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The fabrication of lithium orthosilicate pebbles by melt-spraying enables a facile reprocessing of irradi-
ated material by direct remelting. However, the necessary waiting period for the reprocessing is
determined by the long-term activation of the material under irradiation that is dominated by the impu-
rities. The activation characteristics for the current composition of lithium orthosilicate pebbles were
assessed on the basis of three-dimensional activation calculations for a fusion power reactor. The calcu-
lations were used to identify critical amounts of impurities and were compared to the results of a hypo-
thetical, pure material without impurities, as well as to a calculated Li-6 enriched OSi composition.
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1. Introduction

Slightly hyperstoichiometric lithium orthosilicate (OSi) is one of
two lithiated ceramics that have been chosen as possible tritium
breeders for the European Helium Cooled Pebble Bed (HCPB) blan-
ket [1]. For the application of these breeder materials in future fu-
sion technology, the recycling is an important issue due to the high
costs of Li-6-enriched materials as well as waste considerations.
For lithium orthosilicate (Li4SiO4) pebbles, fabricated by a melt-
spraying process, the direct remelting without any additional
wet-chemical recycling step has been proposed as a facile repro-
cessing process [2]. However, the amount of impurities in solid
breeders dominates the activation under neutron irradiation and
also determines the necessary waiting period for the reprocessing.
In previous activation calculations for OSi pebbles Co- and Al-
impurities were identified as dominant for the long-term activa-
tion [3]. According to these calculations, a waiting period of 50–
100 years should be sufficient for hands-on recycling of lithium
orthosilicate pebbles.

In the melt-spraying process for OSi pebbles the Pt-crucible is
supposed to be the only source of contamination. Therefore, the
amount of impurities of the final product, besides Pt, only depends
on the impurities of the raw materials. Currently LiOH � H2O and
SiO2 are used as raw materials for the fabrication of OSi pebbles
[4]. Thereby the impurities could be reduced compared to formerly
produced pebbles, so that a decreased waiting period for recycling
was expected for the new material. Taking into account that cera-
mic breeder materials have to be enriched in Li-6 to ensure a suf-
ficient tritium yield in a fusion reactor, other raw materials were
investigated to further decrease the impurities of Li4SiO4 pebbles.
ll rights reserved.
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In the present study the activation characteristics for different
OSi compositions were assessed to identify critical amounts of
impurities.
2. Experimental

2.1. Materials and methods

The impurities of the current OSi pebbles with an excess of
2.5 wt% SiO2 were measured by ICP-OES (inductively coupled
plasma – optical emission spectrometry) after digestion in acids.
The calibration solutions matched the sample solutions concerning
acid and main compound concentration. The values given in Table
1 either represent conservatively estimated maximum values of
different batches produced in the recent past, or the determination
limits of chemical analysis. With the exception of Pt, all impurities
were converted to stable oxides, and normalised Li, Si and O con-
tents were then calculated according to the theoretical values, be-
cause the Li/Si ratio of the pebbles is slightly varying from batch to
batch [2].

While a variety of SiO2 powders and natural enriched Li-con-
taining raw materials with different grades of purity are commer-
cially obtainable, the availability of Li-6-enriched components is
rather limited. The only Li-6 component available was metallic
lithium with an enrichment of 95.4% (Cambridge Isotope Laborato-
ries, USA, delivered by Euriso-Top, France). As a presumably very
pure SiO2 powder Aeroperl 300 Pharma (Degussa, Germany) was
chosen, a granulated Aerosil powder for pharmaceutical applica-
tions. The chemical analyses of these materials exhibit very low
impurities of Al and Co, but partly quite high contents of alkali
and earth alkali elements (Table 2). Based on these analyses, a
composition of Li-6 OSi was calculated (Table 1). The impurities
were calculated according to amounts of raw materials necessary
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Table 1
Composition of different lithium orthosilicate materials used for the calculation of activation.

