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Abstract Understanding polonium evaporation from

lead-bismuth eutectic (LBE) is required for the design of

nuclear installations that use liquid LBE as coolant or

spallation target. In the present study we measured the

time-dependent release of polonium from LBE samples in

Ar/5 %H2 and Ar between room temperature and 500 �C.

Our experiments revealed that the majority of polonium in

the samples evaporated according to established tempera-

ture correlations for the Henry constant of polonium in

LBE. However a small fraction of polonium in the LBE

behaved differently, causing a relatively large but transient

polonium release at the start of evaporation experiments.

We showed that this volatile fraction of polonium was

located near the sample surface and was formed after

prolonged exposure of the samples to air at room temper-

ature. We speculate that the peculiar evaporation behavior

of this surface polonium is caused by enrichment and

association with an oxide layer.

Keywords Lead–bismuth eutectic � LBE � Liquid metal �
Evaporation � Polonium � MYRRHA

Introduction

Lead–bismuth eutectic (LBE, 44.5 wt% Pb; 55.5 wt% Bi)

is a promising candidate spallation target material and

coolant for innovative spallation neutron sources and

accelerator driven systems (ADS) [1, 2]. A concern with

the use of LBE is that large quantities of 210Po are formed

by activation of Bi in the coolant. When 210Po, a pure alpha

emitter, is released from LBE, it presents a challenge to the

safety of the nuclear facility. Evaporation is considered an

important release mechanism for polonium, but is rela-

tively poorly understood. Quantitative understanding of the

chemical processes governing polonium evaporation is

essential for safety evaluations and for the development of

technology for polonium capture and decontamination

[3–5]. Under the impetus of the Multi-purpose hYbrid

Research Reactor for High-tech Applications (MYRRHA)

project [2], an LBE-based ADS, polonium evaporation

from LBE is currently investigated by a combined exper-

imental [6–8] and theoretical [9] approach.

During the last decade it was found that at high tem-

perature between ca. 600 �C and 1,000 �C, polonium

evaporates quite reproducibly from LBE, and appears

insensitive to the presence of hydrogen in otherwise inert

cover gas. Henry’s law constants of Po in LBE in this

temperature range have been independently determined by

several research groups including our own [8, 10–13]. The

Henry’s law constants at these high temperatures are well

described by an Antoine-type relation which we will

denote as ‘‘high-temperature correlation’’ in the remainder

of this work. The high-temperature correlation derived
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from measurements between 700 and 1,000 �C in Ar/

5 %H2 is

KPoðlbeÞ ¼ 10ðAþB=TÞ ð1Þ

with coefficients A = 10.7 and B = -8,516 [8].

Recently, however, in a series of dynamic transpiration-

type evaporation experiments at low temperatures, signif-

icant deviations from this evaporation regime were found

[6]. Between 164 and 500 �C in inert gas Po evaporation

was much higher than expected from the high-temperature

correlation. These results in inert gas and especially results

from comparable experiments in H2 [6] were reminiscent

of the increased polonium evaporation between 195 and

550 �C in static evaporation experiments in Ar/H2/H2O

atmosphere [10]. This observation was originally attributed

to the formation of H2Po [10], but this assignment has been

questioned [14].

These observations of increased polonium volatility at

temperatures under which LBE-based facilities have

operated [15] or are foreseen to operate [2] are of particular

interest for the safety and licensing of such installations.

We here report the results of a series of experiments in

which the release of polonium from LBE below 600 �C

was determined at different evaporation times. The results

offer a phenomenological explanation for the increased

evaporation in transpiration experiments at low

temperatures.

Experimental

Samples of LBE (ca. 2.7 g) containing 10-10 mol fraction of

polonium were obtained by neutron irradiation of LBE [8].

After irradiation, samples were stored for several months in

air at ambient temperature (ca. 20 �C).

Evaporation experiments were performed in a transpi-

ration setup described in detail elsewhere [8]. A schematic

drawing of this setup is shown in Fig. 1. Briefly, the

transpiration setup consisted of a quartz tube inserted in a

tubular furnace. Carrier gas flows through the system were

either Ar or Ar/5 %H2. The Po-doped LBE sample was

placed on a boat-shaped Mo foil in the center of the

furnace.

