
has to be underlined that the attention has been focussed on this
isotope because the pulsed source effect is most evident due to
its short half-life. Moreover, the average concentrations have
been calculated separately for the in-vessel (blanket and man-
ifolds) and ex-vessel sides of the circuits. It can be observed
that in both the OB and IB PbLi loops of the reactor, the iso-
tope concentration oscillations have almost the same period as
the source and the time profiles are not so smooth (especially
along the in-vessel side of the circuit).

Such behaviour is due to the PbLi speed which makes the
loop transit time similar to the source period so that those
peculiar interference profiles spring up. The dual aspect of this
phenomenology is represented by the spatial distribution of the
concentrations which show the same, not so smooth, profiles as

Table 4. 210Po inventories (in grams) after 6 years operation in IB
components.

Single BB segment 0.13
Single PbLi loop—in-vessel (16 BB segments) 2.15
Single PbLi loop—ex-vessel (16 BB segments) 0.26
Total—in-vessel (2 loops) 4.31
Total—ex-vessel (2 loops) 0.52
TOTAL 4.83

the time functions (figure 10). In particular, figure 10, shows
the 1D profiles of the 209Pb concentration along the IB and
OB circuits at five different time values, three selected during
the flat-top phase of the pulse and two during the dwell time.
It is worth highlighting how the 1D profiles of figure 10 are
depicted on a semi-logarithmic plot, due to the different sizes
of the three components constituting the model: the charac-
teristic size of the single equivalent BU is ≈1 m, being this
value twice the radial size of a single BU (the PbLi path in the
BUs is a round trip, figure 5(b)), the characteristic size of the
manifold is ≈15 m, being it equal to the poloidal dimension
of a BB segment, while the length of the ex-vessel pipings and
components has been estimated to be approximately 190 m.
Furthermore, it should be noted that both the spatial and time
distributions relating to the concentration of 210Po are consid-
erably flatter than the case of 209Pb considered as a clarifying
example.

Moreover, integrating the 210Po concentration over the vol-
ume of each region, it has been obtained the total inventory of
this radionuclide, whose breakdown in the circuit is reported
in tables 4 and 5. As it can be argued from the results, a total
of ≈15 g of 210Po is present inside the entire reactor. Most of
it (4.3 g for the IB and 8.8 g for the OB) is present inside the
BB, while only less than 2 g are accumulated inside the PbLi
ex-vessel pipings and components.

Additionally, a rough sensitivity analysis has been per-
formed to assess the influence on the 210Po inventory of
uncertainties related to the branching value (γ) of the 209 Bi
radiative-capture cross section and the initial concentration
of this nuclide (209Bi0), which is present in the PbLi as an
impurity.

Regarding the γ value, it cannot be set definitely since dif-
ferent cross section libraries show discrepancies. As far as the
209Bi initial concentration is concerned, its value could vary as
it depends on the purity level of the PbLi.

Tables 6 and 7 show the inventory of 210Po in both the
IB and the OB circuits as γ and 209Bi0 vary, being the ref-
erence values γ = 2/3 and 209Bi0 = 170 appm. It is easy to
observe that 210Po concentration varies linearly with γ and
grows almost linearly with 209Bi0, so the 209Bi initial concen-
tration is a very important factor to take into account in the
WCLL chemistry development. Furthermore, it appears that an
experimental campaign is necessary to clarify the uncertainties
related to the value of γ.

As tables 6 and 7 show the 210Po production also in case of a
zero 209Bi0 it is possible to quantify the massive importance of
the production channel of 210Po directly by 209Bi with respect

8
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Figure 8. Time behaviour of the average isotope concentrations in the IB PbLi loop (a), and time evolution of the average 210Po
concentrations inside the IB and OB PbLi loops (b).

Figure 9. Time evolution of the average 209Pb concentration in the IB PbLi loop (a) and OB PbLi loop (b), reported separately for the
in-vessel and ex-vessel components.

Table 5. 210Po inventories (in grams) after 6 years operation in OB
components.

Single BB segment 0.18
Single PbLi loop—in-vessel (12 BB segments) 2.20
Single PbLi loop—ex-vessel (12 BB segments) 0.30
Total—in-vessel (4 loops) 8.80
Total—ex-vessel (4 loops) 1.22
TOTAL 10.02

to the channel related to multi-step reactions from 208Pb. It is
also evident as this importance grows up as 209Bi0 increases.

5. Safety considerations

As already noted, the inventory of 210Po might represent a
safety problem. The main risk is due to inhalation of 210Po that,

Table 6. 210Po concentration (in appt) after 6 years operation in
IB in-vessel components.

