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A fundamental research program on fission product (FP) chemistry has been
conducted since 2012 in order to establish a FP chemistry database in LWR under severe
accidents and to improve FP chemical models based on the database. Research outputs are
reflected as fundamental knowledge to both the R&D of decommissioning of Fukushima
Daiichi Nuclear Power Station (1F) and enhancement of LWR safety. Four research items
have thus been established considering the specific issues of 1F and the priority in the
source term research area, as follows: effects of boron (B) release kinetics and
thermal-hydraulic conditions on FP behavior, cesium (Cs) chemisorption and reactions with
structural materials, enlargement of a thermodynamic and thermophysical properties
database for FP compounds and development of experimental and analytical techniques for
the reproduction of FP behavior and for direct measurement methods of chemical form of
FP compounds. In this report, the research results and progress for the year 2015 are
described. The main accomplishment was the installation of a reproductive test facility for
FP release and transport behavior. Moreover, basic knowledge about the Cs chemisorption
behavior was also obtained. In addition to the four research items, a further research item
is being considered for deeper interpretation of FP behavior by the analysis of samples
outside of the 1F units.
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1. Introduction

A fundamental research program on fission product (FP) chemistry has been conducted
in Japan Atomic Energy Agency (JAEA) since 2012V, The research aims at contributing to
both the R&D for decommissioning of Fukushima Daiichi Nuclear Power Station (1F) and
the enhancement of LWR safety, by providing basic knowledges of the FP chemistry. FP
chemistry has a critical impact on FP release and transport, whose evaluation is a basis for
the improved source term assessment under a LWR severe accident (SA). FP chemistry has
been recognized worldwide as an important issue for FP related research, and the
significance of FP chemistry has also been shown by our comprehensive literature review?.
Our review with consideration on the 1F specific conditions has also resulted in adding
chemical effects of BWR control rod materials Boron (B) as an important issuel-?. Thus, the
objective of our research is to improve FP chemical models and development of a FP
chemistry database for each stage of LWR, i.e. fuel, Reactor Pressure Vessel (RPV), Reactor
Cooling System (RCS), Primary Containment Vessel (PCV), Reactor Building (R/B), under
a SA mainly based on the experimentally obtained results. Four research items have thus

been determined as follows:

(1) Evaluation of effects of B release kinetics and thermal-hydraulic conditions on FP
chemical behavior

(2) Clarification of cesium (Cs) chemisorption and reaction behaviors on structural
materials at relatively high temperatures such as upper head of RPV

(3) Enlargement of a database on thermodynamic and thermophysical properties of FP
compounds formed within a reactor

(4) Development of experimental and analytical techniques for reproduction tests of FP
release and transport and of direct measurement methods for chemical form of FP

compounds.

The breakdown structure of the research, the research organization and mid-term
research plan are shown in Table 1, Fig. 1 and Fig. 2, respectively. They are decided in
order to meet the milestones for both the 1F decommissioning R&D and LWR safety
enhancement. Main framework of the fundamental research on FP chemistry is shown in
Fig. 3. Reproductive tests by the TeRRa facility (Test bench for FP Release and tRansport),
whose details are described in 2.4.1, and chemical reaction kinetic analysis of TeRRa test
results are centered in developing the database and improved models for FP chemistry. In
addition, separate effect tests such as Cs chemisorption and B release kinetics are also
performed for detailed mechanistic analysis of the fundamental phenomena. The models
and database obtained will then be finally validated by hot tests using a real irradiated fuel
sample. This will certify the use of models and database in SA analysis codes and will

provide fundamental information for the 1F decommissioning R&D.
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This report describes results and progress of the fundamental research on FP chemistry
for the year 2015, following the last progress report?. Besides, the plan for a new research
item focused on the analysis of samples outside 1F units is also described. This will be used
to infer FP chemical behavior inside 1F. Such backward-type analysis could also be useful
for the enhancement of in-reactor SA progression evaluation, on the conditions that they
will be appropriately combined with the forward-type analysis results obtained by SA

codes.

2.  Research results and progress in 2015

2.1 Evaluation of effects of boron release kinetics and thermal-hydraulic conditions on FP

chemistry

The 1F-SA has recalled the importance of chemical effects of B4+C control blade material
in BWR and of the atmosphere during a SA on FP chemistry. Relatively less knowledge has
been obtained so far for the chemical effects of B4C control blade material compared with
those of the Silver (Ag)-Indium (In)-Cadmium (Cd) used in the control rod of PWR. Indeed
B species could be released under a BWR SA from a mixed melts consisted of the control
blade materials, B4C-stainless steel (SS)-Zircaloy (Zry). However the knowledge on the B
release behavior from the mixed melts is only qualitative4. Previous thermodynamic
studies have shown that the presence of B can have a significant impact on the chemistry of
Cs and Iodine (I) by forming a stable compound, CsBOz2%. In addition, the representative
FP release and transport experiment Phebus-FPT3, which incorporated a B4C control rod
in the experimental system®, has given rise to some enigmatic results such as enlarged gas
I fraction in the PCV. These results are believed to be due to the existence of B4+C control
rod under certain atmospheres. In order to comprehensively understand the effects of B4C
and atmosphere on FP chemistry, we perform a fundamental study for the effects of B
release kinetics and thermal-hydraulic conditions on FP chemistry. The obtained data and
knowledge by the experiments were then analyzed considering chemical reaction kinetics

as described in section 2.4.2 to construct the FP chemistry database.