For evaporation experiments samples were loaded in the

quartz tube and the system was flushed with carrier gas. An

experimental run was started by setting the gas flow rate to

15 mL min-1 at standard temperature (T0 = 0 �C) and pres-

sure (1 bar) (STP). The tubular furnace was preheated

(25–500 �C) and was shifted to the sample position. The

sample temperature was measured by a thermocouple posi-

tioned in the gas near the sample surface. Once the sample

reached constant temperature, the gas flow rate was increased

to the experimental value of _V = 100 mL min-1. This

marked the start of the experimental run. After heating the

sample for a certain time, the oven was shifted off the sample

position and the gas flow rate was again reduced. When the

sample reached room temperature, the quartz tube was opened

and the sample was removed. The amount of evaporated

polonium was then quantified. The tube was rinsed with a 7 M

HNO3 (aq) solution to dissolve polonium that had condensed

on the quartz tube walls. Rinsing was performed twice, to

ensure that all Po was dissolved. A fraction of the rinsing

volume was mixed with scintillation cocktail for activity

measurement by liquid scintillation counting (see Ref. [8] for

details). A gas washing bottle containing 0.1 N NaOH (aq)

was installed downstream of the quartz tube. This NaOH (aq)

Fig. 1 Transpiration setup used

for evaporation experiments
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solution works as an efficient trap to collect Po species that are

sufficiently volatile to be transported out of the quartz tube

[10]. No polonium could be detected in the gas washing bottle

installed containing the aqueous NaOH solution. It was thus

verified that the condensate in the quartz tube contained all

evaporated polonium.

This procedure was repeated and after each run the

amount of released polonium was determined. The result

was a set of measurements of the polonium release after

different heating times. Between different runs, the sam-

ples were exposed to air for a short period of time

(\5 min). This brief intermediate exposure did not change

the release behavior (see below).

Results and discussion

The time dependent fractional release of Po from LBE

samples showed a two-stage trend, at each of the studied

temperatures under a 100 mL min-1 flow of Ar/5 %H2

(Fig. 2a). Surprisingly, at experiment times less than 1 h

(Fig. 2a, inset), Po release was fast and non-linear. At

longer experiment times and at temperatures between 400

and 500 �C the release followed a linear trend. These long

term trends were entirely in agreement with predictions

using the high-temperature correlation [Eq. (1)] and the

transpiration model for polonium evaporation which pre-

dicts linear behavior at low fractional release [8].

Remarkably, a small amount of Po release could even be

measured in experiments with solid LBE at 25 and 120 �C.

For these solid samples, measurable Po release only

occurred during the first hours of the experiments.

The variation of the partial pressure of polonium in the

gas pPo flowing through the tube during the experiment was

calculated from the fractional release data according to

pPo ¼
DnPo lbeð Þ

Dt

RT0

_V
ð2Þ

where DnPo(lbe) [mol] is the change of polonium content in

the sample in time interval Dt and R is the ideal gas con-

stant. During the first hours (Fig. 2b), the Po partial pres-

sure decreased rapidly by a factor of ca. 100, before

reaching almost constant values in agreement with pre-

dictions of the high-temperature correlation for the Henry

constant of Po in LBE and the average polonium concen-

tration in the sample (dotted lines in Fig. 2b). The Po

partial pressure of solid samples rapidly dropped to levels

below detection limit.

Similar trends were observed in experiments with pure

Ar as carrier gas (Online Resource). The presence of 5 %

hydrogen in the gas stream apparently did not enhance Po

volatility during the experiment under these particular

experimental conditions.

We explain these experimental trends, in a first

approximation, by assuming the presence of two types of

polonium in the sample, which evaporate independently.

The first type of polonium is evaporated rapidly and

completely during the first hours of the experiment. It

represents only a small fraction of the total amount of

polonium in the sample and causes high partial pressures.

The second type represents the majority of the polonium in

the sample. Its partial pressure is well described by the

high-temperature correlation for the Henry constant of Po

in LBE.