γ

209Bi0 concentration (appm)

0 17 170 1699

0.50 30 125 977 9500
0.66 40 167 1305 12 667
1.00 60 250 1955 19 001

accordingly to ICRP [25], has a very low derived air concen-
tration (DAC): with an air breathing rate of 1.1 m3 h−1 DAC
is only 3.03 Bq m−3 because of its high toxicity and volatil-
ity. The main safety issues are relevant to workers, due to the
chronic releases and during maintenance (e.g. replacement of
components), and to the public in case of accident. The 210Po
accumulated in the coolant is mainly restrained as PbPo; only a
very minor part (≈10−9 in [26]) could evaporate into cover gas.
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Figure 10. Spatial distribution of 209Pb concentration in the IB PbLi loop (a) and OB PbLi loop (b). Time values reported are relative to the
last pulse of the 6 years operation.

Table 7. 210Po concentration (in appt) after 6 years operation in
OB in-vessel components.

γ

209Bi0 concentration (appm)

0 17 170 1699

0.50 32 124 952 9226
0.66 43 166 1271 12 301
1.00 65 249 1904 18 452

The contamination in the air is determined by the aerosol depo-
sition, the surface contamination and the aerosol resuspension.
Ventilation combined with the atmosphere purification system
is likely necessary in order to control the 210Po contamination
below the limit. From radioactive management point of view,
because of its relatively short life, 210Po does not represent a
major issue for the radwaste repositories, where the wastes are
not delivered before 5 years from the last day of operation.
The allowable maximum concentration of 210Po in the air dur-
ing maintenance can be evaluated according to the following
formula: ∫ twe

tws

e
A (t)

V
Q (t) dt � Dl (8)

where e is the committed effective dose coefficient [27], A is
the 210Po activity related to the PbLi leakage, V is the volume
of the room in which the maintenance intervention takes place,
Q in the air volumetric flow rate inhaled by the worker, and
Dl is the effective dose limit foreseen by regulatory authori-
ties. Finally, the limits of integration represent the start and
end times of the maintenance intervention. Therefore, since
the activity is calculated as the product λPo−210 · NPo−210, the
knowledge of 210Po amount along the PbLi circuit is an impor-
tant quantity for safety analysis. Another observation can be
done taking into account a 210Po concentration limit for safety
issues in case of a massive PbLi release following a severe
accident. In this sense, safety analyses carried out in [24],
starting from evaluations shown in [28], have estimated for

DEMO a 210Po limit concentration of 1500 appt in case of
interaction between PbLi and air and 100 appt in case of inter-
action between PbLi and water. ALARA principle has to be
applied for occupational exposure and for accidental releases
in order to be below the allowable safety limits as reasonably
achievable.

As tables 6 and 7 show, the maximum of 1305 appt 210Po
concentration is calculated in the IB, taking into account the
nominal 209Bi initial concentration of about 170 appm which
is considered very high in [24]. The assessed maximum 210Po
concentration is under the limit evaluated in [24], moreover, it
is to be pointed out that this value is very conservative as it has
been assessed in the rather artificial scenario described in the
previous paragraph.

6. Conclusions

In the framework of the EUROfusion action, a study was con-
ducted to evaluate the inventory and distribution of 210Po in
the PbLi circuits envisaged for the DEMO reactor project
equipped with a WCLL BB. To this purpose a one-dimensional
convective fluid-dynamic model has been developed to solve
the Bateman’s equations properly modified to consider the
alloy circulation, making use of the MCNP code for the calcu-
lation of the nuclear quantities involved in the problem. There-
fore, both the spatial and time distributions of the concentra-
tions of the isotopes involved in the polonium chain have been
assessed. In particular, it has been evaluated an inventory of
about 15 g of 210Po in the whole reactor (4.3 g in the IB, 8.8 g
in the OB and less than 2 g in the ex-vessel components) after
6 years of operation.

It has also been found that the initial bismuth concentration
plays a crucial role in the production of 210Po, so it seems clear
that the purity level of PbLi should be given due consideration.
In this context, in line with the outcomes shown in [24], it was
also observed that an important parameter for the calculations
carried out is the cross section of the radiative capture reaction
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of bismuth which therefore deserves appropriate investigations
aimed at mitigating its uncertainty.

In conclusion, the outcomes obtained supply some rough
information for the development of WCLL BB, in terms of
210Po production and transport. So, the results shown could
represent a starting point for more refined out-and-out safety
investigations related to 210Po. More in general, the numerical
method developed could be used also to similar investigations
on the radiotoxic waste envisaged for this line of blanket.
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