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Abstract: Polonium is formed in relatively large quantities in lead-bismuth eutectic (LBE) cooled
nuclear systems. Because of its radiotoxicity and volatility, a good understanding of the chemical
equilibria governing polonium release from LBE is required. In this work, a set of thermochemical
data is derived for the chemical species involved in the equilibrium between a solution of polonium in
LBE and its vapor in inert conditions. The data were obtained by matching thermochemical models
with experimental vapor pressure measurements and ab initio results. The dilute-limit activity
coefficient of dissolved polonium in LBE is estimated, as well as the solubility of solid lead polonide
in LBE. The results indicate that polonium evaporates from LBE according to the experimentally
determined Henry’s law, up to dissolved polonium concentrations well above that expected in LBE
cooled nuclear systems.
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1. Introduction

Liquid lead-bismuth eutectic (LBE, 55 wt% Bi and 45 wt% Pb, melting point of 125.5 ◦C)
is an attractive nuclear coolant for application in fast neutron systems. Several of its
properties are advantageous for reactor operation and safety, such as its low vapor pressure,
high heat transport capability, and compatibility with water [1].

Fast-spectrum nuclear reactors cooled by LBE are seen as an intermediate step in the
roadmap towards the deployment of commercial lead-cooled fast reactors (LFR), because
they allow coolant technology development at lower temperatures than with lead. The
LFR is one of the Generation IV reactor concepts, with an expected improved sustainability,
efficiency, and cost compared to existing nuclear reactors [2]. LBE is also foreseen to be
used in accelerator-driven systems (ADS) [3]. An ADS consists of a subcritical nuclear
reactor core coupled to a high-energy proton accelerator. The protons interacting with Pb
and Bi in the LBE cause spallation reactions, which result in the extra neutrons that are
used to sustain the nuclear reaction in the subcritical core. The operational flexibility of an
ADS allows for the efficient burning of minor actinides to shorter-lived fission products. It
is therefore one of the key technologies for reducing the radiotoxicity and volume of minor
actinide waste.

When LBE is used as coolant, polonium is produced in it in relatively large quantities,
mainly by activation of stable bismuth. Polonium, in particular the isotope 210Po, is
expected to build up to concentrations of ~0.1 ppm. Because of its radiotoxicity, it is the
main contributor to the primary radioactive source term in the LBE. Moreover, polonium
is a relatively volatile element in its metallic state (estimated atmospheric boiling point
949 ◦C) [4]. In safety evaluations used for design and licensing of LBE cooled nuclear
systems, it is therefore required to assess polonium release by evaporation from LBE in
various reactor operation and accidental conditions.

A consistent thermochemical description of the equilibria between polonium in the
LBE and its vapor forms the basis for conservative release estimations. It further allows
one to determine the driving forces for more detailed release evaluations, which may also
take into account time-dependent processes such as mass transfer.
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The required thermochemical properties of relevant polonium phases and species are
available in databases. However, it was found that there are inconsistencies of these proper-
ties with primary experimental data, i.e., vapor pressure data and measured properties of
the gas phase species. Moreover, additional information has recently become available on
polonium evaporation from LBE and its vapor species, based on both experimental work
and ab initio computational studies.

In the present work, we first revisit the vapor pressure of pure metallic polonium,
and provide a set of thermodynamic data that is consistent with primary experimental
measurements and recent ab initio data. Subsequently, the activity coefficient of polonium
in LBE is derived by matching a thermochemical model with measurements of the Henry
constant of a solution of polonium in LBE. Because of its potentially important role in
chemical equilibria with polonium in LBE, the thermochemical properties of solid lead
polonide are furthermore estimated. Based on this new information, the validity of Henry’s
law for polonium in LBE is examined and its expected range of applicability determined.

2. Vapor Pressure of Metallic Polonium

Only a limited number of experimental measurements of the vapor pressure of polo-
nium exist (Table 1, Figure 1).

