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A B S T R A C T

Lead-Bismuth Eutectic (LBE) is used as a spallation neutron target and coolant material of Accelerator Driven
System (ADS), and many kinds of elements are produced as spallation products via spallation reactions in LBE of
ADS. It is important to evaluate the release and transport behavior of the spallation products in the LBE coolant
system of ADS from the viewpoints of the radiological hazard both in the cases of normal operation and accident.
The physicochemical configuration of the spallation products is essential to evaluate the release and transport
behavior because the physical and chemical properties such as solubility in LBE and volatility depend on the
configuration. The inventories and the physicochemical configuration of the spallation products produced in LBE
have been investigated for an LBE loop to be installed in the ADS Target Test Facility (TEF-T) in the Japan Proton
Accelerator Research Complex (J-PARC). The inventories of the spallation products in the LBE were estimated
using the PHITS code based on the technical design specifications and the operation program of TEF-T. The
physicochemical configuration of the spallation products in the LBE was calculated using the Thermo-Calc code
under the conditions of the operation temperatures of LBE from 350 °C to 500 °C and the oxygen concentrations
in LBE from 10 ppb to 10 ppm. From the results of the PHITS code evaluation, 18 elements were evaluated as the
important elements from the viewpoint of these large inventories and the radiation hazards of their radionuclide.
The results of the Thermo-Calc calculation showed the 8 elements of Rb, Tl, Tc, Os, Ir, Pt, Au and Hg were
soluble in LBE under the all given conditions and any kinds of compound were not formed in LBE. It was
suggested that the oxides of Ce, Sr, Zr and Y were stable as CeO2, SrO, ZrO2, Ce2O3 and Y2O3 in the LBE. The
validity of these results was discussed compared with the previous experimental and theoretical work.

1. Introduction

Lead-Bismuth Eutectic (LBE) (Oecd, 2015) is a candidate material as
a neutron generation target and a coolant in an Accelerator Driven
System (ADS) (Tsujimoto et al., 2004) proposed by Japan Atomic En-
ergy Agency (JAEA). In the LBE of ADS, a large amount of radioactive
materials is produced as spallation product (SP) via spallation reactions
between a proton beam and the LBE. As the results, the LBE is highly
activated due to the radioactive SPs. Therefore, most of the main-
tenance works for the LBE target and the coolant system have to be
carried out under the high radiation dose condition. In addition, it is
anticipated that a large amount of radioactive materials would be re-
leased from the system in the case of accident such as a coolant leakage.

From the above reason, it is important to evaluate the release and
transport behavior of the SPs in the LBE coolant system of ADS from the
viewpoints of the radiological hazard both in the cases of normal op-
eration and accident. Especially, the transport and deposition inside the
coolant circulation system and the evaporation from the coolant to the
cover gas are important effects for which the behavior of SPs needs to
be evaluated. The physicochemical configuration of the SPs is essential
to evaluate the release and transport behavior because the physical and
chemical properties such as the solubility in LBE and the volatility
depend on the configuration.
Quantitative estimation of inventories of SPs is one of important

aspects to understand the behavior of SPs in the LBE coolant system. In
the past, the MEGAwatt PIlot Experiment (MEGAPIE) project was
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conducted in the spallation source SINQ at the Paul Scherrer Institut in
2006. An LBE target was irradiated by 575-MeV protons, and samples
were taken from different positions in the target after the irradiation.
Radioactivity of several important nuclides in the samples, i.e., 36Cl,
60Co, 101Rh, 102Rh, 110mAg, 129I, 133Ba, 146Pm, 148Gd, 172Hf/Lu, 173Lu,
197Hg/Au, 207Bi, 208Po, 209Po and 210Po, were measured quantitatively,
and compared with theoretical estimations (Hammer et al., 2014;
Hammer et al., 2014; Hammer-Rotzler et al., 2015; Hammer-Rotzler
et al., 2015, 2016). The theoretical estimations reasonably agreed with
the measured values typically within a factor of 2. In these studies, it
was found that physicochemical configurations of SPs dominated dis-
tributions of these elements in the target system; distributed homo-
geneously in the LBE or accumulated on interfaces such as the surfaces
of the target container and the LBE/cover gas. These results suggested
that the physicochemical configuration of SPs as well as their inventory
in the LBE system was of importance to understand the behavior of the
SPs in the system.
Another experience of behavior of SPs was reported by the J-PARC’s