We further make the hypothesis that the small amount of

fast-released polonium is concentrated at the surface of the

sample. It is known that in solid LBE, polonium tends to

enrich at the surface [16, 17], where it is probably asso-

ciated with an oxide layer. Such an oxide layer enriched in

polonium could be preserved upon LBE melting and float

Fig. 2 a Fractional Po release from LBE after different heating

times, at various temperatures. The inset is a magnification of the

release at short heating times. Average standard error on the release

data was 12 %. Solid curves are fits using Eq. (4). b Corresponding

evolution of the partial pressures of 210Po during each of the

experiments. Dotted horizontal lines indicate the calculated partial

pressures of Po according to the high-temperature correlation

[Eq. (1)]
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on top of liquid LBE as in the current experiments, pro-

vided that the oxygen content in the sample is above the

saturation limit at the experimental temperature [18].

To verify whether the initial polonium release was

indeed associated with the surface, we mechanically

removed by manual cutting about 1 mm of the surface

layer of the LBE samples and did evaporation experiments

using only the remaining bulk of the sample (Fig. 3). The

result confirmed our hypothesis. The initial enhanced Po

evaporation was reduced by a factor of ca. 10 when the

surface was removed. There was still a small initial

enhanced release, possibly because removal of the surface

was not complete, but the trend was clearly dominated by

the long-time evaporation. This experiment proved that the

fast-released polonium was surface-related.

In solid LBE stored in air at room temperature, enrich-

ment occurs on timescales of the order of days to weeks [17].

To investigate a possible connection between enrichment

and Po evaporation, we verified if and on what timescale the

fast-released, surface polonium was recovered after storing

the bulk sample in air at room temperature. Exposure of

samples for a few minutes to air did not restore the fraction of

surface polonium. However it was found that the surface

polonium did reappear on much longer time scales of weeks

(Fig. 3a). After 3 weeks of exposure to air, the amount of

surface polonium that was present before cutting off the

surface, was almost completely restored.

We now present a quantitative analysis of the results by

assuming that during evaporation experiments the total

polonium in the sample nPo(lbe) is the sum of polonium in

the bulk nPo(lbe,b) and that in the region close to the sample

surface nPo(lbe,s):

nPo lbeð Þ tð Þ ¼ nPo lbe;bð Þ tð Þ þ nPo lbe;sð Þ tð Þ ð3Þ

The decrease of the amount of each type of polonium

with time during transpiration-type evaporation

experiments is described by a first order model. We refer to

the Online Resource and Ref. [8] for a derivation of that

model. The sum of surface and bulk polonium remaining in

the sample after evaporation time t is then given by:

nPo lbeð Þ tð Þ ¼ nPo lbe;bð Þ 0ð Þexp �
KPo lbe;bð Þ

nlbe;b

_Vt

RT0

� �

þ nPo lbe;sð Þ 0ð Þexp �
KPo lbe;sð Þ

nlbe;s

_Vt

RT0

� �
ð4Þ

The evaporation equilibria of bulk and surface polonium

are characterized by temperature dependent Henry con-

stants KPo(lbe,b) and KPo(lbe,s), respectively. It is assumed

that there is no significant conversion from one type of

polonium into the other under the conditions of the evap-

oration experiments. The quantities nlbe,b and nlbe,s are

those parts of the LBE sample [mol] in which bulk and

surface polonium are respectively located, with

nlbe,b ? nlbe,s = nlbe,tot. The total fractional polonium

release as given in Figs. 2a and 3a is defined as /tot(t) =

1-nPo(lbe)(t)/nPo(lbe)(0).

The experimental data could be quite satisfactorily

simulated with the two-population model of Eq. (4) (solid

curves in Fig. 2a). Here, the parameters nlbe,tot and _V were

fixed to their experimental values and it was assumed that

nlbe,b was equal to the total amount of LBE in the sample.

The latter implies that the surface polonium nPo(lbe,s) is

concentrated in a comparatively very small part of the

sample, i.e. nlbe,s � nlbe,b & nlbe,tot. This assumption

seemed reasonable because it was observed previously that

in solid LBE samples polonium tended to be enriched only

in the first few micrometers below the sample surface [17].