Table 1. Overview of experimental results of the vapor pressure of pure metallic polonium.

Year Temperature
Range ◦C Vapor Pressure Method Reference

1946 290 5 × 10−7 atm
Beamer and

Maxwellcited in [5] 1

1955 438–735 log p (mm) = −(5377.8 ±
6.7)/T + (7.2345 ± 0.0068) manometric Brooks [6]

1955 18–22 5 × 10−15 torr radiometric Auslander and
Georgescu [7]

1974 368–604 log p (mm) = −(5440 ±
60)/T + (7.3320 ± 0.0500) radiometric Abakumov and

Ershova [5]
1 The values mentioned in [5] could not be found in the cited paper by Beamer and Maxwell.
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Figure 1. Vapor pressure of polonium metal. (markers) experimental data, (curves) calculation results.
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The earliest report of the vapor pressure of polonium is a value at a single temperature,
which is attributed to Beamer and Maxwell, as cited in [5]. A vapor pressure-temperature
correlation of metallic Po was subsequently reported by Brooks in 1955 [6]. The correlation
was determined by fitting 9 direct pressure measurements with a quartz Bourdon gauge
between 438 and 735 ◦C. Ausländer and Georgescu measured the vapor pressure of Po
at room temperature (18–22 ◦C) by a radiometric method [7]. As of today, this is the only
available experimental result for solid polonium. The most recent determination dates
from 1974, in which Abakumov and Ershova provided a temperature correlation for the
vapor pressure of Po based on 64 experimental data points between 368 and 604 ◦C, using
a radiometric method [5]. The correlations by Brooks and Abakumov are in very good
agreement. An additional correlation has been reported by Bagnall [8] with reference to a
report by Moyer, [9] but that correlation could not be found in the original reference, and
has therefore been omitted in the present study.

The vapor in equilibrium with metallic Po in inert conditions is thought to contain
both monoatomic Po(g) as well as diatomic Po2(g) vapor species. In thermochemical
databases, such as that compiled by the Scientific Group Thermodata Europe (SGTE) [10],
entries for condensed polonium and these gaseous species are available. However, with the
SGTE data, the experimental vapor pressure measurements are not reproduced, showing
deviations up to several orders of magnitude (Figure 1). Eichler performed a critical review
of the thermodynamic properties relevant to polonium evaporation [4], and suggested
new values based on extrapolation of trends from the lighter homologues of polonium in
the periodic system. However, his correlation for the vapor pressure of polonium also is
not consistent with the experimental results (Figure 1), although the deviation is less than
when SGTE data are used.

Besides these vapor pressure measurements, a single experimental result exists of the
dissociation enthalpy ∆Hdiss of Po2(g) to 2Po(g), having a value of 1.895 eV or 182.8 kJ/mol.
This result was obtained by Charles et al. using vibrational spectroscopy [11].

These experimentally determined equilibrium properties are complemented by recent
results from high level ab initio calculations by Mertens et al. He studied various binary
polonium vapor species with a method that was extensively validated by comparison with
tabulated properties of the lighter homologues of polonium [12,13]. In direct support of
the accuracy of the approach by Mertens et al. for polonium species, it was found that the
calculated dissociation enthalpy of Po2(g) was in good agreement with the experimentally
observed value.

In the present work a model was set up and matched with the available experimental
data, also taking into account recent ab inito results for the gas-phase species. In the model,
it was assumed that the vapor pressure of polonium metal is established by the following
equilibria:

Po(s,l) = Po(g),
2Po(s,l) = Po2(g)

(1)

The gas phase was assumed ideal. The vapor pressure p that is compared with
experiment is calculated as the sum of the partial pressures of the two gas species:

p = exp

(
−∆G

◦

f ,Po(g)

RT

)
+ exp

(
−∆G

◦

f ,Po2(g)

RT

)
(2)

where ∆G
◦
f is the Gibbs energy of formation of the gas species, which is calculated between