1-MW spallation neutron source for which mercury was used as a target
material (Kasugai et al., 2011; Kai et al., 2014). After a beam operation,
the mercury was drained into a drain tank. It was found that many SP
nuclides adhered on the inner surfaces of piping walls, but no ex-
planation about the mechanism was given in the references.
In this study, the kind of elements and the inventories of the SPs

produced in LBE were evaluated using the PHITS code for the LBE loop
to be installed in the ADS Target Test Facility (TEF-T) (Nuclear
Transmutation Division of J-PARC Center, 2017) in the Japan Proton
Accelerator Research Complex (J-PARC). The physicochemical config-
uration of the SPs in the LBE was calculated using the Thermo-Calc code
(Andersson et al., 2002) under the conditions of the operation tem-
peratures and the oxygen concentrations in LBE of the loop.

2. Estimation of inventories of spallation products in ADS

As a facility for evaluation, two candidates are conceivable; the
commercial ADS plant (Tsujimoto et al., 2004) proposed by JAEA in
Fig. 1 and TEF-T (Nuclear Transmutation Division of J-PARC Center,
2017) in Fig. 2. The former is a tank-type subcritical reactor involving
minor actinide fuel. It is driven by a high-power proton accelerator of
1.5 GeV proton energy and 30MW beam power, and 800MW thermal
power is generated by fission reactions. The latter, TEF-T, is a kind of
materials irradiation facility driven by a 0.4 GeV and 0.25MW proton

beam delivered by the J-PARC Linac. No nuclear fuel is loaded to TEF-
T. The LBE is used as a target and coolant material in both facilities. In
this study, we selected TEF-T as the facility for evaluation because of
the following reasons. Results of this study can be directly reflected in
designing, operating and maintaining TEF-T which precede the com-
mercial ADS plant, and this can contribute safety and efficient opera-
tion of TEF-T. In addition, the results can be validated experimentally
by taking experimental data on SP’s behavior in LBE after the starting of
TEF-T operation, and thus can contribute to the safe and efficient op-
eration of TEF-T. The beam power of the commercial ADS plant is about
two orders of magnitude higher than that of TEF-T while a total LBE
inventory of the commercial ADS plant is about 3.5 orders of magnitude
higher than that of TEF-T. As the concentration of SP in LBE is almost
proportional to a ratio of the beam power to the LBE inventory, the SP
concentration of TEF-T is about 1.5 orders of magnitude higher than
that of the commercial ADS plant. Table 1 shows the technical speci-
fications of two candidate facilities for evaluation.

2.1. Estimation method

The Particle and Heavy Ion Transport code System (PHITS) (Sato
et al., 2018) version 2.88 with the JENDL-4.0 (Shibata et al., 2011)
evaluated cross section library for neutron reaction cross section below
20MeV were employed for the particle transport and SP production
calculation. The DCHAIN-SP 2001 code (Kai, et al., 2001) was used for
calculation of decay and build-up of radioactive SPs. A schematic
drawing of TEF-T LBE target is shown in Fig. 3 and the following
conditions were assumed.

• LBE target: 150mm ϕ x 1000mm L
• LBE inventory: 3000 kg (total weight in the LBE circulation loop)
• proton beam energy: 400MeV
• proton beam power: 250 kW
• irradiation time: 5000 h (yearly operation time of TEF-T)
• cooling time: 0 h
The number of calculated SP nuclides was about 2000, and they

were summed up for each element.
The inventories of SP elements are functions of irradiation time and

cooling time because radioactive nuclides as well as stable nuclides are
included in the SP elements. For simplicity, the one-year irradiation
time and zero cooling time were assumed in this estimation. Looking at

