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The presence of CsI in nuclear fuel has long been debated. Its formation significantly decreases volatility, thereby
reducing the rate at which iodine and cesium are released from the reactor core during a nuclear accident. A series
of samples were investigated by Knudsen Effusion Mass Spectrometry (KEMS) in order to determine whether CsI
is present in irradiated nuclear fuel. The examined samples were pure CsI, CsI exposed to gamma radiation, CsI-
doped UO, simulated fuel and irradiated LWR fuel samples. The CsI and CsI-doped samples were examined to

establish boundary conditions for the detection of CsI by KEMS. These samples indicated that the presence of CsI
in fuel is characterized by three mass spectrometric signals Cs*, I* and CsI*, with a peak ratio of CsI* and I'* of
1:0.7. The examinations of irradiated fuels showed none of these characteristics and hence no evidence that CsI
is present in irradiated LWR nuclear fuel, at least after a storage period of years.

1. Introduction

The chemical state of the fission products in the matrix of a fuel pellet
strongly depends on the oxygen potential (pO,) and temperature (T) of
the fuel [1-3]. The change in oxygen potential is governed by uranium
fission. In stoichiometric fuel, tetravalent uranium binds two oxygen
atoms. When uranium is split, the charge state of the newly created
fission products is lower (< 4+) and they thus bind less oxygen than the
original uranium atom. This results in excess oxygen that is incorporated
in the UO, matrix by increasing the O/U ratio, resulting in an increase of
the fuel’s oxygen potential with fuel burn-up. The temperature change is
also a result of uranium fission: it is determined by the fission power and
the thermal conductivity of the fuel. The thermal conductivity of UO, is
low, and deteriorates with burn-up [4], and hence a strong temperature
profile occurs in fuel, from about 1500 K in the center to 650 K at the
pellet rim [5].

Under influence of the local temperature and pO, the fission prod-
ucts take up a certain chemical speciation. They can remain in their
elemental form or form compounds with other fission products or with
oxygen or uranium from the matrix. Kleykamp [6] classified the fission
products in four different groups: (1) the gases and volatiles (e.g. Xe,
Kr, Cs and I) (2) the dissolved oxides (e.g. Ba, Mo, Sr and Cs) (3) ce-
ramic inclusions (e.g. Nd, La, Mo and Cs) and (4) the metallic inclusions
(e.g. Tc, Pd and Mo). As can be seen above, elements (e.g. Cs) can exist
in different categories, and under influence of temperature and oxygen
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potential an element can make a transition from one group to another,
making it inherently difficult to define their chemical state.

Knowing the chemical state of fission products in nuclear fuel is
important as the speciation of fission products under normal condi-
tions is directly related to the release of fission products under transient
conditions. Two elements that are of particular interest are the fission
products iodine and cesium. Both elements are volatile in their elemen-
tal form. However, when they would react to form cesium iodide [7],
their volatility is drastically lowered and the probability of release from
the reactor core is reduced.

Furthermore, Cs, I and CsI have different effects on the cladding of
the fuel. In literature elemental iodine has been related to stress cor-
rosion cracking of zircalloy cladding in LWR’s (Light Water Reactor)
[8-101, whereas CsI has been found not to have any effect on the zirco-
nium cladding [8]. On the other hand Cs has been found to be corrosive
for stainless steel cladding in fast reactors [11], whereas iodine has been
found not to be corrosive [11,12].

It is often proposed that I is bonded to Cs in nuclear fuel [13-15].
Several arguments underpin this assumption. Firstly, cesium is produced
in a ratio of 10 to 1 compared to iodine, which means that it is abun-
dantly present in the fuel, enough for iodine to bind to. Secondly, CsI
is a thermodynamically stable and energetically favorable compound
under conditions found in nuclear reactors [16,17,1,18]. Thirdly, the ir-
radiation periods are long - fuel resident times are up to four years -
so reaction kinetics may play a minor role. Additionally, there is exper-
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imental evidence for this assumption. In a review of the speciation of
iodine in nuclear fuel, Campbell et al. [19] concluded that “although
discrepancies concerning the chemical form of iodine contained in and
released from LWR fuel rods remain to be resolved, there appears to be
little question that elemental iodine is not the dominant form in clad
fuel. Instead, the dominant species is a considerably less volatile metal
iodide; moreover, the experimental evidence strongly supports the ther-
modynamic calculations in indicating this metal iodide is CsI”.

