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Abstract: Heavy liquid metals such as lead and lead bismuth eutectic (LBE) are considered as spallation target
material for next-generation neutron sources and as coolant of fast spectrum nuclear reactors that are devel-
oped to facilitate more efficient use of nuclear fuel as well as transmutation of long-lived nuclear waste. During
the operation of such facilities, the heavy liquid metal will be activated by nuclear reactions. Additionally, fission
product radionuclides may be introduced into the liquid metal from leaking fuel pins or by fission of the target
nuclei in spallation. The chemical behaviour of these radioactive contaminants in the liquid metal — especially
their immediate volatilization or volatilization of formed secondary compounds — may affect the safety of such
facilities. The present article summarizes the activities of PSI’s Laboratory of Radiochemistry towards a better
understanding of the chemistry of potentially hazardous radionuclides in LBE and discusses aspects that need

to be addressed in future to support the licensing of heavy liquid metal-based nuclear facilities.
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1. Introduction

The safe and sustainable exploitation of nuclear energy re-
quires the development of new technologies that enhance fuel
efficiency and reduce the hazard of spent nuclear fuel. Fuel effi-
ciency can be increased by utilizing breeder reactors together with
a closed fuel cycle, while the hazard of spent nuclear fuel may be
mitigated by transmutation of its long-lived radioactive compo-
nents to shorter-lived ones.['l Among the novel nuclear reactor
types designed for these purposes, systems utilizing liquid lead
and lead bismuth eutectic (LBE) as reactor coolant and spalla-
tion target material take a prominent position because these liquid
metals show a number of favourable physical and chemical char-
acteristics that make their use advantageous from both a technical
as well as a safety point of view.[?] One general advantage of the
use of lead and LBE as coolant of nuclear reactors is their high
boiling point, which enables low-pressure operation of the reac-
tors and makes accident scenarios with a loss of coolant highly
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unlikely. Furthermore, the non-moderating properties of lead and
LBE allow the design of breeder reactors utilizing a fast neutron
spectrum, such as the Lead-Cooled Fast Reactor (LFR) developed
within the generation IV (Gen IV) initiative.3] In comparison to
the liquid sodium coolant used in previous fast breeder reactors,
liquid lead coolant is chemically much less reactive. Thus, its use
considerably simplifies some aspects of the required coolant tech-
nologies and enhances the chemical safety of the system.

For the transmutation of actinides, which represent the largest
hazard in the spent fuel of conventional light water reactors, a par-
ticularly useful reactor concept is the so-called Accelerator Driven
System (ADS). In such a reactor, a subcritical reactor core is cou-
pled with a proton accelerator. The high energy protons emitted
from the accelerator interact with a spallation target located in the
reactor core to generate additional neutrons, sustaining the nuclear
chain reaction.] This neutron generation process is most efficient
when heavy elements with neutron-rich nuclei are used as spalla-
tion target material. Since lead and LBE fulfil this criterion, they
are ideally suited to simultaneously serve as reactor coolant and
spallation target material in an ADS. A favourable safety feature
of the ADS concept is that the reactor can be quickly shut down
by switching off the accelerator followed by convective cooling.

Nuclear reactors based on pure lead as coolant are planned to
be operated at relatively high temperatures in the range of 500 to
600 °C. LBE has a much lower melting point (125.5 °C) compared
to pure lead (327 °C).151 Thus, facilities utilizing the eutectic alloy
with a composition of 55.5 mass% bismuth and 44.5 mass% lead
can be operated at considerably lower temperatures, mitigating
for example corrosion problems that would occur at the operat-
ing temperatures needed for systems based on pure lead. For this
reason, LBE can be seen as a temporary solution to be used in
facilities that serve for developing the technologies finally needed
for the pure lead systems, while at the same time demonstrating
the viability of heavy liquid metal based nuclear technologies.[¢!

As for all nuclear facilities, the potential release of volatile
radioactive material into the environment is an issue that needs
to be addressed to ensure the safe operation of heavy liquid met-
al cooled reactors. The radionuclide inventory of lead and LBE
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cooled reactors differs from that of conventional nuclear reactors
because additional radionuclides are formed by activation of the
coolant. The most prominent example for a highly radiotoxic and
potentially volatile radionuclide specifically formed in this type
of reactor is the oi-emitting polonium isotope 2'°Po. This nuclide
is generated by neutron activation of bismuth. Therefore, it is es-
pecially relevant for LBE-based systems. However, it is formed
also in smaller amounts in lead-cooled reactors from bismuth im-
purities. Other radionuclides produced by the activation of the
coolant include isotopes of the elements mercury and thallium.
In an ADS, additionally radioisotopes of practically all chemical
elements are generated by spallation reactions induced by high
energy protons. An assessment of the relative safety relevance of
the produced nuclides clearly shows that polonium is the most
hazardous element.[®] Besides radionuclides produced by activa-
tion of the LBE, also fission products may ingress into the liquid
metal from defect fuel pins. This includes noble gases as well as
nuclides of potentially volatile elements such as iodine, caesium
and tellurium. Furthermore, activated corrosion products will be
entrained into the fast flowing heavy liquid metal coolant from the
construction materials of the reactor vessel.