2.1.1 FP chemical behavior from RPV to RCS regions
The FP chemical behavior from RPV to RCS regions was investigated by both
experimental and analytical means to evaluate the effects of B release kinetics and

atmosphere.

(1) Effects of B release kinetics on the Cs and I vapor species?
Effects of B release kinetics on the Cs and I vapor species were investigated by a

combined calculation of elemental release rate from fuel and chemical equilibrium.
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Formation of stable Fe-B compounds in the B4C-SS-Zry mixed melt was assumed to
suppress vaporization and release of B. Atmospheric dependences of the release
kinetics for Cs, I, Mo, C and B were considered in the elemental release calculation by
using several CORSOR models with atmospheric dependent parameter sets. Results
showed that the B release was enhanced above approximately 2,250 K, where CsBO:
and high volatile atomic I became the major vapor species under a steam atmosphere.
On the other hand, the formation of CsBOz was suppressed under a steam-starvation
atmosphere due to much lower B release caused by the formation of stable Fe-B
compounds. This resulted in a lesser formation of gaseous hydrogen iodide, HI, and the
high volatile atomic I, as shown in Table 2. These prediction results finally showed
that B release kinetics, as well as the atmosphere, played an important role for the

fractions of formation of Cs and I vapor species.

(2) Effects of atmosphere on the release behavior of non y-emitting elements®

There are not plenty of data for release behaviors of semi- or low-volatile non
y-emitting elements, such as Sr, U, in spite of their potential importance on the
radiological consequences of a SA. One reason for this shortage of data is related to the
difficulty of obtaining systematic experimental data, since the destructive chemical
analysis is needed which requires great effort compared with nondestructive
y-spectrometry applicable to y-emitting nuclides. A collaborative work among
JRC-Karlsruhe, CEA and JAEA has thus been conducted to evaluate the release and
transport behavior of non y-emitting nuclides by using the chemical analysis data set
obtained from deposits in VERCORS HT2 (steam atmosphere, UQ2) and HT3
(hydrogen atmosphere, UO2) tests. The focusing point was the atmospheric dependence
on the release behavior, as these FP (semi- or low-volatile non y-emitting elements)
could become volatile due to atmosphere alteration. These experimental results could
provide important information to improve the database for FP and actinide release. A
new finding was obtained for Rb, Sr and U release behavior; Rb could behave similarly
to Cs, while Sr and U were revealed to have notably high release rates under hydrogen
and steam atmospheres, respectively. Experimental information on the release

behaviors of Tc and Pd was also obtained, which were used to improve the database.

(3) Effects of MOX fuel on the FP and actinides release behavior
Although it is pointed out that the Cs release behavior from MOX fuel differs from
that from UQz fuel, there are no specific models that can depict the Cs release kinetics
from MOX fuel. Construction of such model has thus been carried out based on the
CORSOR-M model?. The available, although limited, quantitative experimental data
for Cs release from MOX fuels were reviewed to determine the parameter sets for the
CORSOR-M model. From the results of the VERCORS test10, a different Cs release
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behavior of MOX fuel from that of UO2 fuel was reported. This was attributed to the
specific heterogeneous microstructure of the MOX fuel that contains the locally high
burnup Pu spots. On the other hand, the difference in the Cs release behavior of MOX
fuel from that of UOz fuel in VEGA test1D has been reported to be caused by a high fuel
linear power. In both cases, nevertheless, MOX fuel would have enhanced the Cs
release at lower temperature region. Thus a parameter set for the CORSOR-M for the
Cs release from the MOX fuel has been obtained by regression analyses of the
experimentally obtained Cs release rate. So obtained improved CORSOR-M model for
the MOX fuel was found to reproduce well Cs release behavior in the VERCORS test

especially at lower temperature region, as shown in Fig. 4.

As for the release behavior of non y-emitting nuclides from MOX fuel, that under
reducing atmosphere was also investigated by the analysis of VERCOR RT7 results®.
This showed that the effects of MOX fuel on the FP and actinide release behaviors have

a small impact compared with those of atmosphere and high burnup of fuel.

2.1.2 Prediction of boron release kinetics from the B4C-SS-Zry mixed melt

Current models implemented in SA codes have been unsuccessful in simulating detailed
core degradation in real and simulated SAs®. This has been partially related to crude
models for B4C-SS-Zry mixed melts behavior. Such melts can be formed by the interaction
of the BWR control blade material B4C with cladding and structural materials during a SA.
Their formation can affect strongly the B release kinetics and consequently the FP
behavior”. Thus the improvement of the material properties database for B4C-SS-Zry
mixed melts has been carried out, as this is needed to obtain better predictions in SA and
finally for a better understanding of the effect of B on FP behavior. Our experiments aim at
providing thermodynamic and kinetic models of the oxidation and B release kinetic for
these complex melts. Separate effect tests were thus performed with the “B-ReK” (Boron
Release Kinetics) facility. The B-ReK consists of a Thermogravimeter - Differential
Thermal Analyzer (TG-DTA) connected to a customized steam generator controlling the
oxygen partial pressure by the H20O/Hz2 equilibria. The B-ReK enables us to monitor sample
oxidation and vaporization kinetics as functions of not only temperature but also oxygen
potential. Samples are heated in the TG-DTA to high temperatures. To evaluate B release
kinetics from these complex melts, we have first analyzed the behavior of the simple binary
compound?, such as the one related to BsC-Fe (FeB, FesB), and B4C-Zry (Zr2B) interactions.
The appearance of the prepared and post-tested samples is shown in Fig. 5. The oxidation
and vaporization study on the B4C-Fe compounds is now underway. From the first test we
observed that the oxidation kinetics has a relation with the Fe to B ratio in the sample