Collins et al. [20] presented experimental evidence pointing in the
direction of the formation of CsI in nuclear fuel. They purged the pellet-
cladding gap of fuel pins with helium at temperatures up to 1200 °C,
collecting the volatile fraction. The purged fractions of iodine and ce-
sium were essentially equal, leading to the conclusion that they origi-
nated from Csl. A second set of experiments conducted by Collins et al.
was carried out in a steam-helium-hydrogen atmosphere with temper-
ature ranging from 500 °C to 2000 °C. During these experiments only
a small part of the iodine collected was in its elemental state that was
able to penetrate the filter. The rest of the collected iodine in the test
was characteristic for iodine originating from cesium iodide [20]. Note
that Collins did not mention the time elapsed between the end of the
irradiation and the release experiment. Another example is an exper-
iment conducted by Davies et al. [21] that showed iodine does not
travel into the plenum region, unlike the fission gases. This behavior
was thought to be due to the formation of a metal iodide. More con-
crete evidence for the interaction of I and Cs was presented by Rochedy
et al. [18], who concluded that CsI formed in UO, samples implanted
with Cs and I atoms after thermal treatment at temperatures between
900 and 1200 °C, based on EDX, EELS and XANES analysis.

Besides evidence and arguments in favor of CsI formation in nuclear
fuel there is also evidence indicating a limited stability. Cubiccioti et al.
[22] studied the effect of gamma radiation on certain compounds, and
found that in a strong radiation field reactions may not follow thermo-
dynamic predictions. This is especially the case for metal iodides. They
irradiated a capsule of CsI in a gamma pit to a dose of 107 Gy at a max-
imum temperature of 300 °C. Afterwards the capsule was placed in a
mass spectrometer chamber at 0 °C and opened. The results showed that
significant quantities of I, were released, from which they concluded
that CsI dissociates in a gamma radiation field. It should be noted that
at high temperature, typically temperatures that are reached during nu-
clear power production, Cs and I may recombine.

Additionally, Peehs et al. [23] conducted various experiments on
both irradiated fuel and simulated fuel to determine the gas phase mi-
gration, the de- and adsorption of gases on the free surface of UO,, and
the lattice migration of Cs and I in LWR fuel. In order to determine de-
and adsorption and the gas phase transport, they used I- and Cs-doped
UO, powder, placed in a thermal gradient tube with a temperature of
200 °C at the tube end and between 1000-1400 °C in the center. I and Cs
both concentrated in the colder regions, however, iodine was found to
migrate slightly faster, contradicting excessive formation of CsI during
redistribution. As UO, is known to act as catalyst for dihalogen splitting,
the experiment was repeated with MgO. The results obtained were iden-
tical to the first experiment. Small leaks were introduced in the cold end
of the heating device and they showed that iodine escaped completely
and cesium remained in the device. The conclusion reached from this
experiment was that desorption of cesium and iodine from the free sur-
face of the UO,, the gas phase migration, and the adsorption in the
outermost cool region occurs very fast under simulated LWR fuel tem-
perature conditions. Hence, a reaction to form CsI did not seem to have
taken place [23]. When studying iodine and cesium migration in the
bulk, it was found that iodine present in the lattice does not redistribute
significantly up to 2000 °C. Similarly, it was found that an increase in
the linear power up to 420 W/cm had little effect on the redistribution.
Similar results were found for Cs. Above the threshold cesium and io-
dine were found to redistribute in the fuel like noble gases. This was
confirmed by similar experiments by Sontheimer et al. [24], who also
found that iodine and cesium did not redistribute significantly in axial
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Fig. 1. Rendering of the stainless steel container (cut) with its copper lid.

direction of the fuel pin. In a later study by Peehs et al. [25], irradiated
fuel samples with a burn-up of 33 GWd/tHM were investigated using a
Knudsen cell and the results revealed that the release rate of iodine was
slightly higher than that of Cs. The different release rates were taken as
an indication of the different chemical state of the two elements.

In conclusion, the form of cesium and iodine in nuclear fuel is still
disputed. Arguments such as thermodynamic stability and similar de-
posit characteristics of iodine and cesium lean towards the hypothesis
that Csl is formed in nuclear fuel. However, arguments such as dissoci-
ation of CsI due to the radiation field and/or dissimilar diffusion rates
contradict this hypothesis. In this paper, we aim finding conclusive ar-
guments to support or disprove the formation of CslI in nuclear fuel
by investigating the release of cesium and iodine from irradiated fuel
samples using Knudsen effusion mass spectrometry, and comparing the
results with pure Csl, as well as CsI-doped UO, simulated fuel.

