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ABSTRACT

The chemistry of fission-product tellurium is discussed with a focus on conditions in an
operating CANDU® reactor and in an accident scenario, i.e., a loss of coolant accident (LOCA).
Cesium telluride, Cs2Te, is likely to be one of the most abundant tellurium species released to
containment. Available thermodynamic data on gas phase Cs2Te is not complete; hence the
volatility of cesium telluride was studied by Knudsen-cell mass spectrometry. Cesium telluride
was found to vapourize incongruently, becoming more tellurium-rich in the condensed phase as
vapourization progressed. Vapour-phase species that were observed were elemental cesium and
tellurium, CsTe, CsaTe, Cs2Te2 and Cs2Te3. Second-law enthalpies and entropies were obtained
for many of these species, and a third-law value, AH2980, of 186 ± 2 kJ^mol"1 was obtained for
Cs2Te.
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REEXAMEN DE LA CHIMIE DU PRODUIT DE FISSION TELLURE

ET DU TELLURURE DE CESIUM

par

J. McFarlane et J.C. LeBlanc

RESUME

Dans le present rapport, on examine la chimie du produit de fission tellure en portant une
attention particuliere aux conditions ambiantes dans un reacteur CANDUMD en exploitation et
dans un scenario d'accident, c'est-a-dire un accident de perte de caloporteur (LOCA). Le
tellurure de cesium, Cs2Te, est probablement Tune des especes de tellure les plus abondantes qui
seraient liberees dans 1'enceinte de confinement. Les donnees thermodynamiques dont on
dispose sur la phase gazeuse du CsaTe sont incompletes; on a done etudie la volatilite du tellurure
de ce"sium par spectrome'trie de masse a Paide de cellules de Knudsen. On a trouve que le
tellurure de cesium se vaporisait de facon incongrue, devenant plus riche en tellure dans la phase
condensee au fur et a mesure que la vaporisation se poursuivait. Les especes de la phase vapeur
qui ont ete observers etaient le tellure et le cesium elementaires, et les CsTe, Cs2Te, Cs2Te2 et
Cs2Te3. On a obtenu les enthalpies et les entropies selon le deuxieme principe pour un grand
nombre de ces especes et une valeur selon le troisieme principe, AH298°, de 186 ± ikJ-mol"1 pour
le Cs2Te.
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1. CHEMISTRY OF FISSION-PRODUCT TELLURIUM

In reactor safety analysis, particular attention is paid to volatile fission products that may escape
from the reactor coolant system (RCS) in the event of a large loss-of-coolant accident (LOCA).
The chemical speciation of these fission products will affect their transport from the RCS, and
also the procedures effective in mitigating the transfer of activity from the fuel into containment
or beyond. Some isotopes of iodine are derived from tellurium, such as I32I, U/2 = 2.28 h, a beta-
decay product of Te, tyt = 78 h; the latter accounts for about 2.5% of fission product tellurium.
Tellurium also contributes directly to the source term, as short-lived isotopes: 131Te, ty2 = 25 min,
133mTe, tw = 55.4 min, and 134Te, t./2 = 42 min.

1.1 TELLURIUM IN FUEL

In most accident scenarios the main source of fission products is from the fuel-cladding gap. The
chemical form of fission products in the gap and their abundance depend on many factors: the
linear power or fuel temperature, the oxygen potential in the gap that is determined to a large
extent by burnup, the availability of other fission products for compound formation, and the
effect of radiation on chemical processes such as dissociation and ionization (Ball et al. 1989).
Typical operating conditions in a CANDU® reactor that may affect fission-product chemistry are
listed in Table 1, along with comparable figures on light-water reactor (LWR) fuel. CANDU and
LWR reactor designs differ in key areas, such as power history and burnup. This is important to
note, because much of the information on tellurium speciation and transport has been gathered
through experiments on non-CANDU fuels.

Under normal operating conditions of LWR fuels, there is little fission-product mobility, and the
fission products that reach the gap arrive there through fission recoil (Ball et al. 1989). However,
in CANDU fuel, centreline temperatures are high enough to facilitate the atomic diffusion of
insoluble fission products through the fuel to grain boundaries and intra- and inter-granular voids
where they can form fission-gas bubbles. Diffusion rates are not expected to be the same for all
volatile fission products (Cordfunke and Konings 1988). Xenon and iodine have been noted to
migrate once linear power levels reach 25 kW»m"!, and tellurium and cesium at 30 kW'm"1

(Devell and Johansson 1994). However, a recent study by Chkuaseli and Matzke (1995)
suggested that once in bubble form, diffusion rates of cesium and rubidium (iodine and tellurium
are also very similar) and both groups are close to that of krypton. Outside the grain, these
bubbles can interlink and transport by thermal migration along grain boundaries and cracks to the
fuel-cladding gap (Imoto 1991). Above 1850 K, the bubbles can be swept out of these sites by
grain growth (Cordfunke and Konings 1988). Because of the higher centreline temperature,
CANDU fuel operated to high burnups can fail because of excessive accumulation of fission
gases in the gap or stress-corrosion cracking of the cladding or both.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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The speciation and vapour pressure of in-core tellurium depends to a great extent on the chemical
oxygen potential. For example, the vapour pressure of tellurium was calculated to extend over a
range of 10~5 to 104 Pa above irradiated fuel (de Boer and Cordfunke 1995). Because the fission
product cesium-to-tellurium ratio is ~5, it is expected that tellurium located in the fuel-cladding
gap will form cesium telluride, Cs2Te (Imoto 1991). However, in LWR fuel above 993 K and at
high oxygen potentials where cesium is expected to be retained in ternary forms, tellurium may
exist as PdTe or in elemental form (Imoto and Tanabe 1988).