The other independent parameters of Eq. (4), nPo(lbe,s)(0),

KPo(lbe,b), and the ratio KPo(lbe,s)/nlbe,s were derived from the

fit. From the fitted value of nPo(lbe,s)(0), we determined the

fraction of surface polonium initially present in the LBE

sample, defined as fsurf = nPo(lbe,s)(0)/nPo(lbe)(0). This value

Fig. 3 a Polonium release in

Ar/5 %H2 at 400 �C after

mechanical removal of the

surface of an LBE sample and

subsequent exposure of the bulk

to air at room temperature for

different times: squares

immediately after removal,

triangles 1 week exposure,

crosses 3 weeks exposure and

circles sample which was stored

in air for 36 weeks without

surface removed. b Evolution of

the fraction of surface polonium

fsurf with exposure time [see

Eq. (4)]. Horizontal line sample

without surface removed

J Radioanal Nucl Chem

123



corresponds to the intercept of the extrapolation of the long-

term fractional release in Figs. 2a and 3a. In experiments

with liquid LBE samples, the fraction of surface polonium

fsurf was about 10-4 of total polonium in the sample. The

change of fsurf after mechanical removal of the sample sur-

face and after subsequent exposure of the bulk to air at room

temperature is shown in Fig. 3b.

The fitted Henry constants of the bulk polonium, KPo(lbe,b),

were in very good agreement with the high-temperature

correlation given by Eq. (1) (Fig. 4). Up to now the lowest

temperature reported in literature where the high-tempera-

ture correlation was found to be valid was about 400 �C [10].

With the current results we provide evidence that the high-

temperature correlation holds to temperatures down to

300 �C for Po in bulk LBE which represents the majority of

the Po in the LBE sample. To allow accurate measurement of

long-term polonium evaporation at a temperature as low as

300 �C, surface polonium was first removed by pretreatment

at 400 �C for 20 h in Ar/5 %H2.

In previous work [8, 11, 13], fractional polonium release

data were analyzed assuming one, uniformly distributed

type of polonium only, instead of the two types of polo-

nium discovered in the present work. Below 500 �C, Henry

constants calculated from release data considering just one

type of polonium can be orders of magnitude larger than

predicted by the high-temperature correlation of Eq. (1).

This is shown in Fig. 4. Likewise, the presence of two

types of polonium, or, in more general terms, two polonium

release mechanisms, could offer an explanation for the high

values of the Henry constants reported by Rizzi et al. [6],

which were derived with the assumption of one type of

polonium only.

Unfortunately, with the two-population model it was not

possible to determine the Henry constant of the surface

polonium KPo(lbe,s), which would be a measure of its

equilibrium volatility. Although KPo(lbe,s) appears in

Eq. (4), its value cannot be determined independently from

nlbe,s. With the current experiments we can only ascertain

that the surface polonium gives rise to high partial pres-

sures (Fig. 2b). Surface polonium is likely present in a

chemical state that is more susceptible to volatilization

than polonium in the bulk. The association of Po with a

thin Pb/Bi oxide layer located at the surface, and reactions

occurring with traces of water vapor in the carrier gas [7]

may enhance the effective volatility of surface polonium.

It has been suggested based on thermochromatography

experiments that at high temperature under both inert and

reducing conditions, Po evaporates as elemental Po(g), or

as BiPo(g) in case it was produced by irradiation of bis-

muth [7]. In samples containing lead such as LBE, evap-

oration as PbPo(g) is also possible. The present

experiments show that at low temperatures (\600 �C) bulk

polonium has a Henry constant which is in agreement with

the high-temperature evaporation behavior. It is therefore

logical to assume that bulk polonium evaporated at low

temperature has the same chemical form as that encoun-

tered in experiments at higher temperature i.e. elemental

polonium or metal polonide with Bi or Pb.