298.15 K and 1400 K from ∆H
◦
f , ∆Hdiss, S

◦
at 298.15 K and the heat capacity Cp of the

involved phases and species. The following data were chosen (Table 2):

• Po(s) and Po(l): enthalpy of formation (∆H
◦
f of Po(s) at 298.15 K = 0 as it is the

reference state), entropy S
◦
, heat capacity, and properties of the solid (s)-liquid (l) phase

transition as listed by SGTE were used for the solid and liquid Po metal phases [10].
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• Po(g)

# The enthalpy of formation (∆H
◦
f at 298 K of Po(g) is the only property in the

model that is treated as a fit parameter. We assume that the measured disso-
ciation enthalpy ∆Hdiss is accurate, as well as the estimated entropy of this
species. ∆H

◦
f of Po(g) is therefore assumed to be the main contributor to the

discrepancy between the vapor pressure calculated from SGTE data and exper-
imental results. Eichler already recognized that there are large inconsistencies
in literature for this property [4].

# The entropy S
◦

at 298 K was taken from Mertens et al., a value that is in good
agreement with both SGTE data and the extrapolation result by Eichler [4].

# The heat capacity as entered in the SGTE database is also assumed to be
accurate. As expected, it is close to the heat capacity of an ideal gas (constant
volume heat capacity CV = 3/2).

• Po2(g)

# The enthalpy of formation at 298 K of Po2(g) is calculated from the optimized
enthalpy of formation of Po(g) and the experimental dissociation enthalpy.

# The entropy at 298 K and heat capacity of this species are taken from the ab
initio results by Mertens et al. A correlation for the calculated heat capacity at
different temperatures was derived (see Supplementary Material).

The model was implemented in the Python programming language. The result
of the optimization is shown in Figure 1. The best fit, minimizing the sum of squared
differences (SSD) between data and experiment, showed good agreement with the data
by Brooks and Abakumov, in contrast with calculations only based on data by SGTE or
Eichler. The SSD was calculated directly from the pressure values, and not from their
logarithm. The contribution of the high pressure, high temperature data to the SSD is
therefore dominant. Despite this emphasis on the high pressure data, the experimental
data points at lower temperature by Maxwell and Ausländer were also in good agreement
with the calculated result.

The fitted enthalpy of formation for Po(g) at 298.15 K was 165 kJ/mol. This value
is significantly lower than that listed in the database by SGTE, 182 kJ/mol. Estimates
reported in various other (secondary) sources, as summarized by Eichler, were of the order
of 145 kJ/mol [4]. Eichler himself derived a larger value of 188.9 kJ/mol, by extrapolation
of the properties of the lighter homologues. The enthalpy of formation for Po2(g) similarly
showed a lower value than previously reported.

Since the presently derived data are consistent with primary experimental observa-
tions, and further rely on well-validated ab initio data, we assume that these are current
best estimates for the properties of the condensed phase-vapor system of polonium. These
data will be used further in this work.
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Table 2. Thermochemical data for the calculation of the vapor pressure of polonium. Values marked with (*) are selected in the present work as input. In the last two columns, the values
selected and optimized in this work are summarized. Values marked with ($) were optimized to fit the experimental vapor pressure data.

Ref. SGTE [10] Charles [11] Eichler [4] Mertens [12,13] This Work

Po(s) Po(l) Po(g) Po2(g) Po2(g) Po(s) Po(l) Po(g) Po2(g) Po(g) Po2(g) Po(g) Po2(g)

Tmin (K) 298.15 527 * 298.15 298.15 298 527 298 298 30 298.15 298.15
Tmax (K) 527 * 2000 3700 1000 527 1300 1300 1300 1400 1400 1400

∆H
◦
f at 298.15 K (kJ mol−1) 0 182.016 180 0 188.9 166.2 165.412 $ 147.981

S
◦

at 298.15 K (J mol−1 K−1) 62.000 * 188.922 275.053 55.200 187.130 282.240 188.815 * 280.310 188.815 280.310
∆Hmelt (kJ mol−1) 10.000 * 12.250