2. Experimental
2.1. Samples

2.1.1. GslI

A single phase CsI sample was taken from powder purchased at
Sigma Aldrich (Pure quality), which had a purity of 99.99%. The mass
of the sample for the KEMS measurement was 15 mg. Prior to measure-
ment, the CsI was dried at 300 °C for 3 hours under argon as halide salts
are known for their moisture-absorbing properties. Its purity was ver-
ified by melting point determination, with no indication of impurities
found.

Some CslI samples were also exposed to gamma irradiation. For this
purpose the samples were enclosed in stainless steel containers with a
copper lid (Fig. 1), in a second containment of aluminum that could be
placed between spent nuclear fuel rods in the storage of the JRC hot cells
in Karlsruhe. The duration of the “irradiation” was 427 days. Since the
goal of the irradiation was to study the effects in a qualitative manner, it
was not instrumented and only estimates for accumulated dose (1 05-10°
Gy) and temperature (40-50 °C) can be provided.

2.1.2. UO,+CsI

Two CsI-doped UO, simulated fuel samples (SPS1 and SPS2) were
produced using spark plasma sintering (SPS), as described in more de-
tails elsewhere [26]. Briefly, a commercial UO, powder was mixed with
2.5 mol% CsI powder. The oxygen to uranium (O/U) ratio of the start-
ing urania was determined by XRD as 2.10. This powder was used
as-received for SPS1, and after annealing for 4 h in Ar/H, 6.5% for
SPS2. The samples were sintered in SPS with a ramp of 200 K/min up
to 1273 K (SPS1) or 1423 K (SPS2) with 5 min dwell and a pressure of
70 MPa.

The as-produced samples had an O/U ratio of 2.03, a relative den-
sity of 99% and a grain size around 1.3 um (SPS1), and O/U of 2.00,
around 93-95% relative density (SPS2) and a grain size of 0.65 pm. A
small fraction of the CsI evaporated during sintering, so that the given
composition is the nominal one. The CsI inclusions were finely dispersed
and mainly located at the grain boundaries at their triple junctions as
confirmed by the SEM/EDX analysis shown in Fig. 2.
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Fig. 2. Fracture surface of SPS1 sample (2.5 mol% CsI — UO,). White spots are
the CsI clusters at the grain boundaries.

2.1.3. Reactor irradiated fuel samples

The three irradiated UO, samples were taken from a commercial
power plant rod. They were extracted from a long drill of a specific
length of the fuel pin, and the radial position for each three samples
was the same, the center of the pellet. The only significant difference
between samples S1, S2 and S3 was the burn-up, 67 MWd/kgU for S1
and 55 MWd/kgU for S2 and S3, resulting from differences in axial po-
sitions. The irradiation temperature of the samples is estimated to be
between 1400 and 1500 K which is according to [17,18] favorable for
formation of CsI in the matrix. Within this burn-up range, the fuel may
be slightly hyperstoichiometric. For experimental reasons, the S2 sam-
ples was measured with a 2 mm Knudsen effusion hole while the other
ones with 0.5 mm hole. This may affect the release profile delaying Cs
compared to iodine. This difference is difficult to assess experimentally
because sample of such size may be different. However, we consider that
given the time scale of the release period (10 K/min) the major driver is
still the release kinetics. Each sample consisted of fragments with a size
of around 100 um and a total weight of few mg.

2.2. Experimental set-up (KEMS)

Cesium and iodine speciation of all samples were analyzed using
a Knudsen effusion mass spectrometer (KEMS) that was built into an
a-tight and lead-shielded glove-box to allow measurements on highly-
radioactive material. The KEMS consists of a high temperature furnace
with a small crucible (Knudsen cell) placed inside. The cell is coupled to
a QMG422 quadruple mass spectrometer from Pfeiffer Vacuum GmbH.

The Knudsen cell itself is a small tungsten crucible of 21 mm in height
and 11 mm in diameter. It consists of two parts, a sample holder and a
removable lid. The lid has a small circular orifice of 0.5 mm (or 2 mm)
in the middle, through which gaseous species can effuse. Normally, this
orifice helps maintaining a molecular flow and ensuring an equilibrium
between the condensed phase in the crucible and the effusing species. In
this study, however, the fission product release is kinetically driven, so
the diameter of the orifice does not play a significant role in the range
of temperature of release measured.