compound. This ratio influenced the vaporization kinetics as it governs the formation
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behavior of the different oxide compounds (Fe-B-O vs Fe-0)12). In the future, more complex
phases will be analyzed, as the one generated by BiC-SS interaction (e.g.
(Feo.75Cr0.1Ni0.08)2B, (Feo.47Cro51Ni0.02)B 13)). The B4C-SS-Zry mixed melts with the
compositions corresponding to actual SAs will finally be tested in order to obtain

quantitative data on B release kinetics from the B4+C-SS-Zry mixed melts.

2.1.3 Consideration on the effects of chemical reaction kinetics

For the evaluation of FP chemistry at intermediate temperature region such as in the
RCS, chemical reaction kinetics effects should be considered!4. We have thus determined a
mid-term plan, which aims at constructing a combined methodology of experimental and
analytical means for considering chemical reaction kinetics. The experimental part mainly
consists of reproduction tests of FP release and transport using the TeRRa facility (see
2.4.1), while the analytical methodology will be developed based on a tool implementing
chemical reaction kinetics. Preliminary works are mentioned in this sub-section, focused on
the prediction of FP chemical forms in RCS region using a constant reaction rate. The
experimental data acquisition using a small test facility for FP transport behavior is also
described.

(1) Prediction of FP chemical forms in RCS and PCV using constant reaction rates 15

FP chemical forms under the conditions experienced in the RCS and PCV (from
1,000 K to 400 K) regions of the VERCORS HT2 (steam atmosphere) and HT3
(hydrogen atmosphere) tests were predicted by a simple method, considering
predetermined chemical reactions with a constant chemical reaction rate regardless of
temperature. A Cs-I-Mo-Te-B-O-H system was assumed for these tests. Determination
of dominant chemical reactions in each test were made, referring to results of chemical
equilibrium calculations at each position of the test loop under the atmosphere of each
test using the elemental inventory in the samples used for the tests. The constant
chemical reaction rate for the predetermined chemical reaction was then determined
so that the calculation results for the deposited elemental amounts agreed with those
obtained by the experiment. It was assumed in the calculation that vapor species
condense and deposit when the vapor pressures of the species became higher than
their saturated vapor pressures at each position. Calculation results for Cs vapor
species through the RCS to PCV is shown in Table 3. It was found that the major
chemical species presented under the steam atmosphere were CsOH, Cs2MoO4 and
CsBOg2, while Cs, CsI, CsBO2 and Cs2Te were observed under the hydrogen atmosphere.
It is seen under the steam atmosphere that Cs was deposited as Cs2MoO4 and CsBO2
in the higher temperature region (> 800 K), while unreacted CsOH was transported

and deposited in the lower temperatures region (< 800 K). On the other hand, under
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the hydrogen atmosphere, Cs was deposited as Cs2Te and CsBO:z in the higher
temperature region (> 800 K), while CsI and Cs were transported and deposited in the
lower temperature region (< 800 K). Although this method is simple and rather crude
as it assumes only dominant chemical reactions and constant reaction rates, the trend
of Cs chemical species could be speculated from the experimentally obtained elemental

distribution in the deposits.

(2) Experimental data acquisition of chemical reaction under RCS and PCV conditions !¢
Chemical behaviors of FP and B in gas phase have been investigated mainly in
European institutes!?, although still a certain degree of uncertainty remains. On the
other hand, there is no data on a solid-gas phase chemistry for FP and B. A preliminary
test using a small-size test facility, as shown in Fig. 6, has been carried out in order to
obtain first basic data for the solid-gas phase FP - B chemical reactions. This test is
conducted under a contract with the Nuclear Regulation Authority of Japan. The
reaction of B203 vapor/aerosol with Cs and I deposits was investigated under a
reductive atmosphere. A Csl powder was heated up to its total vaporization and then
deposited on SS thermal gradient tubes (TGT) having a linear temperature gradient,
from 1,023 K to 423 K. Results showed that the deposition occurred mainly in the TGT
region from 770 K to 670 K. The X-ray Diffraction Analysis (XRD) and Inductively
Coupled Plasma - Mass Spectrometry (ICP-MS) on the deposits showed that the
chemical form was the same as that of the sample powder, namely Csl. The
vaporization and reaction of B20Os with deposits was then carried out. The ICP-MS
analysis on the deposits exposed to the B2O3 vapor/aerosol showed that only I amount
in the deposits decreased by approximately 30 % compared with that of Cs amount.
Raman spectroscopy on the deposits showed the formation of Cs-B-O compounds.
These results imply that a significant amount of I was vaporized as a volatile form due
to the formation of Cs-B-O compounds. It is concluded that the B vapor species could

significantly affect the chemical behavior of Cs and I by a solid-gas phase reaction.