∆Hdiss at 298.15 K (kJ mol−1) 184.033 182.843 * 211.6 178.723 182.843
∆Sdiss at 298.15 K (kJ mol−1) 102.790 92.02 97.319 * 97.319

Cp(T) coefficients 1 A 19.470 * 31.000 * 20.812 * 39.658 36.762 * 20.812 36.762
B 21.898 * 0.000 * −0.146 * −7.283 4.140 * −0.146 4.140
C 0.004 * 0.000 * 0.006 * −0.865 −0.305 * 0.006 −0.305
D −0.044 * 0.000 * 0.123 * 7.388 0.000 * 0.123 0.000
E 0.000 * 0.000 * 0.000 0.000 0.008 * 0.000 0.008
F 0.000 0.000 0.000 0.000 3.901 0.000 3.901

1 Cp(T) = A + 10−3 BT + 105 CT−2 + 10−6 DT2 + 108 ET−3 + 10−9 FT3. The coefficients for the heat capacity for Po2(g) in this work were derived by fitting the temperature dependence of the heat capacity
calculated by Mertens [13]. See Supplementary Material.
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3. Partial Pressure and Activity Coefficient of Polonium Dissolved in LBE

The partial pressure of polonium in equilibrium with a dilute mixture of polonium
in LBE has been measured by various authors. A summary of experimental studies can
be found in Ref. [14]. The apparent Henry constant of polonium, determined in the
presence of inert (Ar) or reducing cover gas (Ar/5–7%H2), follows a single correlation in
the temperature range 235–1000 ◦C, and it was observed that Henry’s law is applicable in a
concentration range of xPo = 10–13 . . . 10–8 (mol fraction). The recommended correlation for
the temperature dependence of the Henry constant of polonium in LBE is that proposed by
Gonzalez et al. [15]:

log KPo(lbe) = 10.8 ± 0.7 − 8606 ± 726
T

(3)

The polonium-containing vapor species in equilibrium with LBE are expected to be
Po(g), Po2(g), PbPo(g), and BiPo(g) [16]. Thermochemical properties for Po(g) and Po2(g)
have been derived in Section 2 of the present work. Properties for PbPo(g) and BiPo(g)
(Table 3) have been derived from the dissociation enthalpies [13], entropies, and heat
capacities calculated by the ab initio method by Mertens et al. [12,13], and the properties
of Po(g).

Table 3. Thermodynamic data for PbPo(g) and BiPo(g) based on results in Refs. [12,13].

PbPo(g) BiPo(g)

Tmin (K) 30 30
Tmax (K) 1400 1400

∆H
◦

f at 298.15 K (kJ mol−1) 165.613 203.865
S
◦

at 298.15 K (J mol−1 K−1) 278.951 285.239
∆Hdiss at 298.15 K (kJ mol−1) 194.999 168.739
∆Sdiss at 298.15 K (kJ mol−1) 85.130 90.476

Cp(T) Coefficients 1 A 37.058 37.42
B 2.2273 0.84372
C −0.41049 −0.43193
D −2.6638 × 10−12 −1.9151 × 10−12

E 0.012412 0.013261
F 1.394 2.4905

1 The coefficients for the heat capacity were derived by fitting the temperature dependence of the heat capacity
calculated by Mertens [13] with the equation Cp(T) = A + 10−3 BT + 105 CT−2 + 10−6 DT2 + 108 ET−3 + 10−9 FT3.
See Supplementary Material.

With this information, the activity coefficient of dissolved Po in LBE at low concentra-
tions was estimated, by fitting the experimental correlation of the Henry constant with a
model, taking into account the following condensed-gas equilibria:

Po(lbe) = Po(g),
2Po(lbe) = Po2(g),

Pb(lbe) + Po(lbe) = PbPo(g),
Bi(lbe) + Po(lbe) = BiPo(g)

(4)

The gas phase was modeled as ideal, containing besides the polonium species of
Equation (4), the dominant species in equilibrium with LBE, viz. Pb(g), Bi(g) and Bi2(g) [14].
The LBE phase was modeled as an ideal-dilute solution of polonium in Pb and Bi. Metallic
Pb, Bi, and Po were also included in the model as pure phases.