These radionuclides may undergo chemical reactions with the
liquid metal coolant and potentially among each other as well as
with corrosion products. The retention of radionuclides in the lead
or LBE coolant of nuclear systems will depend on these chemical
interactions and the chemical state finally adopted by the radioac-
tive elements. Therefore, a solid understanding of these chemical
processes is crucial for the safety assessment of such facilities.
Apart from volatilization processes, also the deposition of radi-
oactive material on surfaces of heat exchangers, pumps, the free
surfaces above the coolant, or their intentional accumulation in
cold traps used for purification, are processes governed by chem-
ical effects that are important for reactor design and operation.[©!

The present paper summarizes results of chemical research
performed within the last two decades towards a better under-
standing of chemical effects in liquid LBE relevant for its use in
nuclear systems, focusing on contributions of the Laboratory for
RadioChemistry (LRC) at Paul Scherrer Institut (PSI) in Villigen,
Switzerland.

2. Historical Context

2.1 The MEGAPIE Target

Towards the end of the 1990s, the development of ADS tech-
nology reached a maturity level where components of the system
were envisaged to be built and tested in large-scale demonstra-
tor studies. The Paul Scherrer Institute (PSI) in Villigen, with its
spallation neutron facility SINQ operating successfully with a
solid target since 1996, was ideally suited to host a demonstra-
tor experiment for a liquid metal spallation target. Therefore, the
MEGAPIE (MEGAwatt Pilot Experiment) initiative was launched
as a collaboration of several European research institutions, with
partners from Japan, Korea and the USA joining in a later phase,
with the aim of demonstrating the feasibility of designing, build-
ing, operating and exploring a liquid LBE spallation target of 1
MW beam power at PSI.[8]

The operation of such a target required adhering to stringent
licensing procedures. In particular, the release of radioactive nu-
clides produced during the operation of the target was of concern.
Consequently, the licensing authority required a proof that the
potential release of radioactive species in accident scenarios was
low. To ensure this, the thermal release of volatile radionuclides
from the liquid LBE had to be studied.

2.1.1 Theoretical Studies
One particular concern with respect to the release of volatile
radionuclides into the environment was the behaviour of the high-

ly radiotoxic polonium, as outlined in the introduction. The phys-
icochemical data available in the literature for this element and
its compounds are rather scarce, and sometimes of questionable
quality. The lack of consistent data is caused by the fact that all
isotopes of the element are radioactive. Therefore, samples are on-
ly available in small quantities, and they are difficult to handle be-
cause of their decay properties. The most accessible isotope 2°Po
has a relatively short half-life (138 days). As a consequence, it has
a large decay heat (140 W/g), hampering measurements of ther-
modynamic quantities by its in situ heat generation. Therefore, it
was deemed mandatory for the licensing of MEGAPIE to perform
a consistency check on all available thermochemical data on po-
lonium and its compounds with lead, bismuth and the common
elements oxygen and hydrogen, and to derive missing data using
empirical correlations and extrapolations based on the properties
of polonium’s lighter homologues oxygen, sulphur, selenium and
tellurium. The results of these studies indicated that the exper-
imental data on the vapour pressure of pure polonium and lead
polonide might be affected by the effects of decay heat, leading to
an overestimation of the volatility of polonium especially at low
temperatures (Fig. 1).[9-121 Estimations of thermodynamic data of
polonium compounds indicated that the formation of the very vol-
atile molecule H,Po —a compound often postulated as particularly
dangerous — is only possible in presence of nascent hydrogen,
while in atmospheres containing molecular hydrogen or water its
formation is thermodynamically not favourable.[!2]
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Fig. 1. Comparison of vapor pressure data of pure polonium, lead polo-
nide and the Henry constant of polonium dissolved in LBE. The Henry
constant is defined as k,, ., = P,/X,,, With p,,, being the equilibrium
vapour pressure of the solute polonium over an ideal dilute solution
with the concentration given as mole fraction x,,. Dashed lines: pure
polonium (black: derived from experimental data;!" red: derived by ex-
trapolation of thermodynamic data of the lighter homologues of poloni-
um;® Solid lines: lead polonide PbPo (black: derived from experimental
data;l'" red: derived by extrapolation of thermodynamic data of PbS,
PbSe, PbTe;'? black squares: polonium dissolved in LBE, derived from
high temperature experimental data;'® open circles: apparent Henry
constant of polonium dissolved in LBE, low temperature experimental
data.k