Once the gaseous species effuse from the Knudsen cell they travel
to an ionizing chamber, where they are bombarded with electrons and
are converted to ionic species. The newly ionized species then travel
further until they reach the mass spectrometer, where they are recorded
according to mass. The masses recorded by the spectrometer range from
1 to 512 amu. For more details on the Knudsen cell method the reader
is referred to [27].

In the case the KEMS is used for equilibrium studies, e.g. determin-
ing the vapor pressure of Csl, a known quantity of a reference material
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is vaporized simultaneously to obtain an experimental and unique cal-
ibration factor. In this study, Ag was the reference material of choice,
as it has a well-known pressure and its gaseous species are inert toward
the analyzed species.

By evaporating the reference material a calibration factor, K, is ob-
tained. The calibration factor consists of two terms: (1) k 4 & which is an
instrumental term and independent of the sample, and (2) k;, which is
a term that is sample dependent. The calibration factor is described as:

K =k, Xk, b}
where k 4, is defined as

P
s @)

kpg=——4—7
ngxIAngAg

P, is the partial pressure of the silver, f,, is the fractional abundance
of the Ag isotope considered, IX is the intensity of the signals of the
Ag isotopes, and T, is the temperature. k; is defined as follows:

= [iX/M; X0,
ngX MAgXO-i

€))

where f; is the isotope ratio of the species i, M; is the molar mass of
species i, M 4, is the molar mass of silver, f,, the isotope ratio of Ag,
0 44 is the ionization cross section of silver and o; is the cross section of
species i. The square root of the mass of the isotope is commonly used as
estimated yield of the SEM (secondary electron multiplier) when used
in current mode.

Once the calibration factor is known, the vapor pressure of the
species can be calculated. The vapor pressure of the species i is cal-
culated according to Eq. (4), where, P, is the partial pressure, I, is the
intensity of the signal, T is the temperature, and K the calibration factor
as given in Eq. (1) [28].

P =I"xT,xK @

It should be noted that the dissociation of the gaseous species into
their ionized counterpart is not one-to-one. This means that e.g. CsI(g)
upon being bombarded may be ionized to form CsI*, but also to a cer-
tain fraction to Cs* or I*, depending on the electron energy used. This
fraction (of dissociation) can be determined by a so-called ionization ef-
ficiency measurement, performing an isothermal experiment in which
the electron-energy is varied and the threshold energies and molecu-
lar yields are determined. Fig. 3 shows the ionization efficiency curves
measured for pure Csl in this study. These fractions should be taken into
account when calculating the pressure, as to not under- or overestimate
it.

3. Fission product release from nuclear fuel

Gaseous and volatile fission products may affect the behavior of nu-
clear fuel in normal or abnormal operation [29]. The release profiles
of fission gases and volatiles fission products during laboratory ther-
mal treatments/anneals follow several steps that can be described by
different mechanisms that include trapping/de-trapping from defects,
diffusion, venting. The release can be observed as bursts or more con-
tinuous releases as shown, for example, in [3,30-32].

The release profiles of fission gases and volatiles typically show four
characteristic release steps as a function of temperature, as depicted in
Fig. 4, related to the microstructure and/or to the transport properties
of the fuel and their change with temperature. After they are generated,
the fission products may be trapped at voids or defects in the crystalline
structure of the UO, matrix but also in larger sinks being grain bound-
aries or bubbles. The irradiation conditions like temperature and/or
burn-up determine the onset and temperature ranges of the different
observed release steps as well as their magnitude whereas the temper-
ature during annealing determines the evolution of the microstructure
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Fig. 4. Different release stages of Xe from S1 sample as measured by KEMS.
From left to right the fission product releases are governed by the following
processes: A, release of labile fraction from surfaces and cracks; B, atomic dif-
fusion and grain boundary release; C, gas bubble growth and release; D, release
of the residual fraction in the matrix.

and fission product behavior, eventually beyond the fuel operating con-
ditions.

As an example, Fig. 4 shows the different stages of release of the in-
ert fission gas Xe from the S1 sample as measured by Knudsen effusion
mass spectrometry (KEMS). It is clearly seen from the graph that a first
release (stage A) starts at approximately 800 K and ends before 1250 K.
Some authors have also reported a minor release peak of fission gases at
approximately 600 K (not present here) but this is irrelevant and possi-
bly biased by experimental artifacts [33]. This first release we observe
here is associated to diffusion via defects present from the irradiation.