Fig. 1. A commercial ADS design proposed by JAEA.
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the calculated results, most of the produced SPs are stable nuclides, and
the most of the rest are radioactive nuclides having long half-lives of
roughly longer than one year. Radioactive nuclides having short half-
lives of roughly shorter than one year are almost saturated at the end of

the irradiation, and their amounts are relatively small because the
produced nuclei disintegrate sequentially during the irradiation.
Therefore, the inventories of SP elements are almost independent from
the cooling time, and almost proportional to the irradiation time as
shown in Fig. 4. If the facility life is 30 years, inventories of SP elements
after the 30 years operation are approximately 30 times of this esti-
mation. In the case of mercury, for example, the fraction of radioactive
nuclides just after the irradiation and after 5-years cooling are 7.3% and
6.8%, respectively, where Hg-194 (half-life: 444 years) is the dominant
radioactive nuclide.
The calculated results significantly depend on physics models of

nuclear reactions built in the code. The Liège Intranuclear Cascade
Model version 4.6 (INCL4.6) for the intra-nuclear cascade process and
the Generalized Evaporation Model (GEM) for the evaporation process
were default physics models in PHITS. Although the combination of the
physics models well reproduced most of relevant experimental data, it
was reported (Iwamoto et al., 2017) that calculated SP production
yields especially for high-energy fission component were smaller than
the measured data for the 1-GeV 208Pb(p,x) reaction (Enqvist et al.,
2001). To overcome this problem, a combination of the Bertini model
for the intra-nuclear cascade process and the original GEM model which
was slightly different from the GEM model in PHITS for the evaporation
process were employed because as shown in Fig. 5 the combination best
agreed with the experimental data (Rodríguez-Sánchez et al., 2015;
Audouin et al., 2006) for the 0.5 GeV protons energy that is close to the
proton energy of TEF-T.

2.2. Results and discussion

Fig. 6 shows molar concentration of SP elements in the LBE. The
atomic numbers of polonium (84) and astatine (85) are larger than
those of lead (82) and bismuth (83). Polonium is mainly produced by
the 209Bi(p,xn)210−xPo reaction and the 209Bi(n,γ)210Bi reaction with
successive β-decay into 210Po. Astatine is produced by, e.g., the 209Bi
(α,xn)213−xAt reaction where the α-particle is produced by another
reaction and sequentially reacts with 209Bi. Although the four elements,
Pb, Bi, Po and At, and some others are not SP when strictly speaking, we
call all the elements produced in the LBE as SP in this paper. Two
elements of aluminum (13) and silicon (14) are missing in Fig. 6, but
small amounts of these elements are actually produced. Accordingly, all
the elements from the atomic number 1 through 85 are produced in
LBE.
The total amount of SPs is 857mol. The majority of the nuclides

produced by nuclear reactions correspond to the original elements (Pb
and Bi) and a total amount of SPs other than lead and bismuth is just
0.0445mol. A total number of protons impinged to the LBE target
during the operation is 0.117mol. So one proton produces about 7000
(=857/0.117) SPs, and a probability to produce SP elements other than

Fig. 2. LBE circulation loop of TEF-T.

Table 1
Technical specifications of two candidate facilities for evaluation.

Commercial ADS J-PARC TEF-T

Proton beam power 30MW 0.25MW
Proton beam energy 1.5 GeV 0.4 GeV
LBE inventory 10,000 tons 3 tons
Power/LBE inventory SP concentration 3 kW/ton 83 kW/ton

Fig. 3. Schematic drawing of TEF-T LBE target.

Fig. 4. Numbers of major elements during irradiation and cooling.
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lead and bismuth per proton is 38% (=0.0445/0.117). As for lead and
bismuth, most of nuclides are stable ones; e.g., in the case of bismuth,
an amount of stable nuclide (209Bi) is 474mol while that of radioactive
nuclides (208Bi, 207Bi, etc.) is just 0.019mol.
As shown in Fig. 6, the molar amount of lead and bismuth formed by

spallation is about 4 orders of magnitude larger than that of all the
other elements taken together. The SPs having atomic numbers between
65 and 81 are mainly produced by emission of light particles from
nuclei of lead and bismuth, and the molar concentrations for the ele-
ments close to lead and bismuth are high. The molar concentration of

mercury, 1.2 ppm, is the highest, and then thallium (0.53 ppm), gold
(0.17 ppm) and platinum (0.16 ppm) follow. Among all the elements
other than lead and bismuth, the molar concentration of mercury is the
highest and its fraction is 37%. Since mercury is volatile and its in-
ventory is large, it can be one of the most troublesome elements in the
LBE system. The molar concentration of polonium is 0.075 ppm. Polo-
nium also can be a troublesome element because of its relatively large
inventory and the α-emitting property. The SPs having atomic numbers
between 1 and 12 are the light particles emitted by the spallation re-
actions. The molar concentrations of hydrogen and helium are about