The chemical nature of the volatile species that is

formed during evaporation of surface polonium is currently

unknown. However, formation of a very volatile species

like H2Po seemed unlikely for two reasons. First, in

experiments with Ar/5 %H2 as carrier gas we did not detect

any polonium in the aqueous NaOH solution downstream

of the evaporation tube (see Sect. 2). H2Po has an estimated

boiling point at atmospheric pressure of 37 �C [19, 20] and

therefore should have been easily transported to the NaOH

trap. Secondly, also in absence of H2 in the carrier gas, the

fast-released surface polonium was detected (see Online

Resource). This seems to exclude the possibility of H2Po as

the dominant vapor species. Formally, in absence of H2,

water vapor impurities could act as hydrogen donor to form

H2Po from PbPo, but this reaction is thermodynamically

unfavorable [21]. On the other hand, the presence of water

vapor in the carrier gas, even in trace amounts, has been

found to produce relatively volatile polonium species,

which were tentatively identified as polonium hydroxides

or oxyhydroxides [7]. Such species are plausible candidates

for the evaporated surface polonium molecules.

Conclusions

Evaporation experiments in Ar/5 %H2 and Ar revealed that

polonium in LBE samples existed in two forms. A small

Fig. 4 Henry constants of Po in LBE obtained from release data by

different analysis methods. Filled circles KPo(lbe,b) derived from

analysis assuming two forms of Po (see text). Open circles analysis

with assumption of only a single form of polonium. Solid line high-

temperature correlation
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fraction of polonium was located near the sample surface.

This surface polonium had a high volatility and was

quickly depleted during evaporation experiments. Surface

polonium was formed during exposure of LBE samples to

air at room temperature for several weeks. The majority of

polonium (about 99.99 %) however was located in the bulk

of the LBE samples and evaporated according to previ-

ously established high-temperature correlations.
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MEGAPIE-TEST project: supporting research and lessons

learned in first-of-a-kind spallation target technology. Nucl Eng

Des 238:1471–1495

2. Aı̈t Abderrahim H, Baeten P, De Bruyn D (2010) In: Proceedings

of technology and components of accelerator-driven systems

workshop, 15–17 March, 2010, Karlsruhe, Germany, pp 33–42

3. Obara T, Miura T, Sekimoto H (2005) Development of polonium

surface contamination measure in lead–bismuth eutectic coolant.

Prog Nucl Energ 47:577–585

4. Miura T, Obara T, Sekimoto H (2006) Investigation of polonium

decontamination from stainless steel surfaces using the baking

method. Nucl Technol 155:78–89

5. Obara T, Koga T, Miura T, Sekimoto H (2008) Polonium evap-

oration and adhesion experiments for the development of polo-

nium filter in lead-bismuth cooled reactors. Prog Nucl Energ

50:556–559

6. Rizzi M, Neuhausen J, Eichler R, Türler A, Melo Mendoça T,

Stora T, Gonzalez Prieto B, Aerts A, Schumann D (2014) Polo-

nium evaporation from dilute liquid metal solutions. J Nucl

Mater. doi: http://dx.doi.org/10.1016/j.jnucmat.2014.01.047

7. Maugeri EA, Neuhausen J, Eichler R, Piguet D, Mendonça TM,

Stora T, Schumann D (2013) Thermochromatography study of

volatile polonium species in various gas atmospheres. J Nucl

Mater. doi: http://dx.doi.org/10.1016/j.jnucmat.2013.11.024

8. Gonzalez Prieto B, Van den Bosch J, Martens JA, Neuhausen J,

Aerts A (2013) Equilibrium evaporation of trace polonium from

liquid lead–bismuth eutectic at high temperature. J Nucl Mater.

doi: http://dx.doi.org/10.1016/j.jnucmat.2013.06.037

9. Rijpstra K, Van Yperen-De Deyne A, Neuhausen J, Van Spe-

ybroeck V, Cottenier S (2013) Solution enthalpy of Po and Te in

solid lead-bismuth eutectic. J Nucl Mater. doi: http://dx.doi.org/

10.1016/j.jnucmat.2013.07.004

10. Buongiorno J, Larson C, Czerwinski K (2003) Speciation of

polonium released from molten lead bismuth. Radiochim Acta

91:153–158
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