The second release (stage B) is due to thermal diffusion through the
matrix to the grain boundaries [34]. As mentioned above, radiation has
created damage in the crystalline matrix in the form of vacancy clusters
and dislocation loops, which act as trapping sites for fission products and
cause retardation of release. The release is then a fraction of gas diffusing
whereas it also competes with trapping at defects or in voids [35]. When
the concentration of atoms at the trapping sites is high enough, gas-gas
interactions occur which lead to the formation of fission gas bubbles
[371.

During irradiation and in the presence of radiation, radiation-
induced re-solution in the fuel matrix occurs [37]. When the fission
products reach a grain boundary surface they aggregate in lenticular-
shaped gas bubbles for example. As the concentration of the fission
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product bubbles at the grain boundary increase with time, the bubbles
will grow and tunnels at the grain edges form through which they can
be released to the free volume in the fuel pin [36].

The mobility of fission gas bubbles is controlled by the temperature
gradient in the fuel pellet and the typical temperature for the start of
fission gas bubble diffusion is between 1200 °C and 1600 °C for (near)
stoichiometric UO, fuel, which is above the typical temperatures oc-
curring in LWR fuel during normal operation. This is reflected during
laboratory anneals in stage C in Fig. 4. Similar mechanisms were also
observed for the migration of implanted cesium in UO, as described in
by Panetier et al. [38].

The last of the four fission product release stages (D) in the mass
spectrometric experiment (Fig. 4) starts once the matrix starts evapo-
rating significantly, which occurs at relatively low temperature due to
the specific conditions (small sample size, vacuum, experimental con-
ditions; see below). Not all fission products find their way into a grain
boundary or a fission gas bubble. Some fission products are incorpo-
rated into the crystal lattice of the fuel matrix and some are trapped
at defect sites and in pores and are thus only released when the matrix
start to evaporate. The point at which the matrix starts to evaporate in
the KEMS experiments depends on the fuel stoichiometry. In the exper-
imental condition of the current study, it can be as early as 1500 K for
highly oxidized fuel or as late as 2000 K [2], as we see in our graph, for
typical stoichiometric fuel.

4. Results
4.1. CsI

The first analyzed sample was pure CsI. The sample was then heated
in the KEMS at a rate of 10 K/min until reaching 1100 K, at which point
it was fully vaporized. To account for the dissociation of the CsI gaseous
species at the electron energy used during the experiment (29.5 eV),
an apparent potential curve was recorded at a constant temperature of
860 K. The obtained appearance potential curve is presented in Fig. 3.
This figure differs somewhat from the similar plot in our previous study
[71, where we observed an inflection shoulder at low energies of the
Cs™ signal. At that time, the shoulder was interpreted as a signal arising
from Cs(g) atomic species. However, through a series of background and
degassing experiments, it was determined that this initial increase in
the Cs* signal is related to a memory effect rather than Cs(g) species in
equilibrium with the CsI compound. Nevertheless, the quantity related
to Cs(g) species in our previous paper was identified as negligible (less
than 0.27 mol%), thus not negatively impacting the study’s outcome.
The partial vapor pressures of CsI(g) and Cs,1I,(g) are in good agreement
with the critically assessment reported in the NIST-JANAF tables [39].

Roki et al. [40] critically assessed the thermodynamic properties of
Csl solid, liquid and gas phases. In their review, they analyzed the vapor-
ization of CsI(s) based on the signals obtained for the dimer-to-monomer
pressure ratio. For this they compared twelve individual studies. In all
of them Cs*, CsI*, Cs,I* were observed. In most studies also I* and
in a few studies Cs;r were observed. One study reported Csl trimers
and tetramers. The ratios derived from Fig. 3 are (100:15.6:2.75) for
(Cs™:CsIt:I™) at 25 eV and 860 K. These numbers are in agreement with
the range that Roki et al. [40] indicate in their assessment.

4.2. UO,+CsI (SPS1 and SPS2)

Next, the CsI-doped UO, samples (SPS1 and SPS2) were analyzed to
determine whether the vaporization of CsI is different when incorpo-
rated in a UO,-matrix. The associated graphs are shown in Fig. 5.

The Csl release of SPS1 and SPS2 started at 800 K and 1100 K, respec-
tively, which is consistent with the temperature at which grain boundary
release takes place. The release temperatures are also consistent with
Fig. 2, which showed that CsI accumulated at the grain boundaries of
the UO, matrix.
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Fig. 5. The measured intensities of the Cs*, I* and CsI* ionized species from
UO,+CsI samples SPS1 (A) and SPS2 (B) at T = 1100 K [7]. The thick lines
show a smoothed curve of the experimental data.