Fig. 5. Comparison of production cross section measured (Audouin et al., 2006; Enqvist et al., 2001; Rodríguez-Sánchez et al., 2015) and calculated with four
combinations of the physics models for the 0.5-GeV and 1-GeV 208Pb(p,x) reaction.

Fig. 6. Molar concentration of SP elements produced in the TEF-T’s LBE circulation loop after the 1-year operation.
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100 ppb, and those of other light particles such as lithium and beryllium
range in the ppt order. There is a broad peak which center is around the
atomic number of 40. These elements are mainly produced by high-
energy fission reactions of lead and bismuth. The molar concentrations
around the peak are several tens of ppb.
The elemental distribution shown in Fig. 6 is in the case of TEF-T

which is driven by the 400MeV proton beam. As the proton energy
increases over 1 GeV such as the case of the commercial ADS plant of
1.5 GeV, the valleys of the distribution around the atomic number of 15
and 65 gradually become shallower, and the distribution approaches to
a shape monotonously decreasing from atomic number 81 to 15.

3. Thermodynamic study of physicochemical configuration of
spallation products

3.1. Elements representative for spallation products

According to the evaluation results for the kind of elements and the
inventories of the SPs produced in the LBE loop in TEF-T described in
Section II, it was found that all kinds of elements from hydrogen (H) of
atomic number 1 to astatine (At) of atomic number 85th as SPs are
formed in the LBE. Therefore, one element was selected as re-
presentative for each group of the periodic table according to the
general similarities and trends in the chemical properties of the ele-
ments. As the result, 18 SP elements were selected for the thermo-
dynamic study of physicochemical configuration based on both of the
inventories and the empirical fact of hazardous SP radioactive elements
in foreign ADS facilities indicated in a LBE handbook (Oecd, 2015). The
molar concentration of each SP element in the LBE was calculated based
on the inventories of the SP elements and the coolant LBE. These results
are shown in Table 2.
Hydrogen is important SP element. However, hydrogen is injected

intentionally into the LBE coolant system to suppress the oxidation of
structure and also may diffuse from a water-steam system through the
heat transfer tubes of steam generator into the LBE coolant system in a
future commercial ADS according to the experiences of the water-steam
system in sodium cooled fast reactors (Roy and Rodgers, 1978;
Carminati et al., 1988; Kishore et al., 2013). Therefore, hydrogen is
excluded from the representative SP elements in this study because the
inventory of hydrogen in the LBE could not be calculated under the
present conditions.

3.2. Physicochemical configuration of spallation products in LBE loop of
TEF-T

The physicochemical configuration of the representative 18 SP
elements selected in the previous subsection were calculated using the
Thermo-Calc code (Andersson et al., 2002). The thermodynamics da-
tabase used in this calculation were both of SSOL5 and SSUB5. In the
calculation, the LBE temperature and the oxygen concentration in the
LBE were changed as a parameter from 350 °C to 500 °C and from
10 ppb to 10 ppm respectively according to the LBE loop operating
conditions of TEF-T (Nuclear Transmutation Division of J-PARC Center,
2017). The calculation conditions are shown in Table 3.
Single point equilibrium calculations were performed basically with

four elements which were Pb, Bi, O and a SP to converge the calcula-
tion. However, when the SPs formed a compound with each other as
described in below, the calculations were performed with five or six
elements as well. Five compounds, SrZrO3, SrMoO4, Zr2Y2O7, RbI and
SrI2 were included in the present calculation results. To confirm what
kind of compounds were possible to be formed between SPs, single
point equilibrium calculations for each 153 combinations
(= 18!/(16!2!)) among 18 SPs were performed and the five compounds
have a possibility to form compounds. The calculation results are shown
in Tables 4 and 5. In these tables, the limited results of physicochemical
state of SP elements under the given condition of oxygen concentration
in the LBE are presented because of negligibly small temperature de-
pendence of interaction parameters.
All results strongly depend on the adequacy of interaction para-

meters in the database and a limitation existed in the present results.
Solution model in Thermo-Calc was regular solution if excess Gibbs
energy Gexess caused by mixing of elements for each equilibrium cal-
culation was included in the database, or ideal solution ifGexess was not.
Excess Gibbs energy for binary system was defined as follows in the
database;