2.1.4 Synthesis of Cs-containing artificial fuel

A systematic investigation on the release and transport behavior of volatile elements
finally requires real irradiated fuels to be used in tests. However, since such systematic
tests with many irradiated fuels are unrealistic, an artificial fuel sample (SIMFUEL)
containing volatile FP elements could be a promising alteration. A challenge for a synthesis
of SIMFUEL containing Cs, which is easily vaporized during heat treatment, has started
as a collaborative work with Osaka University and Fukui University. The synthesis was
performed by the spark plasma sintering (SPS) method. The SPS can greatly lower the

sintering temperature and time compared to other sintering methods as demonstrated by
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ITU®, which can suppress the vaporization loss of Cs during sintering. The first test was
carried out with CeOsz as a surrogate of UO219. The characterization of sintered samples
showed that Csl was successfully incorporated in the CeO2 matrix having a relatively high
density. TEM observation will be carried out in near future on the SPS sintered samples to

further investigate the physical/chemical state of CsI in the sample.

2.1.5 Plan for evaluation of FP behavior at PCV region

A fundamental study is now being considered for the evaluation of FP behavior at PCV
region. Such FP-related study at PCV is of crucial importance since PCV is actually the
final boundary to the environment. As all the FPs exist as an aerosol form at PCV except
for a small amount of gaseous FPs such as Kr, Xe, gaseous I and Ru, the main body of the
study is regarding to the aerosol behavior. Various aerosol properties, morphology, chemical
composition, water solubility, etc., will be investigated as functions of chemical conditions
experienced in the reactor by using the TeRRa and other facilities. The characterization
results can contribute to both the 1F decommissioning R&D and LWR safety enhancement.
An example for the former is as input data for the evaluation of samples outside 1F units,
as described in section 2.5. On the other hand, we are now planning to perform a
fundamental study towards establishment of analytical methodology based on mechanistic
models for the venturi scrubber system that is employed in Japanese NPPs as the filtered
venting system. As crude models are adopted in SA codes for the filtered venting, it is
difficult for the constructor to make the best estimate analysis of FP release to the
environment at a SA. Results of characterization and decontamination tests by a simulated

filtered venting system device can be useful for the construction of such mechanistic model.

2.2 Fundamental study on the Cs chemisorption behavior

Chemisorption is of importance during a SA, as it can influence FP retention in the RPV
and thus the amount of radioactive materials released to the environment. However
shortage of knowledge and data for the chemisorption make construction of detailed models
difficult. Previous studies showed only a limited description of such deposits2?). The
detailed model that incorporates chemical process of the chemisorption behavior is believed
to be required for the effective prediction of Cs deposits in 1F. We have therefore performed
fundamental studies for a deep understanding of this phenomena and its modelling for SA
codes. Moreover, as information on the distribution, composition and properties of such
chemisorbed deposits can have significant impact on the decommissioning of reactor, they

could also be useful for the 1F decommissioning practice.
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2.2.1 Basic characteristics of Cs chemisorbed compounds

Focus of our experimental studies for CsOH chemisorption is placed on the difference of
several kinds of SS samples used as simulants of reactor structural materials. A series of
chemisorption tests have been carried out under conditions simulating a BWR SA, i.e.
1,073 K to 1,273 K under Ar-5%H20-5%Hs2 atmosphere on two types of SS, namely type 304
(SS304) and 316 (SS316). As the SS316 contains several percent of Mo, it was used to
investigate the effects of Mo on the Cs chemisorption behavior. Results were analyzed and
interpreted with the support of chemical equilibrium calculations. The Cs deposits onto SS
samples were analyzed after the chemisorption tests by various analytical techniques
(Scanning Electron Microscope /Energy Dispersive X-ray spectroscopy (SEM/EDX), Raman
spectroscopy, XRD, ICP-MS) for the characterization of deposited compounds. Results
showed the importance of the presence of reactive minor compounds in SS such as Si, Mo,
which can influence the chemical form of the deposit compounds and their amount. An
example of elemental distribution on the surface of SS304 exposed to CsOH vapor is shown
in Fig. 72V, The chemisorbed compound was revealed to be CsFeSiO4 for both SS304 and
SS316 samples. The amount of this chemisorbed compound was in relation with Si content
in the SS sample. Namely, the higher Si content in SS was, the higher the Cs chemisorbed
amount was. Besides, a small amount of Cs-Mo-O compounds were observed on the SS316
sample surfaces. The CsFeSi04 compound was observed not only on the sample surface but
also in the depth of the sample. Finally we investigated the re-vaporization behavior of
these chemisorbed compounds, which resulted in the greater stability of CsFeSiO4 than

that of Cs-Mo-O compounds.

2.2.2 Ab-initio study on the chemisorbed Cs-Si-Fe-O compounds

For the clarification of Cs chemisorbed compounds observed in our experiment, an
ab-initio evaluation on the stability of Cs chemisorbed compounds was carried out. While
CsSiFeO4 being the Si to Cs ratio of 1 was identified by XRD on the surface of tested sample,
the similar experiment conducted previously in SNL have suggested the formation of
Cs-Si-O compounds having the Si to Cs ratio of 2 from the elemental distribution analysis
by EPMA. The present ab-initio study aims at identifying the likely Cs chemisorbed
compounds formed on the SS surface based on the evaluation of the stability of compounds.
This evaluation was made by comparing the difference of energy of Cs-Si-Fe-O compounds
with that of the reference compound. Each component metal oxide was set as the reference
compounds, specifically, Cs20, 4Si02 and Fe203. Within the predetermined numbers of each
elements (Cs, Si, Fe and O), ab-initio calculations on systems consisted of realistically
existing compounds were carried out by using VASP code?2?. The calculation results showed
that Cs2S1409 and CsSi2FeOs were the most stable compounds among the Cs-Si-O and
Cs-Si-Fe-O compounds, respectively, as shown in Table 4. Higher stability of Cs-Si-Fe-O
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compounds than that of Cs-Si-O is of note, which is consistent with our experimental
results. The most stable compound for Cs-Si-Fe-O was computed to be CsSi2FeOs, while
that actually observed in our experiment was CsSiFeQOs. In the present calculations,
conditions were within the adiabatic approximation for the bulk state. In addition,
CsSiFeO4 was formed on the SS surface in the experiment, where richer Cs 1s expected to
be available from gas phase than inside the SS matrix. These could be reasons for the
difference of resultant stable compounds between the calculation and experiment. This

difference will be investigated further.