The polonium pressure over a solution in LBE was calculated on a monoatomic basis,
to describe the experimental pressure, which is measured by α-counting, and given by:

pPo = KPo(lbe)xPo(lbe) = pPo(g) + 2pPo2(g) + pPbPo(g) + pBiPo(g) (5)
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In terms of thermochemical properties, this becomes:

pPo = KPo(lbe)xPo(lbe) = exp

(
−∆G

◦

f ,Po(g)

RT

)
γPo(lbe)xPo(lbe)

+2 exp

(
−∆G

◦

f ,Po2(g)

RT

)
γ2

Po(lbe) x2
Po(lbe)

+ exp

(
−∆G

◦

f ,PbPo(g)

RT

)
γPo(lbe)xPo(lbe)γPb(lbe)xPb(lbe)

+ exp

(
−∆G

◦

f ,BiPo(g)

RT

)
γPo(lbe)xPo(lbe)γBi(lbe)xBi(lbe)

(6)

where x and γ are the mole fractions, resp. activity coefficients in the solution of Po, and of
Pb and Bi at the eutectic composition.

For the activity coefficients of Pb and Bi in LBE, the correlations derived from Gokcen’s
work are taken [14,17]. References for the activity coefficients are the pure liquid phases
of Po, Pb, and Bi as listed in the SGTE database [10]. The temperature dependence of the
activity coefficient of Po in LBE was approximated by the equation:

RT lnγPo(lbe) = ∆HXS
Po(lbe) − T∆SXS

Po(lbe) (7)

where ∆HXS
Po(lbe) and ∆SXS

Po(lbe) are the partial molar excess enthalpy and entropy (assumed
temperature independent) whose values were optimized to fit the experimental Henry
constant correlation (Equation (3)). This was done using the Gibbs Energy Minimization
(GEM) functions of the HSC Chemistry software to calculate the equilibrium composition
and Henry constant at different temperatures, coupled with least squares fitting.

A best fit was obtained with ∆HPo(lbe)
xs = −24 kJ/mol and ∆SPo(lbe)

xs = −11 J/mol/K
(Figure 2, left). The calculated enthalpy may be compared with the work by Neuhausen
et al., who estimated a value of −10 kJ/mol for the partial molar enthalpy of polonium in
liquid LBE using the semi-empirical Miedema model [18]. Rijpstra et al. found a solution
enthalpy of Po in solid LBE of −26 kJ/mol using a DFT method, and found that Po in LBE
is preferentially sited in a Pb-rich environment [19]. Although it remains difficult to assess
its accuracy, the current result appears to be reasonable given these previous estimations.
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The dominant species in the gas phase below 1000 ◦C are predicted to be PbPo(g) and
Po(g) (Figure 2, right), comparable to an earlier calculation [12].

Deviations from Henry’s law will occur when Po2(g) starts contributing significantly
to the total vapor pressure. The contribution of this species is expected to increase with
increasing polonium concentration. From the present analysis it is found that Po2(g)
does not contribute to more than 1% of the total polonium partial pressure below dis-
solved polonium concentrations xPo(lbe) ≈ 10−3, assuming the activity coefficient of Po is
concentration-independent up to that concentration.

4. Lead Polonide and Its Solubility in LBE

Lead polonide, PbPo(s), is thought to be the most stable compound that may form
with polonium and Pb or Bi, and may therefore limit polonium solubility in LBE. This is
expected from the phase behavior of tellurium-lead and bismuth systems, and confirmed
by density functional theory calculations of the corresponding systems with polonium [20].
Vapor pressure data exist for the compound PbPo(s): Witteman reported a single data
point (0.1 mmHg at 700 ◦C) [21]. Abakumov suggested the correlation log p (mm) =
−(7270 ± 80)/T + (6.9360 ± 0.0700) in the temperature interval 640 ◦C to 850 ◦C, based on
a limited number of experimental data points [5].