= x xG i j i j
exess

,

where xi and xj are mole fraction of each elements and i j, is interaction
parameter in which the scalar is generally smaller than that of elements.
Thus, excess Gibbs energy should be negligible if mole fraction of solute
elements was small, as the result, ideal solution might be enough to
simulate regular solution model. The elements dissolved in liquid phase
were relatively reliable since regular and ideal solution models were
expected to be close. On the other hand, it is difficult to estimate the
oxides solution caused by lack of interaction parameters for the liquid
oxide phases in used database. To clarify the solubility of compounds in
LBE, carefully evaluated thermodynamic parameters such as activity is
required.
The summery of calculation results are discussed in the followings

compared with the previous experimental and theoretical work.

1) 8 elements of Rb, Tl, Tc, Os, Ir, Pt, Au, Hg do not form their com-
pounds and these dissolve in a liquid phase of LBE under the all
conditions. Hammer et al. reported the quantitative analysis results
of 194Hg/Au within the irradiated MEGAPIE target, and the results
show these nuclides distributed homogeneously in the target

Table 2
Representative SP elements.

No. Group Element Molar Conc.
(ppb)

1 Alkali metals Rb (rubidium) 17.7
2 Alkaline earth metals Sr (strontium) 36.5
3 Boron group Tl (thallium) 535
4 Carbon group Sn (tin) 24.8
5 Pnictogen Sb (antimony) 3.81
6 Chalcogen Po (polonium) 75.3
7 Halogen I (iodine) 1.77
8 d-block element (scandium group) Y (yttrium) 16.8
9 d-block element (titanium group) Zr (zirconium) 62.1
10 d-block element (vanadium group) Nb (niobium) 11.9
11 d-block element (chromic group) Mo (molybdenum) 57.7
12 d-block element (manganese

group)
Tc (technetium) 18.5

13 d-block element (iron group) Os (osmium) 68.7
14 d-block element (cobalt group) Ir (iridium) 36.8
15 d-block element (nickel group) Pt (platinum) 160
16 d-block element (copper group) Au (gold) 175
17 d-block element (zinc group) Hg (mercury) 1160
18 Lanthanoid Ce (cerium) 0.389

Table 3
Calculation conditions of Themo-Calc.

Item Conditions

Total inventory of LBE 3000 kg (14400mol)
Fraction of Bismuth in LBE 56.3 at%
Fraction of Lead in LBE 43.7 at%
SP concentration in LBE Table 2 (after 5000 h irradiation)
Oxygen concentration in LBE 10 at ppb, 100 at ppb, 1 at ppm, 10 at ppm
Temperature of LBE 300 °C, 350 °C, 400 °C, 450 °C, 500 °C
Pressure of LBE 105 bar
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because they are highly soluble in LBE and not sensitive to oxidation
(Hammer et al., 2014). Therefore, it could be concluded that the
calculation for the elements of Au and Hg in this study shows the
reasonable results compared with the experimental results of
MEGAPIE.

2) 6 elements of Sr, Sn, Y, Zr, Nb, Mo form their oxides in LBE ac-
cording to oxygen concentration and the remains dissolve in LBE.
Although the experimental results about the physicochemical con-
figuration of these elements are not available in the past studies,
Hammer et al. reported the inhomogeneous distribution of 133Ba,
which is a homologous element of Sr in the group of alkaline earth
metals, in the MEGAPIE target due to the strongly electropositive
metal (Hammer-Rotzler et al., 2016). This means the element has
tendency to produce the oxide reacting with the impurity of oxygen
in LBE.