Element Pure OSi (hypothetical composition)
(wt%)

OSi Pebbles (impurities from chemical
analysis) (wt%)

Li-6 OSi (calculated from Li-6 and SiO2)
(wt%)

Former OSi (from [3])
(wt%)

Li 22.587 22.4985 22.493623 22.345
Si 24.017 23.9231 23.917848 24.179
O 53.396 53.4585 53.451869 53.302
C – 0.1000 0.100000a 0.113
Al – 0.0030 0.000312 0.006
Ba – 0.0001 0.000016 n.a.
Ca – 0.0020 0.004825 0.0037
Co – <0.0001 0.000074 0.0004
Cr – <0.0001 0.000097 0.003
Cu – <0.0001 0.000467 0.0003
Fe – 0.0004 0.005034 0.0106
K – 0.0010 0.006924 0.0041
Mg – 0.0002 0.001760 0.0020
Mn – <0.00002 0.000016 0.00025
Na – 0.0020 0.005750 0.0020
Ni – <0.0002 0.000148 0.001
Pt – 0.0090 0.009000a n.a.
Sr – 0.000025 0.000030 n.a.
Ti – 0.0004 0.001758 0.0206
Zn – 0.0002 0.000372 0.0006
Zr – 0.0010 0.000074 0.0066

Determination limits (double detection limits) are indicated by ‘<’.
a Values of OSi pebbles are used.

Table 2
Chemical analysis of the impurities of Li-6 metal and SiO2.

Element Li-6 metal (95.4% 6Li) (lg/g) SiO2 (Aeroperl 300 Pharma) (lg/g)

C n.a. 90
Al <7 <3
Ba <0.5 <0.1
Ca 107 47
Co <1 <1
Cr <2 <1
Cu 18.4 <1
Fe 4.5 96
K 302 <2
Mg 64 6.3
Mn <0.5 <0.1
Na 205 22
Ni <2 <2
Pt <5 <5
Sr 1 0.15
Ti <0.5 34
Zn 14 <1
Zr <1 <1

Determination limits are indicated by ‘<’.

Fig. 1. Contact dose rate versus time after shutdown of pure OSi without
impurities, and the main contributors Al-28, Na-24, Be-7, and Al-26 (from top to
bottom).

1072 R. Knitter et al. / Journal of Nuclear Materials 386–388 (2009) 1071–1073
to form hyperstoichiometric Li4SiO4, while for C and Pt the actual
values detected for OSi pebbles were used. (C-impurities are
mainly due to the absorption of CO2 after fabrication, Pt is mainly
caused by the crucible.) The main constituents were calculated as
in case of the OSi pebbles.

2.2. Calculations of activation

The activation of different OSi materials was calculated for a
thin front layer in the central outboard blanket module of a fusion
power reactor based on the HCPB blanket concept, i.e. the material
was considered to be subjected to the highest radiation level. The
assumed fusion power amounts to 3300 MW. The neutron spec-
trum was calculated by a 3D Monte Carlo calculation with the
MCNP5 code [5] in a 175 energy group structure. The total flux cal-
culated by MCNP is at 8.86 � 1014 n/s cm2. The activation calcula-
tions were performed with the FISPACT inventory code [6] using
EAF-2007 activation data [7] and the neutron flux spectrum pro-
vided by the MCNP calculation. It was assumed that 1 kg Li4SiO4

as pebble bed with a bulk density of 1.51 g/cm3 is irradiated over
one full power year (1 fpy). A natural isotope composition was
assumed for lithium, because the contribution to the dose rate is
almost independent of the isotope composition. The contact dose
rate (CDR) depending on the time after shutdown was assessed
for a hypothetical, pure OSi without impurities, for the current
OSi pebble composition, as well as for the calculated composition
of Li-6 OSi. For better comparison, the activation of former OSi
pebbles with the composition given in [3] was recalculated for
the irradiation conditions mentioned above.