2.2.3 Future plan

Our following studies will concentrate on the effect of atmosphere and other FPs and
released materials (e.g. B, etc.) during a SA on the chemisorption mechanism, towards the
establishment of improved model. A chemical equilibrium analysis is now underway for the
chemical effects of Mo and B on the Cs chemisorption. A two-step reaction for the Cs
chemisorption onto SS is assumed and being investigated, taking into account the effects of
Cr203 layer formed onto the SS surface and of the duplex oxide layers (i.e. FesOs outer
layer and Fe2CrO4 inner layer). A basic study on the Si behavior in the oxide layer is also
underway as a collaborative work with Tohoku University. The investigations on the
mechanical and thermos-physical properties of Cs chemisorbed deposits are also being

considered, as they are important properties for the 1F decommissioning practice.

A topical issue is a TEM study on the Cs-chemisorbed SS surface. It can contribute to
elaborate a process model, which is the final goal of our chemisorption studies. In the
assumed two-step reaction, the Cs chemisorption reaction is initiated by Cs reaction with
outer Cr203 layer to form Cs-Cr-O compound, followed by the reaction with Si coming from
inner part of SS by the diffusion to the surface via grain boundary. The TEM analyses are
expected to help observe these process, for instance, Si migration behavior, nano-scale
distribution of different Cs chemisorbed compounds, residual Cs-Cr-O phase, etc. In
particular, TEM analyses are expected to reveal the existence of Cs-Si-Fe-O having
different chemical compositions, as shown by the experiment and the ab-initio calculation,
namely CsSiFeO4 and CsSi2FeOs.

2.3 Enlargement of a database on thermodynamic and thermophysical properties of FP
compounds
Cesium forms various kinds of compounds in the reactor under a SA due to its active
chemical affinity to other elements. Thermodynamic evaluation plays an important role in
the evaluation of FP chemistry, e.g. a preliminary prediction of chemical species formed,

interpretation of chemical analysis results and so on. We have thus preparing
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thermodynamic database mainly for the Cs compounds by means of high temperature mass

spectrometry.

2.3.1 Cs-B-0 system

In a BWR SA, as a large amount of B is used as neutron absorber material, cesium
metaborate, CsBOg2, is predicted to be formed as the main chemical form of cesium
compound®. On the other hand, according to Girault and Payot2® who investigated B
effects on FP transport and deposition behaviors in the Phebus FPT tests, the
thermodynamic calculations show only a limited impact of B on Cs chemistry. This
disagreement might be resulted from a lack of thermodynamic data for various cesium
borates. Thermodynamic properties are only available for CsBOg, although many other
ternary compounds exist such as Cs2B4O7 and CsB3Os. Therefore, we have started to clarify
the thermodynamic properties of the cesium borates, especially those of CsB3Os, which has
the highest melting temperature and 1is therefore expected to be the most
thermodynamically stable among the cesium borates. In order to experimentally obtain
such thermodynamic data, information on the phase relations at high temperatures is
necessary. However, the phase diagrams reported in the past do not agree with each
other 24.25), We have thus further investigated the phase relations in the region of
2<B203/Cs20<3 using a powder XRD and TG-DTA. From our analyses we observed that two
phases exist at room temperature, Cs2B407 and CsB30s, while no Cs3B7012 was found as
shown in Fig. 8. The last phase was previously reported to be present as one of the largest
structures known in an anhydrous inorganic material 26). Further, TG-DTA curves
suggested existence of a high temperature phase which was previously indicated in phase
diagrams?4. This phase might be Cs3B7012 because a similar compound of Rb3B7012 has
been observed at similar temperature ranges by high temperature XRD27. We have a plan

to check further such a high temperature phase by using XRD.

2.3.2 Cs-Si-0 system

The formation of CsFeSi04 in the Cs chemisorbed deposit was found in our experiment as
already mentioned in 2.2.1. However, only a few thermodynamic and thermophysical
properties of cesium silicates2® and only crystal structure data of CsFeSiO0429 have been
reported in the past. Therefore, we have prepared these compounds to experimentally
clarify their thermodynamic and thermophysical properties. Fig. 9 shows the XRD patterns
of cesium silicates prepared in this study. The samples were prepared by powder
metallurgical techniques. Both Cs2Si205 and Cs2S1409 were synthesized at 1,123 K in air,
while CsFeSiOs4 was synthesized at 1,073 K. As shown in this figure, the samples of
Cs2S1205, Cs2S1409 and CsFeSi104 seem to be successfully prepared. The prepared samples

will be used in the future not only for the investigation of the thermodynamic and
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thermophysical properties but also as standard samples for e.g. hard X-ray photoelectron

spectroscopy study (see 2.4.4).