3) Po separates from LBE under the all conditions and exists as a liquid
phase. This result would be attributed to the lack of thermodynamic
data of Po in SSOL5 and SSUB5 because it is reported in the LBE
handbook (Oecd, 2015) that PbPo is a dominant configuration of Po
in LBE. This is supported by Rijpstra et al. that they suggested Po
will react with LBE to form rocksalt PbPo from the calculated so-
lution enthalpies for Po in LBE (Rijpstra et al., 2014). In addition,
Hammer et al. also indicated that Po is homogeneously distributed
in the MEGAPIE target (Hammer et al., 2014).

4) I forms a compound of PbI2 with Pb in LBE under the all conditions.
Hammer et al. reported the radiochemical determination results of
129I and 36Cl in the MEGAPIE target which indicated the major part
of these nuclides was found accumulated on the interfaces, parti-
cularly at the interface of LBE and the steel walls of the target
container, while bulk LBE samples contain only a minor fraction of
these nuclides (Hammer-Rotzler et al., 2015). They also suggested
that the distribution of these nuclides is attributed to the reaction
with the matrix material of not only LBE but also oxygen, corrosion
and spallation products in LBE, and the final reaction product will
not be a simple single phase solid as PbX2 (X=Cl, I), but rather a
complex phase or even multi-phase mixture such as PbBiClO2 or
PbBiIO2. Therefore, it is necessary to study the physicochemical
configuration of I in LBE more precisely by preparing the thermo-
chemical database of the complex phase or the multi-phase mixture.

5) Sb and Ce form oxides of Sb2O3 and CeO2 in LBE under the all
conditions. Although the experimental results about the physico-
chemical configuration of these elements are not available in the
past studies, Hammer et al. reported the inhomogeneous

distribution of 173Lu, 148Gd and 146Pm, which are homologous ele-
ments of Ce in the group of lanthanides, in the MEGAPIE target
where these nuclides are accumulated in thin surface layers on both
the LBE and the steel part that represent the contact surface of LBE
and steel (Hammer et al., 2014; Hammer-Rotzler et al., 2015). They
concluded that the lanthanides have a very high affinity to oxygen
and thus, the lanthanides react with oxygen impurities in LBE and/
or with oxygen in the protective oxide layers of the steels. Therefore,
it could be concluded that the calculation for the element of Ce in
this study shows the reasonable results compared with the experi-
mental results of MEGAPIE.

6) Mo forms Pb-Mo double oxide of PbMoO4 with Pb in LBE when
oxygen concentration increases in LBE.

7) the mixture of Sr, Zr, Mo in LBE forms Sr-Zr double oxide of SrZrO3
under the oxygen concentration less than 100 ppb, and double
oxides of SrMoO4 and PbMoO4 in addition to ZrO2 under the oxygen
concentration more than 1 ppm.

8) the mixture of Sr, I, Rb in LBE forms SrI2 and SrO under the oxygen
concentration less than 100 ppb, and RbI and SrO under the oxygen
concentration more than 1 ppm.

9) the mixture of Sr, Zr, Y in LBE forms Y2O3 under the oxygen con-
centration of 10 ppb and the remains dissolve in LBE. Under the
oxygen concentration of 100 ppb, all of Y forms Y2O3, and Sr and Zr
form Sr-Zr double oxide of SrZrO3 and the remains dissolve in LBE.
Under the oxygen concentration more than 1 ppm, the mixture
forms double oxide of Zr2Y2O7 and SrZrO3 in addition to ZrO2.

The above results described from 6) to 9) are suggestive to produce
many kinds of oxide and/or double oxide depending on the oxygen
concentration in LBE. However, it is impossible to make sure the va-
lidity of these results because the related experimental results are not
available at the present stage. Therefore, it is necessary to conduct the
experimental study on the possibility of many kinds of oxide and/or
double oxide production depending on the oxygen concentration in
LBE.

3.3. Effects of corrosion products from structure material on SP oxides

From the results of thermodynamic calculation using the Thermo-
Calc code described in Section III.2, it was found that a lot of SP oxides
could exist in the LBE loop in TEF-T according to the oxygen con-
centration. Moreover, there are oxides such as Fe3O4, Cr2O3 and NiO on
the inner surface of the stainless steel (Stainless Steel Type-316L) which

Table 4
Estimated physicochemical state of SPs in LBE.