Apart from assessing the thermodynamic data of polonium
and its stoichiometric binary compounds, an additional effort was
undertaken to determine thermodynamic data for polonium in di-
lute solution in liquid metals. For this purpose, the semi-empirical
Miedema model was used. This model allows the calculation of
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enthalpies of mixing, compound formation and dissolution for bi-
nary combinations of two elements in the condensed phase based
on parameters derived from electronegativity, electron density and
size of the atoms.!!31 However, for the element of interest, poloni-
um, no parameter set was available. Therefore, a set of Miedema
parameters was developed for the elements of the chalcogen
group, which enabled the estimation of the enthalpies of solution
of polonium in liquid lead and bismuth.l'¥! These data were used
together with the extrapolated thermodynamic data for various
gaseous binary polonium containing molecules to assess different
reaction pathways for the evaporation of polonium from LBE.[!2]
The results indicated that polonium most likely evaporates from
LBE in the form of lead polonide, PbPo.

2.1.2 Experimental Studies

While the results of the theoretical evaluations were self-con-
sistent, they were considered to be of limited absolute accuracy.
Therefore, relying solely on these results for the safety assess-
ments required for the licensing of MEGAPIE was deemed insuf-
ficient. As a consequence, experimental studies were performed
at LRC on the evaporation of polonium and radionuclides of oth-
er safety-relevant volatile elements from LBE. The method em-
ployed for these studies was the transpiration method, a simple
yet effective method for the determination of vapour pressures of
pure substances as well as Henry constant data for dilute solutions
of a substance in a solvent. The method is based on quantifying
the amount of substance evaporated from a sample in a saturated
stream of carrier gas as illustrated in Fig. 2.1

| Gas flow | Saturation zone | | Deposited material |

Thermocouple | Liquid metal sample

containing radionuclide

Fig. 2. Schematic representation of a typical transpiration setup. The
carrier gas is saturated with the evaporated species in the hot saturation
zone. In the cold deposition zone, the evaporated material is condensed
and can be collected. The amount of evaporated material can be either
determined from the loss of sample material or the amount of deposited
material.

The first setup for transpiration experiments developed at
LRC consisted simply of a fused silica tube heated by a self-made
resistance furnace through which a stream of dried Ar/7%-H, car-
rier gas was flushed with a known flow rate. The samples con-
sisted of LBE that was doped with *Po. Similar experiments
with radionuclides of polonium’s lighter homologues selenium
(Se) and tellurium (*>'Te) were also performed. The samples
were prepared by implantation of mass-separated radioactive ion
beams of the radiotracers or their precursors at the on-line iso-
tope separator ISOLDE at CERN.[!6] Similar experiments were
also performed on LBE samples doped with radiotracers of other
volatile elements that are relevant in the context of LBE-based
nuclear facilities such as mercury, thallium and iodine.['7 The
radiotracers for the latter studies were obtained by neutron acti-
vation at the Neutron Irradiation Service (NIS), which is operated
by LRC at the SINQ facility of PSI. Typical concentrations of the
non-carrier-added radiotracers in the LBE were mole fractions
in the order of 1072 to 107, In spite of these extremely small

concentrations, the amount of tracer contained in the LBE can
be accurately determined by the radiometric methods available
at LRC (o and y-spectrometry and liquid scintillation counting
(LSC)). In the experiments described above, y-spectrometry was
used to measure the amount of radiotracer in the sample before
and after an experiment. Transpiration experiments were per-
formed at various temperatures ranging from 150 to 1032 °C.
For polonium, measureable evaporation was detected only at
temperatures > 600 °C.

2.1.3 Safety Assessment for the Licensing of MEGAPIE

For the licensing of the MEGAPIE experiment, the data of
the transpiration experiments described above were evaluated
quantitatively. From the difference of the amounts of radiotracer
present before and after an experiment at a certain temperature,
the amount of substance carried with the known gas volume can
be determined. Vapour pressure and Henry constants can then be
calculated assuming ideal gas behaviour. In this way, temperature
dependent Henry constant data were determined for diluted solu-
tions of polonium, mercury and iodine in liquid LBE and the evap-
oration rate of polonium from LBE was determined.[!81 The results
of these evaluations for polonium are compared with experimen-
tal and extrapolated vapour pressure data of pure polonium and
lead polonide in Fig. 1. When the Henry constant of polonium in
LBE, k is defined as