2.4 Development of experimental and analytical techniques for the FP chemistry research

The key issue for the FP chemistry research is direct experimental evaluation of the FP
chemical species. Reproduction techniques for the FP release and transport behavior under
well-characterized multi-physics conditions are another important subject to be developed.
Moreover, also a tool for analysis of experimentally obtained FP chemistry related data is
also needed with taking chemical reaction kinetics into consideration. In this section, the

present status and plan for the development of these techniques are described.

2.4.1 Development of reproduction test technology for FP release and transport

A test facility for the reproduction of FP release and transport under a SA condition is
being developed. The name of the test facility is TeRRa (Test bench for FP Release and
tRansport). The TeRRa has a simple path of a straight pipe for FP migration in order to
minimize the thermal-hydraulic influences. Fig. 10 shows the appearance of and FP flow in
the TeRRa facility. In the TeRRa facility, simulated fuels containing FP and/or structural
material elements can be heated by a high frequency induction furnace up to 2,500 K
with/without steam injection. The evaporated FPs are then transported from the induction
furnace part to the TGT part having linear temperature gradient from 1,000 K to 400 K
along the downstream. Airborne aerosols can be extracted at each 100 K of the temperature
range of the TGT, and they are then trapped by a cascade impactor for the evaluation of the
particle size distribution. Aerosol size distribution can also be measured by an on-line
aerosol spectrometer equipped at the upstream of impactor, which can give mutually
compensative information on the aerosol formation and growth. Small coupons made of
various materials are also set in desired parts in the tube, which can collect the FP deposits
and/or chemically absorbed FP compounds. These trapped and deposited samples can be
then subjected to off-line analyses by SEM-EDX, XRD, Raman spectroscopy, X-ray
Photoelectron Spectroscopy (XPS), and so on. These analyses give essential information
about the FP chemistry at different temperatures and chemical conditions, which can help
us identify the main chemical reactions occurred under the RCS or PCV conditions.
Although a part of the TeRRa design referred to the CHIP facility in IRSN 39, usage of solid
samples in the higher temperature up to fuel melting and the on-line aerosol size

measurements are unique characteristics of the TeRRa.

The first performance test of the TeRRa will be conducted using a simple compound
sample such as Csl. This test is expected to show that the TeRRa can control the

temperature condition from fuel to PCV as expected and reproduce basic FP release and
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transport behavior such as chemical reaction, aerosol growth and deposition. Further
reproduction tests using simulated fuels containing representative elements such as Cs, I,
B will be conducted to acquire basic data for FP chemistry and aerosol size distribution for

B containing system.

2.4.2 Development of analytical tool incorporating chemical reaction kinetics treatment

As mentioned in sub-section 2.1.3, it was revealed that FP mass balance could precisely
be evaluated by considering chemical reaction kinetics. This clearly indicates the necessity
of chemical reaction kinetics when analyzing experimental results of reproduction tests.
The development of an analytical tool incorporating chemical reaction kinetics has
therefore started. The tool is based on a commercial computational fluid dynamics code
“ANSYS-FLUENT” 3D, The ANSYS-FLUENT code can simulate fluid dynamics in 3-D
geometry, incorporating treatments for chemical reaction kinetics and aerosol growth. An
important issue is to have a reliable database for the chemical reaction rate constants for
all the possible reactions. Some data will be derived from literatures, and the remained will
be estimated by ab-initio calculations for the gaseous phase reactions in the database. The
prepared dataset will then be used to screen all chemical reactions and excluding
practically unrealistic ones using the CHEMKIN code3? in a 1-D steady-state plug flow

condition.

2.4.3 Resonance Ionization Mass Spectrometry (RIMS) for direct measurement of chemical
form

A quick on-line analysis system for FP chemical form is being developed based on
Resonance Ionization Mass Spectrometry (RIMS). A basic study for the detection of Cs-I-B
compounds in deposits has been carried out3?. Lasers for selective resonance ionization of I
and B have been elaborated by combining and optimizing various kinds of original lasers.
Performance tests showed that the RIMS could directly detect the chemical form of CsI or
CsBO2. Although further development is needed for the construction of an on-line
measurement system for FP species in gas phase, it can be said that the RIMS technique
can be a promising candidate as an applicable technique to the analysis of Cs chemical

form in the FP deposits.

2.4.4 Hard X-ray Photoelectron Spectroscopy (HAXPES) as a direct evaluation technique of
FP chemical states in deposits
HAXPES, which uses the X-rays with photon energy of typically above 5 keV, is
significantly more bulk-sensitive than conventional photoelectron spectroscopy (PES) using
photon energy of vacuum-ultra-violet (VUV) or soft-X-ray (SX) regions. Therefore, HAXPES

has an advantage that measurements without surface cleaning process are capable, while
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the surface cleaning process is inevitable for conventional PES in VUV or SX regions
because their spectra should be strongly dominated by outermost surface layers that
should be heavily contaminated by oxygen and carbon. In addition, HAXPES would be
useful to observe the signal of heavy elements such as Cs and I in the valence band spectra
composed of complex electronic structures. To understand the transport behavior of CsI in a
reproduction heating test simulating a BWR SA, we have investigated the temperature
dependent chemical forms of Cs/I products on the surface of Ni-made TGT and chemical
effects of B20s vapor on them by means of HAXPES34. As demonstrated in Fig. 11, the
deposition in the chemical form of Csl was dominant in the temperature range below ~
300 °C in the absence of reaction with B203, while Cs was deposited in a different chemical
form without I on the surface at higher temperature around 650°C. On the other hand, in
the case that the surface was exposed to B20s vapor, noticeable CsI-decomposing chemical
reaction was observed for the case at specific temperature range around 300°C. The result
suggests a following scenario: while Csl deposited on the surface of reactor body structures
would be stable at relatively low temperatures, an exposure to B vapor on the structure

surface might induce revaporization of Cs through decomposition of CslI.