The only signals observed in both SPS1(0/U = 2.03, 99% density)
and SPS2(0/U = 2.00, 93-95% density) are signals Cs*, I* and CsI*,
similar to pure CsI sample. Other signals such as I}, Cs,* and Cs,I*,
were below the detection limit. The signals are reasonably parallel,
which potentially indicates a congruent vaporization source.

The ratios of the signals of Cs*, I* and CsI*, in addition to be parallel,
correspond relatively closely to the ones observed over pure Csl (Fig. 3
at 29 eV). However, the I signal of SPS1 shows the particularity that
the ratio It /CsI* is lower than expected, but this may be due to the
sharp release as the masses are not measured at the same time and to
the experimental uncertainty.

The earlier release for sample SPS1 can have several causes. It can be
due to the extremely high density of SPS1 (99% relative density) which
caused cracking and fracturing at lower temperature as opposed to the
sample SPS2 (93-95% relative density). This favors the mobility of CsI
at the grain boundaries. Another explanation could be the higher O/M
ratio of SPS1 as a result of which the oxidized surface of the grains is
more prompt to mobility of atoms [41], favoring the migration of CsI as
well. This also explains the fact that the SPS sintering at 1273 K of UO,
powder leads to an higher density sample (99%) than the sintering of
UO, o at 1423 K resulting to a density of 93-95%. Finally, it cannot be
excluded that CsI reacted with the matrix to form Cs,UO, due to the
higher oxygen potential. We favor the first explanation as the release
shows very sharp parallel curves for Cs and I.

Transposing these results to irradiated fuel under the assumption
that (almost) all iodine is bound to Cs, implies that we should expect a
similar ratio between I and CsI* and the same release pattern of these
signals. Their ratios to Cs* cannot be used in case of irradiated fuel,
as Cs is produced in a 10 times larger yield compared to iodine, and
potentially the intensity of its signal will be higher and the profile of
the signal different.
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Fig. 6. The measured intensities of the Cs*, I*, I;’, Cs;r and CsI* ionized species

from the gamma-irradiated CsI sample and from pure CsI as comparison.

4.3. Gamma-irradiated CsI samples

After the gamma-irradiation a change in the color (toward light pink)
of the white sample was observed. The KEMS experiment of the sam-
ple, performed 33 days after unloading, showed a change of the ionized
species in the vapor compared to the Csl sample, as can be seen in Fig. 6.
First, we observed significant signals of I* and I; at the start of the
experiment, with a maximum at about 700 K. No cesium release was
observed in this temperature range. Above 725 K also the signals of
Cs*t, CsI™ and Cs;r appeared, whose intensity ratios are similar to pure
Csl. An important additional observation is that after the experiment,
the background signal for I; remains high, indicating a memory effect,
i.e. condensation of I, on the mass spectrometer head, and a thorough
cleaning of the mass spectrometer was needed to achieve the original
background values. These points towards the presence of a compound
which is highly volatile in the sample, likely elemental iodine.

We thus conclude that the CsI sample partially decomposed during
the gamma irradiation with dose rate typical for spent fuel, forming
elemental iodine and cesium. Also elemental cesium is volatile, but since
the sample was handled in a nitrogen atmosphere with some oxygen as
impurity, its oxidation will undoubtedly have occurred, and is therefore
not detected at low temperature. For that reason back reaction to CsI
during heating will have been limited.

4.4. Reactor-irradiated fuel samples

4.4.1. S1 sample

As shown in Fig. 7, no CsI* signal was observed for sample S1 over
the entire temperature range. For Cs* and I, however, we did observe a
signal with two release peaks in the studied temperature range. The first
and smallest peak centers around 975 K (signal starts around 800 K and
disappears around 1200 K) and can be associated with grain boundary
release. This is consistent with the release earlier observed in the SPS-
samples.

For the second release peak the signal for It starts at 1700 K and
ends at 2000 K, whereas the signal for Cs*t starts at 1700 K but only
disappears after 2300 K. The signals for I* and Cs* follow a different
trend indicating that they do not stem from the same compound, CsI.
There is a partial overlap of the release of both species that could indi-
cate a common CsI source which is not confirmed by the presence of the
CsI* signal The I signal has a relatively sharp width whereas the Cs*™
peak has a broader width and more gradual evolution, indicating that
the release processes for the two elements are different.