H,Po’

ey

kH,Po = p Po/xPo

with p, being the equilibrium vapour pressure of the solute po-
lonium over an ideal dilute solution with the concentration of
polonium given as mole fraction x,, the influence of the sol-
vent on the volatility can be directly visualized by comparing
with the vapour pressure of the pure element or its compounds
with components of the solvent. The comparison in Fig. 1 shows
that at temperatures between ca. 600 and 1000 °C the vapour
pressure of polonium is reduced — compared to elemental polo-
nium — when it is dissolved in LBE. In fact, in this temperature
range polonium dissolved in LBE behaves much like an ideal
solution of lead polonide. These data were used in an assessment
of the consequences of various complex accident scenarios for
the MEGAPIE target, in which the maximum activity released
to the public was determined.!!9] These evaluations demonstrated
to the licensing authority that the maximum dose experienced by
the public in case of a worst case accident could be kept below
the required limit of 1 mSv if certain additional safety meas-
ures such as installing redundant earthquake resistant filtering
units are taken. Based on these assessments, the MEGAPIE ex-
periment was licensed and successfully operated from August to
December 2006, delivering 80% higher neutron flux compared to
a conventional solid spallation target.[20l The successful licensing
and operation of the MEGAPIE target constituted a major mile-
stone for the development of ADS and liquid metal technologies
for nuclear applications in general.[2!]

2.1.4 Post Irradiation Examination of the MEGAPIE Target

The stable and efficient performance of the MEGAPIE tar-
get during operation indicates the extraordinary potential of lig-
uid metal technology for nuclear systems. The Post Irradiation
Examination (PIE) of the target, performed after a decay period of
several years necessary to reduce its radioactivity to manageable
levels, was equally important for the many scientists and engi-
neers all over the world involved in the project.[?2] The extensive
PIE Program was performed to investigate the influence of the
intense irradiation on the properties of the structure materials as
well as to experimentally determine the radionuclide inventory
and the distribution of radionuclides in the target.
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For the radioanalytical studies, more than 70 samples were
extracted from the target in PSI’s Hot Laboratory, representing
different positions comprising bulk LBE as well as samples from
the interfaces of LBE with the walls of the target vessel and the
cover gas. In these samples, 20 radionuclides were quantified us-
ing o- and y-spectrometric methods at PSI and accelerator mass
spectrometry (AMS) at ETH Zurich. Furthermore, also their spa-
tial distribution within the target was determined.[?3! The most
important findings can be summarized as follows:

The results of radiochemical analyses can be used as bench-
mark for nuclear physics codes for the quantitative prediction of
radionuclide production.?*] For most of the radionuclides, the re-
sults of the analyses agreed well with theoretical predictions of
the radionuclide inventory performed by colleagues from CEA/
Saclay and ESSS Lund, using calculation codes and models such
as INCL/ABLA, MCNPX or FLUKA. Cases where significant
discrepancies were found can be used to detect flaws in the codes
and models and improve them.

It was found that the spatial distribution of many of the radio-
nuclides in the target is strongly inhomogeneous. While nuclides
of relatively noble metals such as Au, Hg and Po were found to be
more or less homogeneously dissolved in the bulk LBE, nuclides
of strongly electropositive elements such as Ba and the lanthanides
were found to accumulate on surfaces. Therefore, they are deplet-
ed in the bulk LBE.[23.25-28] Surface enrichment was also found for
electronegative elements such as chlorine and iodine.[?3-2°1 These
findings may be important for the safety assessment of nuclear
installations, especially concerning dose rate estimations and the
evaluation of structure material damage. A plausible explanation
for the accumulation of electropositive and electronegative ele-
ments at surfaces would be their integration in the lattice of sur-
face oxide layers in cationic or anionic form, respectively.

2.2 The Project SEARCH: Towards Licensing of the
MYRRHA Reactor

After the successful operation of the MEGAPIE target at
PSI the efforts to build a demonstrator reactor for an ADS were
strengthened. A major step into this direction is the development
of the MYRRHA reactor (Multi-purpose hYbrid Research Reactor
for High-tech Applications) at the Belgian Nuclear Research
centre SCKeCEN.B% Meanwhile, the knowledge generated in
preceding projects had been collected in an extensive ‘Handbook
on Lead-bismuth Eutectic Alloy and Lead Properties, Materials
Compatibility, Thermalhydraulics and Technologies’ published
by the Nuclear Energy Agency (NEA) of the OECD, with LRC
being responsible for the section dealing with the aspects of radi-
onuclide chemistry in heavy liquid metals.l3!] Based on the data
collected in this document, it was concluded that for the licens-
ing of a large-scale facility such as MYRRHA, with much larger
accumulation of potentially hazardous radionuclides compared to
the MEGAPIE target, additional studies on the volatilization of
radionuclides and their deposition in the reactor were mandatory.
These investigations were performed within the EURATOM FP6
project SEARCH (Safe ExploitAtion Related CHemistry for HLM
reactors).[321 The focus of LRC’s contribution to this project was
a more complete and detailed study of the evaporation and dep-
osition behaviour of polonium. In particular, it was intended to
generate reliable data on the equilibrium evaporation of polonium
from LBE in the operation temperature range of the MYRRHA
reactor (200-400 °C). Compared to the transpiration experiments
performed for MEGAPIE licensing, where data could only be
acquired at temperatures >600 °C, this required substantially in-
creasing the sensitivity of the experiments as well as verifying sat-
uration of the carrier gas. The former was achieved by increasing
the duration of the evaporation period, using long counting times
for activity determination and by sampling of the evaporated mate-
rial instead of measuring the difference of the polonium content of