3. Results and discussion

During neutron irradiation of Li4SiO4 not only the transmuta-
tion of Li to T and He takes place, but other isotopes are formed
as well. Fig. 1 displays the CDR versus time after shutdown for pure
OSi, which mainly results from the production of Al-28, Na-24, Be-



Fig. 2. Contact dose rate versus time after shutdown of current OSi pebbles, and the
main contributors Al-28, Na-24, Co-60, Pt-193, and Al-26 (from top to bottom).

Fig. 3. Comparison of contact dose rates of former and current OSi pebbles, of Li-6
OSi, and of pure OSi.
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7, and Al-26. Due to the activity of Be-7, the recycling limit for re-
mote handling (10 mSv/h) and the hands-on limit (10 lSv/h) are
reached after <1 and <4 years, respectively.

For the current OSi pebbles these limits are achieved after sig-
nificantly longer times (Fig. 2). While there is no considerable dif-
ference in the activation during the first day (�3 � 10�3 years), the
activation for up to 50 years is dominated by Co-60 originating
from the assumed 1 lg/g Co-59 in the OSi pebbles, which is the
determination limit in the current chemical analysis. The recycling
limit is therefore only reached after nearly 40 years. After this time
the CDR is dominated by Pt-193 that is responsible for reaching the
hands-on limit after almost 400 years.

In Fig. 3 the CDR of pure OSi and OSi pebbles are compared to
the results gained for Li-6 OSi and the recalculated former OSi peb-
bles. In the time up to 1 day the activation is dominated by Na-24.
As the matrix effect of Na-24 is about 58%, due to the activation of
Si-28, and only 42% of its activation is caused by Na-impurities, the
higher Na-content in Li-6 OSi has no considerable influence on
the total CDR. Additionally, Na-24 originates from Al-27, so that
the lower Al-content in Li-6 OSi somewhat compensates the effect
of the higher amount of Na-impurities. The slightly lower Co-con-
tent in Li-6 OSi also has no significant effect on the CDR, and the
waiting period for remote handling is barely changed compared
to the current OSi pebbles. The hands-on limit is also reached after
the same time, as the same Pt-content was assumed for Li-6 OSi.
The activity of Al-26, dominant at very long times, depends besides
the matrix effect also on the Al-content in the material. The CDR of
Li-6 OSi at times >103 years is therefore smaller than in case of the
current OSi pebbles, but both are well below the hands-on limit.
The CDR of the former OSi material recalculated from [3] displays
a different behaviour. Because of the higher Co-content of 4 lg/g,
the limit for remote recycling is only reached after about 50 years.
The most significant difference, however, is due to the fact that Pt-
impurities were not considered in the former composition. This is
why the limit for hands-on recycling is apparently reached after
shorter times of 100 years. The higher amount of Al-impurities
leads in this case to a notably higher activation at times >200 years
that is yet below the hands-on limit.

4. Conclusions

The contact dose rates of different Li4SiO4 materials were as-
sessed for the highest radiation level in a fusion power reactor
for 1 fpy. The activation of OSi is strongly influenced by impurities.
Compared to former OSi pebbles, the reduced amount of Co in the
current OSi pebbles leads to a decrease of the waiting period for re-
mote recycling from 50 to less than 40 years. It has to be empha-
sized, however, that 1 lg/g Co is the determination limit in the
current chemical analysis by ICP-OES. That also means that no
definitive statement can be made for the waiting period for remote
recycling, and the current limit of detection may lead to an over-
prediction of activity [8]. The reduced Al-content results in a lower
activation at times >103 years, but as for both materials the value is
below the hands-on limit, no significant improvement for the recy-
cling is accomplished. The activation of the calculated Li-6 en-
riched OSi exhibits no relevant differences to the current OSi
pebbles.

The most significant result of the present study is the activation
of OSi by – formerly neglected – Pt-impurities. It was shown that
due to these impurities the waiting period for hands-on recycling
is considerably increased from about 100 to almost 400 years.
The study reveals that the activation of breeder materials is very
sensitive to the smallest amounts of impurities. For reliable state-
ments on the waiting period for recycling, the impurities of the raw
materials, and all possible contaminations by processing or han-
dling have very carefully to be considered.
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