Using extrapolation of the properties of the lower-mass homologues, Eichler derived
the thermochemical properties of PbPo(s) [16]. The result was dependent on an earlier
estimation of the properties of Po(g) [4], since a correlation between the formation entropy
and enthalpy of the solid from the monoatomic gas species was used in the extrapolation.
In view of the new estimations of the present work, the thermochemical properties of
PbPo(s) are re-evaluated, by adjusting them to fit the experimental vapor pressure results.

Again, a model was set-up, in which the vapor in equilibrium with solid PbPo was as-
sumed to be ideal and composed of the polonium gas species Po(g), Po2(g) and PbPo(g). The
properties of these molecules have been derived in the previous Sections (Tables 2 and 3).
A Pb(g) species was included in the gas phase. Pb(s;l) and Po(s;l) were included to account
for thermal decomposition of PbPo(s) into elemental pure condensed phases.

The formation enthalpy and entropy of PbPo(s) were then varied to match the vapor
pressure, calculated by the GEM method, to the experimental data. Calculations were only
performed below 1100 K, the estimated melting temperature of PbPo.

Optimized values are listed in Table 4 and the calculated polonium partial pressure
and composition of the gas phase are plotted in Figure 3. The most abundant polonium
vapor species is found to be PbPo(g). Above 400 ◦C, the contribution of PbPo(g) to the
total polonium pressure decreased. This coincided with the formation of a pure Pb phase,
indicative of dissociative evaporation reactions of the form:

PbPo(s) = Pb(l) + Po(g),
2PbPo(s) = 2Pb(l) + Po2(g)

(8)

Table 4. Thermochemical data for PbPo(s).

Eichler, 2004 (Extrapolation) This Work

PbPo(s) PbPo(s)

Tmin (K) 298.15 298.15
Tmax (K) 1100 1100

∆Hf
◦

at 298.15 K (kJ mol−1) −36.165 −36.160
S
◦

at 298.15 K (J mol−1 K−1) 117.191 138.194

Cp(T) coefficients 1 A 47.368 47.368
B 16.164 16.164
C 0 0
D 0 0
E 0 0
F 0 0

1 The coefficients for the heat capacity of PbPo(s) were derived by fitting the temperature dependence of the
extrapolated enthalpy and entropy values by Eichler [16] (See Supplementary Material).
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Figure 3. (left) Experimental data for vapor pressure of PbPo (markers) and calculated values (solid
line). (right) relative abundance of Po vapor species in equilibrium with PbPo (Pb(g) vapor species
not shown).

It is conceivable that the liquid Pb formed by dissociation of PbPo(s) will contain
dissolved polonium. To verify the influence of this polonium dissolution on the results, a
liquid solution phase was added to the model. This solution consisted of Pb(l) and dissolved
Po. The activity coefficient derived above for Po in LBE was taken as an approximation
for the activity coefficient of Po in liquid Pb. The tendency for Po to associate with Pb
rather than with Bi [19] indicated that this approximation is not unrealistic. This resulted in
slight changes of the relative abundance of the polonium gas species only, and the resulting
properties of PbPo(s) (<1% difference of its formation enthalpy and entropy).