No. Element Oxygen concentration in LBE

10 at ppb 100 at ppb 1 at ppm 10 at ppm

1 Rb (rubidium) No compounds and dissolves in LBE
2 Sr (strontium) SrO, remaining

Sr dissolves in LBE
SrO SrO SrO

3 Tl (thallium) No compounds and dissolves in LBE
4 Sn (tin) SnO2, remaining Sn dissolves in LBE SnO2 SnO2 SnO2
5 Sb (antimony) Sb2O3 Sb2O3 Sb2O3 Sb2O3
6 Po (polonium) exists as a liquid phase separating from LBE*
7 I (iodine) PbI2 PbI2 PbI2 PbI2
8 Y (yttrium) Y2O3, remaining Y dissolves in LBE Y2O3 Y2O3 Y2O3
9 Zr (zirconium) ZrO2, remaining Zr dissolves in LBE ZrO2, remaining Zr dissolves in LBE ZrO2 ZrO2
10 Nb (niobium) Nb2O5, remaining Nb dissolves in LBE Nb2O5 Nb2O5 Nb2O5
11 Mo (molybdenum) MoO2, remaining Mo dissolves in LBE MoO2, remaining Mo dissolves in LBE PbMoO4 PbMoO4
12 Tc (technetium) No compounds and dissolves in LBE
13 Os (osmium) No compounds and dissolves in LBE
14 Ir (iridium) No compounds and dissolves in LBE
15 Pt (platinum) No compounds and dissolves in LBE
16 Au (gold) No compounds and dissolves in LBE
17 Hg (mercury) No compounds and dissolves in LBE
18 Ce (cerium). CeO2 CeO2 CeO2 CeO2
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is one of structure materials of the LBE loop of TEF-T to suppress the
corrosion by the LBE, and it is assumed that a part of these oxides
transferred into the LBE by detachment and dissolution. Therefore, to
study the production priority of these oxides of SPs and the structure
materials, the equilibrium partial pressure of oxygen which can be
obtained from the change in Gibbs energy ΔG of the SP oxides was
compared with that of the structure material oxides. About the calcu-
lation method of the equilibrium oxygen partial pressure, the example
is shown below in the case of the formation of PbO.

+Pb O PbO1
2 2

= =K G
RT

a
a p

exp oxide

pb O
1/2

2

=P a
KaO

oxide

Pb

2

2

Here, K is an equilibrium constant, a is an activity, ΔG is a change in
Gibbs energy, PO2 is a partial pressure of oxygen. In the calculation, the
following assumptions were taken into account;

• the activity of oxide is 1 because they are assumed to be presented in
LBE as solid particle ( =a 1oxide ),
• the activities of the SP oxides are equal to the concentration in LBE
because SP elements will dissolve in LBE ( =a xSP SP) and react with
oxygen to form solid oxides,
• the activity of the Pb is 0.32 and that of Bi is 0.49 for liquid Pb-Bi
binary system (Hultgren et al., 1973);
• the composition of stainless steel type-316L is simulated as Fe-17Cr-
14Ni and the activities of each element are obtained as Fe: 0.71, Cr:
0.26, Ni: 0.073 from the calculation results of Thermo-Calc at 873 K
(600 °C) ,
• the change in Gibbs energy ΔG of oxide are calculated using SSUB5
database in Thermo-Calc.

The calculation results are shown in Fig. 7. In this figure, the oxide
which indicates a lower equilibrium oxygen partial pressure is easier to
be formed and is stable in the LBE. Therefore, it is found that Fe3O4,
Cr2O3 and NiO which are the oxides of the stainless steel alloying ele-
ments are easier to be formed than PbO and Bi2O3 which are the oxides
of LBE. In addition, it is also found that Cr2O3 which is the oxide of the
chromium is the easiest to be formed and the most stable in the LBE
among the oxides of the stainless steel alloying elements. This result
reveals the consistency with the experimental and theoretical results
concerning the oxidation mechanism in steel corrosion by LBE (Mueller
et al., 2000; Zhang and Li, 2005). Therefore, it is concluded that Cr2O3
formed on the inner surface of the stainless steel acts as a corrosion
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Fig.7. Equilibrium oxygen partial pressure of oxides.
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resistant by the LBE effectively. On the other hand, SP oxides of
PbMoO4 which is a double oxide of Pb and Mo, and SnO2, Nb2O5, CeO2,
SrO, ZrO2, Ce2O3, Y2O3 are easy to be formed and to be stable than PbO
and Bi2O3. However, the stable oxides are limited to five kinds of oxide
of CeO2, SrO, ZrO2, Ce2O3, Y2O3 when the oxide of the SP element
compared with the most stable oxide of the stainless steel alloying
elements, Cr2O3.