the sample before and after the experiment. Saturation was verified
by performing measurements at different carrier gas flow rates.[!5]

In addition to the transpiration experiments, thermochro-
matography experiments were also performed, with the goal to
identify different chemical species of polonium forming under
various chemical conditions, including inert (He), reducing (H,)
and oxidizing (O,) gases at different moisture levels, and to find
materials suitable for capturing volatile polonium by adsorption.
In this method, a sample containing carrier-free amounts of a ra-
diotracer is evaporated in a gas stream and transported into a chro-
matography column exposed to a negative temperature gradient
(Fig. 3). From the deposition temperature and other experimental
parameters the adsorption enthalpy can be determined.[*3 In fa-
vourable cases, the transported gas phase species can be deduced.
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Fig. 3. Top: schematic representation of a typical thermochromatogra-
phy setup. The sample is evaporated in a carrier gas stream and trans-
ported into the chromatography column exposed to a negative temper-
ature gradient, where it deposits; Bottom: schematic representation of
a thermochromatogram with three different species deposited along the
temperature gradient shown as red line.

In parallel to the studies performed at LRC, additional ex-
perimental and theoretical studies were performed within the
SEARCH project by partners at SCK*CEN and the University
of Gent. These two groups focused on transpiration experiments
complementing those performed at LRC and on theoretical stud-
ies on the interaction of polonium with lead, bismuth and LBE and
potential better materials by Density Functional Theory (DFT).

The results of transpiration experiments performed within
SEARCH showed that at temperatures below 500 °C the evapo-
ration of polonium was higher than expected from extrapolating
the high temperature data determined during MEGAPIE licens-
ing (open circles in Fig. 1).534 This behaviour was later shown to
be a non-equilibrium phenomenon related to the incorporation
of polonium into a surface oxide layer.[3>3¢ Therefore, the corre-
sponding data shown in Fig. 1 are designated as apparent Henry
constants.
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Thermochromatography experiments in fused silica tubes
showed that volatile polonium species form in moist helium and
hydrogen atmosphere but not in dry helium and hydrogen (Fig.
4).1371 This confirmed the results of earlier thermodynamics stud-
ies indicating that H,Po does not readily form when polonium is
exposed to molecular hydrogen.
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Fig. 4. Comparison of polonium depositions observed in thermochro-
matography experiments using 2°*°Po separated from proton-irradiated
bismuth samples in fused silica columns in dry and moist helium carrier
gas. In dry helium (green), polonium deposits at 580 K (307 °C), pre-
sumably as bismuth polonide or monoatomic polonium. In moist helium
(blue), polonium forms much more volatile compounds that deposit
around room temperature (290 K). The temperature gradient is shown as
red line. Graph adapted from Maugeri et al.l®”]

The observation of particularly volatile polonium species in
thermochromatography experiments was confirmed in transpira-
tion experiments performed at SCKeCEN where polonium was
evaporated from LBE in a moist argon stream. 35! The fact that the
volatile polonium species are consistently formed in moist atmos-
pheres indicate that they most likely are polonium hydroxides or
oxy-hydroxides. Thermochromatography experiments studying
the adsorption of polonium on the noble metals gold, silver plati-
num and palladium show that these metals bind polonium strong-
ly and thus are promising candidates for developing absorbers
for polonium.381 The measured adsorption enthalpies agree well
with results obtained by DFT-calculations on the adsorption inter-
action of monoatomic polonium with these noble metal surfaces
performed at University of Gent.[*]

The main conclusion from the chemistry results of the
SEARCH project with respect to the safe operation of an LBE-
cooled ADS is that care has to be taken to avoid the potential for-
mation of volatile polonium compounds. Based on this finding the
design of MYRRHA has been adapted to include double-walled
heat exchangers instead of the originally foreseen single-walled
option.