A remark should be made about which atomic masses were used to
construct the Cs*, I* and CsI™ curves for the irradiated fuel. The Cs*
signal is the sum of the atomic masses 133, 135, and 137. Similarly, for
the I signal the intensities of atomic masses 127 and 129 were taken
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Fig. 8. The measured intensities of the Cs*, I* and CsI* ionized species from
the S2 sample. The thick lines show a smoothed curve of the experimental data.

and the CsI* curve consists of signals obtained for atomic masses 260,
262, 264 and 266. Some of the double ionized actinide oxides interfere
in the spectrum with some of those masses, especially above 2300 K. The
signals shown in the figures have been corrected for this interference by
subtracting a constant fraction of the single ionized signal to the signal
at the mass of the double ionized. The fraction factor was determined
in order to remove the obvious interference.

4.4.2. S2 sample

Similar to S1, we observed signals for Cs* and It but not for CsI*,
and two release peaks. However, some aspects of the release curves for
sample S2 are partly different (Fig. 8):

+ The intensity of the first release is significantly higher than in S1,
suggesting a larger fraction of these fission products in the grain
boundaries.

The initial release peaks for It and Cs* coincide, but we observe
an immediate increase for Cs* after, and not for I*. This pattern
was more pronounced, but not fully different from S1, in which
this release stage was smoother.

Whereas the second release peaks for It and Cs* in sample S1 were
markedly different, the peaks of It and Cs* in sample S2 were very
similar.

4.4.3. S3 sample
The results for sample S3 (Fig. 9) indicate a very small Cs* release
around 1000 K, the grain boundary release stage. A large second peak
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the S3 sample. The thick lines show a smoothed curve of the experimental data.

was observed for Cs*, which can be assigned to release resulting from
matrix diffusion. The peak started at 1600 K and ended at 2250 K and
the I release was small compared to Cs*, and thus different from S1
and S2.

5. Discussion

The experiments performed with the CsI and SPS-samples lead to the
following requirements for confirmation of the presence of CsI in UO,
nuclear fuel: (i) The mass spectrometric curves should reveal both Cs*,
I and CsI™" signals, (ii) the signals for I* and CsI* must behave iden-
tically, and (iii) the ratio between the two signals should be at lowest
1:0.7. Based on these results, we will now first discuss the observations
for the three main temperature ranges, representing grain boundary re-
lease, followed by matrix diffusion and finally matrix evaporation.

« For the irradiated samples S1 to S3, I* and Cs™ peaks were observed
in the temperature range of 800 K to 1200 K and can be assigned
to grain boundary release. The curves partially matched in shape,
which could indicate that they may stem from the same compound.
However, no signal for CsI was observed. Based on the I*:CsI* ratio
found in the SPS-samples (1 to 0.7), the CsI* signals should have
been detected for samples S1 and S2.

Cs* and It peaks were observed in the 1500 K to 2250 K temper-
ature range and again no CsI™ signal was observed. In sample S1,
the Cst and It curve were markedly different. The It signal had
a smaller width than the Cs* signal, whereas the Cs* signal, indi-
cating different diffusion and release mechanisms. The Cs* and I*
signals of S2 and S3 did exhibit parallel release curves, indicating
that they could have the same origin. However, when the signals
are compared to the signal of fission gases as shown in Fig. 1, we
see that all fission gasses and volatiles have similar release behav-
ior starting at 1500 K (matrix diffusion) indicating similar diffusion
characteristics and not a similar chemical origin.

+ Above 2250 K no ionic Cs* and I~ species were observed.

Thus, none of the samples met the requirements to confirm the pres-
ence/formation of Csl in nuclear fuel. The CsIt ionized species was
detected in neither of the three samples S1, S2 and S3 and the correct
peak ratio between I and CsI* was not fulfilled. However, we did ob-
serve similar release behavior of It and Cs™. In all three samples, we
observed release up to 1000 K for the two elements and we observed a
major release starting at 1500 K. The similar release behavior is caused
by both elements being present in their volatile form as explained ear-
lier on. The differences in the release patterns of the first and second
stages between the S1, S2 and S3 samples may be attributed to differ-
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ences in the axial positions, but also to stochastic differences inherent
to complicated experiments with small-sized nuclear fuel samples.

The absence of Csl in our experiments can have two reasons: (i) It
was not formed during reactor operation. (ii) It was no longer present
in the fuel at the moment of the experiments. We will shortly discuss
the two possibilities.