2.4.5 TG-DTA-MS apparatus for the direct determination of FP vapor species

A combined apparatus consisting of a TG-DTA coupled with a quadrupole mass
spectrometry (MS), TG-DTA-MS, has been considered useful to determine FP vapor species
just after their release from fuel. As a commercial TG-DTA-MS apparatus is guaranteed
only for the determination of gas species, no explicit capability is given for the detection of
volatile condensable species like CsOH and Csl. The volatile condensable species are
considered to condense and deposit especially at the interface between TG-DTA and MS
parts. Development of this technique therefore focuses on improvement of this interface,
the skimmer interface as schematically shown in Fig. 12, so that vapor species generated in
the TG-DTA part can be introduced into the MS part smoothly without condensation. Many
trial tests in order to optimize the geometry and various conditions such as flow rate, flow
path, ionization mode and voltage, etc. have been carried out using CsI as test samples3?.
At the present, atomic I generated by the fragmentation of CsI could be detected. Further
challenge is required to achieve the detection of Cs vapor species such as Csl, CsOH,
Cs2Mo00y4, which are believed to be representative of Cs vapor species released from fuel. As
another utilization of this device would be for the evaluation of FP gas release behavior,
since the important gaseous species Iz, as well as FP gas of He, Kr, Xe, could be measured

by this device.
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2.5 Analysis of samples outside 1F units for the evaluation of FP chemical behavior

2.5.1 Review of research activities regarding environmental sample analysis containing
radioactive Cs

Cs-bearing spherical particles in the environment surrounding the 1F were first found
by Adachi et al.36) and characterized by Y. Abe et al.3?. They found that radioactive Cs was
included together with several metal elements such as Fe, Zn and Mo with a high oxidation
state. The size of the particles was of about several um. Following their findings, Satou et
al.3® have carried out more systematic analyses, trying to elucidate the origin of the
particles. They found that there were two types of particles having different diameters, one
of several pum and others of several-hundred um, respectively. A combined synchrotron
radiation X-ray analyses have shown that Mo, Te, Sb, Ag etc. were included as well as the
radioactive Cs in a silica-glass matrix. Since the two types of particles having different
diameters showed different radioactivity ratios of 137Cs to 134Cs, they were found to be
originated from 1F unit 1 and 2, respectively. The ratio is known to have unique values to
each unit caused by different fuel specifications. Other Cs-bearing micro particles were
collected and analyzed by Yamaguchi et al.39. Their particles having diameter of 2um
showed concentration gradient for Cs that increased from center to surface in the

silica-glass matrix.

2.5.2 Research plan for the analysis of samples outside 1F units

As mentioned in the previous sub-section, the samples outside 1F units could have given
some interesting indication for the origin of the radioactivity released to the environment.
On the other hand, many environmental radioactive waste samples have been analyzed,
such as rubbles, contaminated water and so on, in order to characterize the distribution of
radioactive inventory for the future treatment and disposal4?. A few samples taken from
1F R/B have also been analyzed for the purpose of grasping the contamination situation4D).
However, although a large number of sample have been analyzed as a total, no systematic
database has been created as each analysis was carried out for the different purposes. In
addition, only the elemental analyses have been made so far for the waste samples that
account for the most part of the available data of environmental samples. Detailed
synchrotron radiation X-ray analyses for the purpose of investigating the chemical state of
the contained elements have only been performed on few Cs-bearing particles. More
detailed information about not only the elemental analysis but also various information
such as chemical state is therefore required to grasp the in-reactor FP behavior. In
particular, the FP chemical state in the samples outside 1F units would be of value, since
this information could be used to infer FP chemical behavior inside 1F by backward-type

analysis and to, in some degree, understand the SA progression.
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We are now considering performing a systematic analysis of various samples collected
outside the 1F units in order to obtain the FP chemical state in the sample. One candidate
for such analysis is the Hard X-ray Photoelectron Spectroscopy (HAXPES). The HAXPES
has indeed been successfully applied to the FP deposit sample analysis34. The advantage of
HAXPES 1s that the sample surface preparation for the measurement can be omitted,
thanks to the capability of attainment of the X-ray into deeper area of the sample around
several tenths of nm. This is an advantage of the HAXPES, which permits to perform a
large number of analyses in shorter time and therefore is expected to make a reliable
systematic study to understand in-reactor FP behavior possible. Details of the development

of HAXPES applicable to the micro particle are described in the next sub-section.