3. Recent Results: The EURATOM H2020 project
MYRTE

The results obtained in the SEARCH project raised a number
of questions that need to be answered to ensure a safe opera-
tion of the MYRRHA reactor. For this purpose, a work pack-
age on ‘Chemistry of volatile radionuclides’ was incorporated
into the project MYRTE performed from 2015 to 2019 in the
EURATOM H2020 framework.[“%l The work was performed by
the same groups at SCKeCEN, University of Gent and LRC that
already collaborated successfully in the SEARCH project. The
topics that were studied at SCKeCEN included the development

of an electrochemical sensor for the in situ measurement of the
oxygen concentration in LBE during small scale evaporation ex-
periments, a more detailed investigation of polonium evaporation
from LBE as function of moisture content of the carrier gas, an
attempt to couple transpiration experiments to a mass spectrom-
eter to facilitate identification of the molecules evaporated from
LBE, and the development of a thermodynamical model based on
Gibbs Energy minimization (GEM) that allows an assessment of
the complete chemical system of the LBE-cooled nuclear reactor
including the coolant, the cover gas and all relevant impurities
such as corrosion products of the structural material and radio-
nuclides formed by activation.[*!] At University of Gent theoret-
ical studies were performed to establish a method that allows to
reliably predict the stability of polonium-containing molecules
in the gas phase. The results from SEARCH indicated that while
DFT proved to be adequate to describe the adsorption interac-
tion of monoatomic polonium with noble metal surfaces, it is not
suitable for a reliable calculation of thermodynamic properties
of polonium-containing molecules.[“?] Therefore, a combination
of more sophisticated methods had to be applied that properly
account for electron correlation and the spin-orbit effects that
are particularly important for heavy elements such as Pb, Bi and
Po. The new calculation routine developed within MYRTE was
proven to reliably predict temperature dependent thermodynam-
ic properties of diatomic polonium-containing molecules.[43]
Feeding these data into a GEM routine to evaluate the equilib-
rium gas phase composition over a polonium-containing LBE
melt indicates that indeed, as postulated already from the data
shown in Fig. 1, lead polonide, PbPo, is the dominating poloni-
um-containing gas phase species. This result nicely shows how
the methods developed and the experimental and theoretical re-
sults obtained in the collaboration of SCKeCEN, University of
Gent and LRC converge.

The experimental studies performed at LRC within the
MYRTE project aimed not only at the characterisation of the
evaporation and deposition behaviour of polonium. The meth-
ods devised originally for the study of polonium were refined
and adapted for similar investigations on the behaviour of the
prominent volatile fission product elements iodine and caesium
in LBE. The methodological improvements included handling
of LBE samples and performing transpiration experiments in an
inert gas glove box as well as reduction of LBE by contact with
hot tantalum prior to the experiments. This is especially impor-
tant for experiments with caesium and avoids the oxidation of the
radiotracer as well as the formation of oxide layers on the surface
of the samples, which may influence the evaporation process.
Furthermore, the thermochromatography apparatus was upgrad-
ed by installing gas purification devices for the studies in dry
carrier gases. More elaborate sample preparation and analysis
methods were also developed to assure homogeneity of the sam-
ples and to speed up the evaluation of the results and increase
their reliability.[44-51]

Thermochromatography experiments were performed not
only on specimens containing the radionuclide to be studied in
more or less pure form. Instead, also samples containing the nu-
clide dissolved in LBE were studied to clarify the influence of
the liquid metal solvent on gas phase speciation and adsorption.
Furthermore, the adsorption of the evaporated radionuclides on
the steel used as main construction material of the MYRRHA
reactor was investigated to provide the fundamental data needed
to estimate the adhesion of released radioactive material on the
reactor walls. Thermochromatography studies on iodine evapo-
rated from LBE indicate that in helium and hydrogen gas bismuth
monoiodide is formed and deposited at relatively low temper-
atures (100-180 °C).[#432] In oxidising atmosphere, even more
volatile species such as monatomic iodine and iodine oxides are
formed. However, the adsorption of iodine evaporated from LBE
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on silver surfaces is much stronger, indicating that silver coat-
ed surfaces can be used to efficiently capture the iodine species
evaporated from LBE.[*+33] Experiments with caesium-doped
LBE indicate that the caesium released from LBE is not adsorbed
to steel and fused silica surfaces in thermochromatography ex-
periments but rather reacts with these surfaces at temperatures
between 400 and 700 °C, leading to a fixation of the volatile
species.[4454]

Similar studies performed for polonium revealed that poloni-
um, when it is evaporated in elemental form from samples that do
not contain elements of the LBE matrix, adsorbs to steel slightly
more strongly than to fused silica surfaces. More importantly, the
formation of volatile species observed in similar experiments in
fused silica columns with moist inert and reducing carrier gas-
es was not observed in steel columns, indicating that the steel
used as construction material for MYRRHA can suppress the for-
mation of these species.[>] However, when using LBE samples
containing highly dilute polonium as sources in otherwise similar
thermochromatography experiments, the tendency to form vola-
tile polonium species was increased compared to the experiments
with matrix-free polonium samples.[15¢ This indicates that the
formation of the volatile polonium species is an intricate process
influenced by properties of the matrix, the adsorbing surface and
the composition of the carrier gas.