The partial molar excess quantities for dissolution of polonium in LBE indicated that
dissolution is energetically favorable at these low concentrations. However, Po solubility
in liquid LBE may be limited by formation of PbPo(s) (Bi2Po3, the most stable Po-Bi
compound, is less stable than PbPo, in line with the Pb-Te and Bi-Te systems) [20]. Using
the activity coefficient of Po in LBE and the thermodynamic properties of PbPo(s), the
solubility of PbPo in LBE was estimated (Figure 4). The solubility, even near the melting
point of LBE, is much higher than typical polonium concentrations used in experiments to
measure the Henry constant of polonium in LBE, and higher than the concentrations that
are expected in LBE-cooled nuclear systems. The present results thus indicate that both in
experimental studies of Po evaporation from LBE, and in LBE-cooled reactors (operating
typically between 200 ◦C and 400 ◦C), polonium is expected to be fully dissolved in LBE.
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5. Conclusions

The presently derived set of thermochemical data for polonium species involved in
the equilibrium between a solution of Po in LBE and its vapor is consistent with primary
experimental vapor pressure measurements, contrary to earlier evaluations. The data
allow prediction of release of polonium from LBE and its chemical speciation. The dilute-
limit activity coefficient of dissolved Po in LBE and the solubility of solid PbPo(s) in
LBE indicates that polonium is fully dissolved in the coolant in operating LBE cooled
reactors. Since neither Po2(g) nor PbPo(s) is formed at low concentrations, Henry’s law
is expected to be applicable for polonium evaporation from LBE at concentrations below
xPo(lbe) ≈ 10−3. It is important to note that these conclusions are valid for reducing or
inert conditions only, relevant to normal operation of LBE-cooled nuclear systems. In
oxidizing and/or humid conditions, which may occur under accidental conditions, the
formation of hydrogen and oxygen-containing polonium species needs to be taken into
account. A better understanding of polonium chemistry under such conditions is the goal
of ongoing research.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/thermo1020017/s1.

Funding: This work is supported by the Belgian federal government through the MYRRHA project.

Acknowledgments: The authors acknowledges helpful discussions with Merlijn Mertens and Stefaan
Cottenier (UGent, Gent, Belgium), and with Jörg Neuhausen (PSI, Villigen, Switzerland).

Conflicts of Interest: The author declares no conflict of interest.

References
1. OECD. Handbook on Lead-Bismuth Eutectic Alloy and Lead Properties, Materials Compatibility, Thermal-Hydraulics and Technologies,

NEA. No. 7268; Nuclear Energy Agency—Organisation For Economic Co-operation and Development: Paris, France, 2015.
2. GIF Forum. Available online: https://www.gen-4.org/gif/jcms/c_9261/home (accessed on 9 July 2021).
3. IAEA. Status of Accelerator Driven Systems Research and Technology Development; IAEA-TECDOC-1766; IAEA: Vienna, Austria, 2015.
4. Eichler, B. Die Flüchtigkeitseigenschaften Des Poloniums; Report of the Paul Scherrer Institut 02-12: Villigen, Switzerland, 2002.
5. Abakumov, A.; Ershova, Z. Vapor Tension of Polonium and Lead Polonide. Radiokhimiya 1974, 16, 397.
6. Brooks, L.S. The Vapor Pressure of Polonium. J. Am. Chem. Soc. 1955, 77, 3211. [CrossRef]
7. Ausländer, J.S.; Georgescu, J.J. On the Vapor Pressure of Polonium at Room Temperature. In Proceedings of the International

Conference on Peaceful Uses of Atomic Energy, Geneva, Switzerland, 8–20 August 1955; p. 1090.
8. Bagnall, K.W. The Chemistry of Polonium. Radiochim. Acta 1983, 32, 153–161. [CrossRef]
9. Moyer, H.V. Chemical Properties of Polonium; Technical Report for United States Atomic Energy Commission: Washington, DC,

USA, 1956. [CrossRef]
10. SGTE. Thermodynamic Properties of Elements, Ni to S6. In Landolt-Börnstein—Group IV Physical Chemistry · Volume 19A1: “Pure

Substances. Part 1 Elements and Compounds from AgBr to Ba3N2”; Lehrstuhl für Werkstoffchemie; Rheinisch-Westfälische Technische
Hochschule Aachen (on behalf of SGTE), Ed.; Springer: Berlin/Heidelberg, Germany, 1999.