2.5.3 HAXPES development for the measurement of samples outside 1F units

We are planning HAXPES study using both synchrotron radiation and laboratory X-ray
source. While a synchrotron radiation experiment is advantageous on the points of high
S/N and short measuring time due to high photon flux, a laboratory X-ray source
experiment is useful on the preliminary test study because it is free from a restriction of
beam time. We have been performing HAXPES experiments using synchrotron radiation at
JAEA beamline BL22XU of SPring-8 and using laboratory Cr K, X-ray source (5.4 keV
photon energy). The practical energy range of HAXPES experiment at BL22XU is 4 - 10
keV. Moreover, we have been developing new laboratory HAXPES system equipped with Ga
K, X-ray source (9.25 keV photon energy) as a more bulk sensitive system than the Cr
K, -HAXPES system. Short exposure times and high throughput are expected for this Ga K,
X-ray source due to higher brightness with an excellent spot quality. In the application of
HAXPES on the samples outside 1F units as well as other FP-related samples, charge
neutralization of sample surface is vitally important since most of the samples are expected
to be insulator and charge-up of sample results in incorrect peak energy position and peak
broadening. Through test studies at the BL22XU of SPring-8, we have developed a charge
neutralizing method for HAXPES measurement using the combined ion and flood gun,
which provide both an electron beam and a low energy ion beam onto the sample surface.
This method allowed us to identify the chemical form of Cs-Si-O system from a precise

estimate of chemical shifts of Si 7s core level peak.
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3. Concluding summary

The results and progress of fundamental research on FP chemistry for the year 2015
were reported. The research has progressed as planned as a whole and has continuously
provided fundamental data and knowledge towards the construction of the FP chemistry
database. In particular, that of Cs chemisorption was recognized as a useful fundamental
knowledge for the 1F decommissioning R&D, which resulted in various invited
participation in lectures and speeches at workshops and research committees. The Cs
chemisorption study has also been approved as a research theme for an IRID project since
JFY 2016.

The research shall continue towards the goal of contributing to both the 1F
decommissioning R&D and the enhancement of LWR safety. In addition to the concrete
promotion of research, the following points should be taken into consideration for more

effective promotion of the research.

- The construction of a Japanese FP research platform is considered essential?,
especially for fundamental research. The platform is expected to attract and interact
with oversea researchers, providing knowledge on FP behavior. It will also be effective
for the promotion of the FP-related research in Japan since such fundamental research
basis of FP is currently insufficient in Japan.

- A methodology for elucidating in-reactor FP behavior from the analysis results of
samples outside 1F units is interesting approach and a related study is starting from a
trial step. Such methodology construction could also contribute to the planning of 1F
debris sample analyses.

- Results should continuously be reflected to the research on LWR safety enhancement.
For instance, evaluation of FP behavior at the boundary region between in-reactor and
outside-reactor, i.e. PCV, S/C, filtered venting system, could be useful. Other issues
having large uncertainty should be considered, such as FP release behavior at a
re-flooding to the degraded core, sea-water effect on the FP chemistry, behavior of
semi-volatile FPs that would be important for 1F issue. As for the latter, for example,
Sr release and transport, re-distribution of Mo and Ba in solidified melt under slow

cooling condition, etc. would be of interest.
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Fig. 5 Appearance of prepared FeB sample used in the oxidation and vaporization tests in
the B-ReK facility
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Fig. 6 Schematic view of a small size test facility for FP release and transport
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Fig. 7 An example of elemental distribution on the surface of SS304 exposed to CsOH
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Fig. 8 X-Ray diffraction patterns of synthesized Cs2B407 and CsB30s at room temperature
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Fig. 9 X-ray diffraction patterns of synthesized Cs2Si205, Cs2Si409 and CsFeSiO4
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Fig. 11 HAXPES spectra of Cs 3d and I 3d core levels for the thermal gradient tube (TGT)
samples of (A1) TGT at ~ 650°C, not exposed to B20s vapor, (A2) TGT at ~ 300°C, not
exposed to B20s vapor, (B1) TGT at ~ 650°C, exposed to B20s vapor, (B2) TGT at ~ 300°C,
exposed to B20s vapor, and (B3) TGT at ~ 150°C, exposed to B20s vapor. Red broken

lines are HAXPES spectrum for CsI reference.
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Fig. 12 Schematic diagram of TG-DTA-MS apparatus
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Table 2 Changes in formation of B, Cs and I species under a steam-starvation atmosphere

due to the decrease in B release from the mixed melt of B4C-SS-Zry?

Relative change in amounts

CsBOs2 - 97%
Csl +17%
HI - 30%

I - 30%

Table 3 Calculation results of the changes of Cs chemical species through the RCS to PCV

Release Cs ar}d I. chemical (g and I chemical species in deposits
temperature species just after
from fuel release > 800 K 800 — 600 K <600 K
CsOH,
Steam <2,200 K CsBOg, Ccssﬁ(gg CsOH CsOH
atmosphere Cs2Mo0Oy4 ? !
(VERCORS CsBO,
-HT2) >2,200 K CsOH CsBO2 CsOH Cs
Cs,
Hydrogen <2,200 K CsBOs, CCSBOZ’ Csl Cs
s2Te
atmosphere Csl
(VERCORS Littl
-HT3) > 2,200 K Cs q e CsI Cs
eposits

Table 4 Stability evaluation on Cs-Si-Fe-O compounds by ab-initio calculation

Compound System Energy
Reference Cs20 + 4Si0g2 + Fe20s3
Cs2S1205 Cs2Si205 + 2Si02 + Fe20s3 Highest
Cs2S51409 Cs251409 + Fe20s Second highest
CsSiFeOq 2CsSiFe04 + 25102 Second lowest
CsSizFeOs 2CsSi2FeOs Lowest
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