Additional thermochromatography experiments were per-
formed to investigate the transport and deposition of polonium
in vacuum, with the goal to understand its behaviour in case of
leaks enabling its migration into the proton beam guide of the
MYRRHA accelerator.[*457] This study revealed that under vac-
uum conditions no particularly volatile polonium species form.
The experimental data can be fully explained by Monte Carlo
Simulations assuming PbPo as transported species with an ad-
sorption enthalpy of about —160 kJ/mol, similar to the value also
obtained in gas thermochromatography.[>6!

In parallel to the thermochromatography experiments, a large
number of transpiration experiments were performed at LRC
within MYRTE, with the aim of deriving thermodynamical data
for the liquid gas equilibrium established over dilute solutions
of iodine and caesium in LBE. For iodine, a vast number of ex-
periments were performed under variation of parameters such as
temperature, carrier gas composition and flow rate, LBE purity
and oxygen content, and iodine concentration. The preliminary
results show good consistency and no large influence of LBE pu-
rity, oxygen content and carrier gas composition.[*!-38 The Henry
constants of iodine over dilute solution in LBE determined from
the evaporation data are 7 to 8 orders lower than the equilibrium
vapour pressure of pure iodine, indicating a strong retention of
iodine in LBE. Comparing the Henry constants determined for
iodine in LBE with vapour pressure data of pure lead and bismuth
iodides indicates that the volatility of iodine dissolved in LBE
is similar to that of the pure compounds Bil and Pbl,.[4-581 This
is consistent with the assumption that iodine dissolved in LBE
is bound to the solvent atoms Pb and Bi with similar strength
as in the pure lead and bismuth iodides. Similar but less de-
tailed studies were also performed for caesium-containing LBE
samples. The results indicate significant retention of caesium in
LBE.[4147]

The results of iodine and caesium transpiration experiments
are currently under final evaluation. They will be used to de-
termine temperature-dependent Henry constant data for the io-
dine-LBE and caesium-LBE systems that will be integrated into
the thermodynamic model of the MYRRHA reactor developed at
SCKeCEN. This thermodynamic model will be used extensively
in the safety assessment of MYRRHA to predict which chemical
phenomena such as evaporation of volatile molecular species or
precipitation of insoluble phases are likely to occur in the reactor
in normal operation and accident scenarios.

4. Future Perspectives of Radionuclide Chemistry in
Heavy Liquid Metals: H2020 Projects PATRICIA and
PASCAL

While some of the most urgent questions with respect to the
chemical behaviour of radionuclides in lead and LBE have been
answered in the last two decades, many phenomena still need to
be understood in more detail, and a number of new questions were
raised by results obtained within MYRTE and the preceding pro-
jects. This stimulated the two new EURATOM Horizon2020 pro-
jects PATRICIA (Partitioning And Transmuter Research Initiative
in a Collaborative Innovation Action) and PASCAL (Proof of
Augmented Safety Conditions in Advanced Liquid-metal-cooled
systems). The projects have been started while the current article
was in revision/typesetting. These projects are aimed to answer
remaining open questions resulting from previous research, but
also to address problems that have never been tackled before. Both
projects see an increased number of partners working on topics
related to the coolant chemistry within the realm of heavy liquid
metal reactors, reflecting an increased interest in the subject.

In the PATRICIA project, a new partner will join the estab-
lished collaboration between SCKeCEN, University of Gent
and the LRC of PSI: The Joint Research Centre of the European
Commission (JRC) will study the retention of tellurium, a ma-
jor fission product and homologue of the hazardous polonium,
in LBE using Knudsen Effusion Mass spectrometry (KEMS).
Additionally, JRC will attempt to characterise tellurium hy-
droxides and oxy-hydroxides by matrix isolation combined with
Raman and UV-Vis spectroscopy.