As discussed in the introductory sections, numerous experimental
observations have been published and arguments presented on the for-
mation of Csl in nuclear reactor fuel, with inconclusive results. Addi-
tional arguments may come from theoretical pair potential calculations
by Grimes et al. [42]. They showed that in UO, fuel the site prefer-
ence of an I ion is a di-oxygen vacancy and the site preference of Cs is a
uranium vacancy, or Cs, in a tetra-vacancy. As specific defects tend to
cluster it is possible that in the fuel matrix Cs and I migrate along dif-
ferent paths with a limited probability of meeting each other. However,
if they do meet the clustering of Cs and I would be favorable by 0.43
eV at a charged tetra-vacancy in UO, compared to separate ions [42].
Also when reaching the grain boundaries they might react (e.g. Cs + I —
CsI), depending on the surface concentration of the fission products. The
rate of desorption of individual fission products (e.g. Cs and I) is propor-
tional to their surface concentration, which in turn is directly related to
the burn-up. This means that the rate of formation of a compound (CsI)
is approximately proportional to the square sum of the burn-up [43].
So when the burn-up is high it is more likely that fission product com-
pound desorbs from the surface, whereas when the burn-up is low (e.g.
trace-irradiated UO,) the desorption of elemental fission product is fa-
vored. Our results for a relatively high burn-up indicate that Cs and I
are not released as molecular Csl.

Therefore we must take into account the fact that it is highly proba-
ble that CsI decomposes in a gamma radiation field [22,44,9,45]. In view
of the long storage time (8 year) it is thus well possible that in-reactor
formed CsI is no longer present at the time of the mass spectrometric
measurement. As discussed, Cubiccioti et al. [22] found evidence that
Csl dissociates in a gamma radiation field at dose of a 10°-107 Gy and
temperatures of 320 K, 443 K, and 570 K in vacuum. Kulikov and Maly-
shev [44] found similar results at a dose of 10*-10° Gy and temperatures
of 318 K and 623 K in air. They analyzed the decomposition products
in the solid and gaseous phase and found that a significant fraction (>
50%) of iodine remained in the powder. They also found no strong de-
pendence of the dose rate (from 0.3 to 20 Gy/s), whereas the yield was
twice as high at 318 K compared to 623 K. Bibilashvili et al. [9] inves-
tigated the effects of temperature and helium pressure on the radiolytic
decomposition of Csl, and concluded that with increase of both the de-
composition increases. The temperature dependence is different from
the earlier observations, but is due to the specific experimental setup in
which an increasing amount of gaseous CsI was exposed with increas-
ing temperature. Thus, all three studies provide strong evidence that
gamma radiation during the storage period of the samples studied may
have resulted in an almost complete destruction of CsI, if it was present.

Our KEMS experiments with gamma-irradiated CsI confirm the effect
of radiolytic decomposition of Csl, at similar dose and a dose rate typical
for spent nuclear fuel. The obtained results were qualitative, so it is dif-
ficult to assess the exact impact of years of storage of the nuclear fuel on
the chemical speciation of the fission products, and especially Cs and I.
But considering all evidence from this study and literature, we conclude
that formation of Csl in nuclear fuel at grain boundary is likely, but it
is decomposed by strong and continuous gamma radiation in reactor
but particularly during post-irradiation storage at low(er) temperature,
making it impossible to detect Csl in the analyzed fuel samples.

It is interesting to note that in earlier mass spectrometric studies
of irradiated fuel we did find evidence for CsI formation and release
[31,3]. In that work we studied the fission gas release from oxidised
irradiated fuel, and the CsI* ion was observed in the release curves of
a pre-oxidised sample, i.e. after a heat treatment in air at 670 K, which
resulted in a composition close to U;Og. The intensity of the CsI* signal
was about 0.1 of the I signal, significantly lower than the one from the
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SPS samples, and the release took place in a broad release between 750
and 1750 K. Evidently, the thermal treatment and the oxidation gave
Cs and I the opportunity to partially recombine at the grain boundaries
and the gamma dose was low enough not to completely decompose the
formed Csl.

6. Conclusion

Overall, no conclusive evidence was found for Csl release from irra-
diated fuel samples of burn-up of 55-65 MWd/tHM after several years
of storage. The observation that this is different from fuel that was ther-
mally treated at low temperature and oxidised before the measurement,
is an indication that the reaction between Cs and I does easily take place.
We must therefore conclude that radiolytic decomposition may have
prevented CsI formation or decomposed the formed CsI during the long
storage at low temperature.
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