4. Summary and conclusion

The inventories and the physicochemical configuration of the spal-
lation products produced in LBE have been investigated for an LBE loop
to be installed in TEF-T.
The inventories of the spallation products in the LBE were estimated

using the PHITS code based on the technical design specifications and
the operation program of TEF-T. From the results of the PHITS code
evaluation, it was found that all the elements from the atomic number 1
through 85 were produced in the LBE. The total amount of SPs other
than lead and bismuth after the 1-year operation was 0.0445mol that
corresponded to 1.6% of the number of protons impinged into the LBE
target. The molar concentration of SP elements other than lead and
bismuth in the LBE loop was 3.1 ppm. Mercury was the most abundant
as 1.2 ppm, and the molar concentration of the rest of elements were in
the orders of ppb and ppt. The molar concentration of the hazardous
element, polonium, was 0.075 ppm. Among all the elements produced,
18 elements were evaluated as the important elements from the view-
point of these large inventories and the radiation hazards of their
radionuclide.
The physicochemical configuration of the 18 SP elements in the LBE

was calculated using the Thermo-Calc code under the conditions of the
operation temperatures of LBE loop from 350 °C to 500 °C and the
oxygen concentrations in LBE from 10 ppb to 10 ppm. The calculation
results showed the 8 elements of Rb, Tl, Tc, Os, Ir, Pt, Au and Hg were
soluble in LBE under the all given conditions and any kinds of com-
pound were not formed in LBE. Among these elements, the calculation
for the elements of Au and Hg showed the reasonable results compared
with the experimental results of MEGAPIE by Hammer et al. (Hammer
et al., 2014). On the other hand, the 8 elements of Sr, Sn, Sb, Y, Zr, Nb,
Mo and Ce form their oxides in LBE according to oxygen concentration.
Iodine reacts with Pb and forms PbI2 under the almost given conditions,
but it reacted with Rb and Sr to form either RbI and SrI2 under the
mixture condition. Although the calculation results showed that Po
separates from LBE under the all conditions and exists as a liquid phase,
it would be attributed to the lack of thermodynamic data of Po in
SSUB5 because it was reported in the LBE handbook (Oecd, 2015) that
PbPo was a dominant configuration of Po in LBE. The results of theo-
retical work by Kim Rijpstra et al. (Rijpstra et al., 2014) and experi-
mental work by Hammer et al. (Hammer et al., 2014) also supported
this evidence about the configuration of Po in LBE. Under the mixture
condition of Sr, Zr, Mo and Y in LBE, the formation of some double
oxides such as SrZrO3, PbMoO4, SrMoO4 and Zr2Y2O7 was suggested. In
all cases, it could not be found the effect of LBE temperature on the
physicochemical state of the spallation product elements. Under the
condition of the coexistence of the stainless steel oxides such as Fe3O4,
Cr2O3 and NiO with the SP elements in LBE, it was suggested that the
oxides of Ce, Sr, Zr and Y were more stable as CeO2, SrO, ZrO2, Ce2O3
and Y2O3 compared with the most stable oxide of the stainless steel
component Cr2O3. This result reveals the consistency with the experi-
mental results by Mueller et al. (Mueller et al., 2000) and theoretical
results by Zhang and Li (Zhang and Li, 2005) concerning the oxidation
mechanism in steel corrosion by LBE.
In this study, it could be obtained the information about the phy-

sicochemical configuration of SP elements in LBE under the typical ADS
operation condition. It will be important to investigate the

physicochemical properties such as the melting point, the vapor pres-
sure and the solubility in LBE of the obtained configuration of SP ele-
ments to develop the safety evaluation method for the radiological
hazard both in the cases of normal operation and accident.
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