At LRC, polonium evaporation from LBE will be studied us-
ing LBE samples from the MEGAPIE experiment. These samples
are unique in that they contain all the impurities that are generated
or incorporated in the LBE by nuclear reactions and corrosion
processes in a high power spallation target. Goal of this study is
to find out whether the impurities generated during operation of
the spallation target influence the evaporation behaviour of polo-
nium. Furthermore, LRC will assess the evaporation of rhodium
from LBE using radiotracers present in the LBE from MEGAPIE.
Spectroscopic data obtained from transpiration experiments in the
MYRTE project will be evaluated to extract data on thallium evap-
oration from LBE. Finally, LRC will attempt to synthesize LBE
samples doped with the elements rhenium, rhodium and osmium,
with the purpose of studying their evaporation from the liquid
metal. Radionuclides of these elements are formed in non-negligi-
ble amounts in the MYRRHA reactor, and it is suspected that they
could evaporate from the liquid metal in form of volatile oxides.

University of Gent will continue its research on quantum
chemistry calculations to determine the stability of polonium
containing molecules. Unfortunately, the approach successfully
used to characterise diatomic polonium molecules in MYRTE is
computationally too expensive to be used for calculations on the
polonium hydroxides and oxy-hydroxides suspected to be caus-
ing the increased volatility of polonium in moist atmospheres. To
overcome the computational limitations, the group at University
of Gent proposes to use a machine learning algorithm trained to
predict high quality thermodynamic data from computationally
less expensive DFT calculations.

At SCKeCEN, a coupled simulation platform will be devel-
oped, combining high-fidelity chemistry solver based on GEM
and established CFD packages. This tool is intended to provide
a quantitative understanding of the corrosion product behaviour
in HLM cooled systems, from their corrosion source in the hot-
test regions in the reactor, via their transport and physicochemical
interactions in the bulk of the coolant flow, to their sink. Such
information is invaluable for the safe operation of MYRRHA.
Furthermore, SCK*CEN will continue to investigate the release
kinetics of polonium from LBE in the presence of water vapour
using transpiration type evaporation experiments.
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In the PASCAL project, evaporation experiments will be per-
formed on more complex systems containing two different ra-
dionuclides dissolved in LBE. In particular, LRC will study the
influence of the interaction of caesium and iodine dissolved in
LBE on their evaporation. This study was triggered by results of
thermodynamic assessments indicating that evaporation of these
two fission products could be enhanced by the formation of a cae-
sium iodide phase that separates from the liquid metal. LRC will
also study the evaporation and deposition of the important fission
product and polonium homologue tellurium from LBE using the
transpiration method and thermochromatography. This study is
complementary to the KEMS studies performed at JRC in the
PATRICIA project and aims at the characterisation of particularly
volatile species that might form in moist atmospheres in analogy
to the behaviour of polonium. In parallel, SCK*CEN intends to
characterise the fission product molecules evaporated from the
LBE using molecular beam mass spectrometry. Within PASCAL,
it is planned to investigate iodine, tellurium and caesium gas mol-
ecules released from the heavy liquid metals lead and LBE, with
the aim to identify the different molecules forming under variation
of the gas phase composition.

Other subtasks of PATRICIA and PASCAL will extend the
scope of the chemical studies related to the behaviour of lead and
LBE and the impurities contained therein. One prominent topic,
which is going to be investigated in a collaboration of TU Dellft,
Chalmers University in Gothenburg and JRC in Karlsruhe, is
studying the interaction of nuclear fuel with the liquid metal in
order to understand to what extent and by which mechanisms ra-
dioactive material can be transferred from the fuel to the coolant.
Furthermore, the first systematic study on the formation of lead and
LBE aerosols and their transport in a gas stream will be performed
in a collaboration of groups at SCK*CEN and KTH Stockholm.

5. Summary and Conclusion

Within the last two decades, the chemistry of radionuclides in
heavy liquid metals used in nuclear systems evolved from simple
studies, answering the most urgent questions raised in the licens-
ing procedure of the MEGAPIE experiment, to more detailed, pre-
cise and complex investigations necessary for the safety analysis
of larger facilities such as the MYRRHA reactor. Understanding
the chemical processes occurring in these heavy liquid metals re-
mains a challenging subject at the borderline of physical and inor-
ganic chemistry, radiochemistry, materials science and metallurgy
that will be of crucial importance for the safe and reliable opera-
tion of all nuclear systems utilizing lead or LBE as coolant and/
or spallation target material. The Laboratory of Radiochemistry
at Paul Scherrer Institut is particularly well suited to contribute to
this subject because of its vast experience in liquid metal and gas
phase chemistry methods, combined with unique facilities for the
production and handling of samples containing the radionuclides
of interest as well as the radioanalytical methods needed for their
study. Therefore, LRC will strive to continue its efforts in this
field, in order to monitor and support the development of novel
nuclear technologies that may help to successfully manage a safe
and sustainable energy production. Another important aspect is
providing opportunities for next generation scientists to acquire
a radiochemical education that is at the forefront of novel reactor
technology. This is particularly important for the preservation of
nuclear competence in Switzerland.
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