11. Charles, G.W.; Timma, D.L.; Hunt, D.J.; Pish, G. Vibrational Analysis of the Molecular Spectra of Polonium*. J. Opt. Soc. Am. 1957,
47, 291. [CrossRef]

12. Mertens, M.A.J.; Aerts, A.; Infante, I.; Neuhausen, J.; Cottenier, S. Po-Containing Molecules in Fusion and Fission Reactors. J.
Phys. Chem. Lett. 2019, 10, 2879–2884. [CrossRef] [PubMed]

13. Mertens, M. The Production and Molecular Occurrence of Radiotoxic Po-210 in Nuclear Fusion and Fission Reactors. Ph.D.
Thesis, Ghent University and Karlsruhe Institute of Technology, Ghent, Belgium, 2020.

14. Aerts, A.; Prieto, B.G.; Neuhausen, J. Behaviour of spallation, activation and fission products in LBE. In Comprehensive Nuclear
Materials; Konings, R.J., Stoller, R.E., Eds.; Elsevier: Oxford, UK, 2020; Volume 5, pp. 735–765.

15. Prieto, B.G.; Marino, A.; Lim, J.; Rosseel, K.; Martens, J.; Rizzi, M.; Neuhausen, J.; den Bosch, J.; Aerts, A. Use of the Transpiration
Method to Study Polonium Evaporation from Liquid Lead-Bismuth Eutectic at High Temperature. Radiochim. Acta 2014, 102,
1083. [CrossRef]

16. Eichler, B.; Neuhausen, J. Verflüchtigungspfade Des Poloniums Aus Einem Pb-Bi-Spallationstarget; Report of the Paul Scherrer Institut
04–06: Villigen, Switzerland, 2004.

17. Gokcen, N.A. The Bi-Pb (Bismuth-Lead) System. J. Phase Equilibria 1992, 13, 21–32. [CrossRef]
18. Neuhausen, J.; Eichler, B. Extension of Miedema’s Macroscopic Atom Model to the Elements of Group 16 (O, S, Se, Te, Po); Report of the

Paul Scherrer Institut 03-13: Villigen, Switzerland, 2003.

https://www.mdpi.com/article/10.3390/thermo1020017/s1
https://www.mdpi.com/article/10.3390/thermo1020017/s1
https://www.gen-4.org/gif/jcms/c_9261/home
http://doi.org/10.1021/ja01617a014
http://doi.org/10.1524/ract.1983.32.13.153
http://doi.org/10.2172/4367751
http://doi.org/10.1364/JOSA.47.000291
http://doi.org/10.1021/acs.jpclett.9b00824
http://www.ncbi.nlm.nih.gov/pubmed/31063393
http://doi.org/10.1515/ract-2014-2263
http://doi.org/10.1007/BF02645372


Thermo 2021, 1 261

19. Rijpstra, K.; Van Yperen-De Deyne, A.; Neuhausen, J.; Van Speybroeck, V.; Cottenier, S. Solution Enthalpy of Po and Te in Solid
Lead-Bismuth Eutectic. J. Nucl. Mater. 2014, 450, 287–291. [CrossRef]

20. Gossye, M. Predicting the Pb-Bi-Po and Pb-Bi-Te Phase Diagrams from First Principles. Master’s Thesis, Ghent University, Ghent,
Belgium, 2015.

21. Witteman, W.G.; Giorgi, A.L.; Vier, D.T. The Preparation And Identification Of Some Intermetallic Compounds Of Polonium. J.
Phys. Chem. 1960, 64, 434–440. [CrossRef]

http://doi.org/10.1016/j.jnucmat.2013.07.004
http://doi.org/10.1021/j100833a014

	Introduction 
	Vapor Pressure of Metallic polonium 
	Partial Pressure and Activity Coefficient of Polonium Dissolved in LBE 
	Lead Polonide and Its Solubility in LBE 
	Conclusions 
	References