As suggested by Ball et al. (1989) in work oriented toward liquid metal fast breeder reactor
(LMFBR) fuel, equilibria that determine tellurium potential in the fuel/cladding gap between
900 and 1200 K are:

Cs2Te + 2O2 <-> Cs2MoO4 + Te (1)

Cs2Te + [U,Pu]O2.x + (l-x/2)O2 <-> Cs2[U,Pu]4Oi2 + Te (2)

At low burnups, there may not be enough molybdenum to buffer the oxygen potential of the fuel.
However, because of the high fission yield of molybdenum in comparison with cesium,
Reaction (1) is still likely to occur within fission gas bubbles in CANDU fuel. Buffering in the
CANDU fuel-cladding gap of outer and intermediate elements may well arise from interactions
with the CANLUB coating, a graphite inner coating on the Zircaloy cladding used to prevent
pellet-cladding interaction (Cox 1990). There is also evidence that the CANLUB prevents
oxidation of the sheath.

A review of thermodynamic information known on tellurium systems has been compiled
(Chattopadhyay and Juneja 1993); this includes binary systems, such as the tellurides of uranium,
zirconium and cesium; and ternary systems, such as the oxytellurides of uranium, cesium, barium
and strontium. Chattopadhyay and Juneja conclude that, based on thermodynamic considerations
alone, the following tellurium species should be used in an analysis of used fuel. However, they
did not attempt to compare the stability of different classes of compounds, such as tellurides with
oxytellurides.

(a) Binary Condensed Phases

Cesium and other alkali tellurides (e.g., Rb2Tes, Bottcher and Kretschmann 1983) fall into this
category, and because of their importance to tellurium speciation in the reactor coolant system
are discussed in more detail later. However, the binary condensed phases also include BaTe,
CeTe (Koyama and Yamawaki 1988) and SmTe in order of decreasing stability, which are in turn
more stable than the tellurides of silver, molybdenum (i.e., MoTe2 and Mo3Te4, Viswanathan et
al. 1993; Puotinen and Newnham 1961), and palladium. The former vapourize congruently to
give M(g) and Te(g), where M(g) is Ba, Ce, or Sm. The thermochemistry of GeTe and GeTe2

(Tomaszkiewicz et al. 1995), Sb2Te3 (Piacente et al. 1992), PbTe (Porter 1961), and Ni3Te2 and
NiTe2 (Viswanathan et al. 1987; Kuznetsov et al. 1990) have been studied, germanium and
antimony being fission products, lead being an activation product, and nickel being an impurity
in UO2. However, data are not available for rare-earth (RE) tellurides other than those of cerium
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and samarium. Because of the stability of the rare-earth and alkaline-earth oxides, the tellurides
of these metals are not expected to be important in fuel under normal operating or reactor
accident conditions (Blackburn and Johnson 1982).

(b) Ternary Condensed Phases

These include Cs2TeO3 (Semenov et al. 1994), Cs2Te2O5, Cs2Te409 and Cs2Te04 (Cordfunke
and Smit-Groen 1984; Cordfunke et al. 1988), BaTeO3, RE2O2Te (RE = Ce, Nd, La), UOTe,
U2O2Te, PuO2Te2) and U4O3Te3 (Noel et al. 1995). Ibers et al. (Cody and Ibers, Pell and Ibers,
Wu and Ibers, and Cody et al. 1995) have prepared ternary and quaternary tellurium compounds
by high-temperature reactive flux synthesis using Cs2Te, Cs2Te3, and Cs2Te3-Te. There is
currently no data on the relative thermodynamic stability of these compounds, Cs/M/Te where
M is U or Ti, such as CsUTe6, and Cs/M/U,Zr/Te where M is Ag, Ti, Hf, or Au.

(c) Vapour Species: Tef g). Te?(g). and SnTef g)

Volatiles from some simulant tellurium fission product-fuel systems have been spectroscopically
analyzed in an inert gas matrix (Bowsher et al. 1987): H2Te, Cs2UO4 + Te, Cs2CO3 + TeO2, and
CsOH + Te.

Any elemental tellurium that reaches the gap is likely to combine with the Zircaloy cladding, as a
zirconium-telluride compound, i.e., ZrTe2, Zr4Te5, Zr^Te (0 < x < 0.5), ZrTe3, Zr3Te, ZrTe,
ZrTes or as a solid solution, Zr(Te) (Cordfunke and Konings 1988; de Boer and Cordfunke 1995;
Hofmann and Spino 1981; Chattopadhyay and Bharadwaj 1989; Chattopadhyay and Juneja
1993). The speciation depends on temperature and tellurium vapour pressure. De Boer and
Cordfunke (1995) observed a reaction between Zircaloy and tellurium below 673 K, and
characterized the main product phase as Zri_xTe by X-ray diffraction, scanning electron
microscopy and energy dispersive X-ray spectroscopy. Upon further heating under low tellurium
vapour pressure conditions, Zr4Tes was formed. Thermodynamic data have been collected on
one ternary compound in the zirconium-tellurium-oxygen system, ZrTe3Os; however, no
discussion was presented on the possible role of this compound at oxygen potentials relevant to
fuel under normal operating or accident conditions (Samant et al. 1994).

Formation of zirconium tellurides has been credited with retaining tellurium up to 2273 K, even
under conditions of partial oxidation of the Zircaloy cladding (Collins et al. 1986). At higher
oxygen potentials, in regions where the cesium telluride is thermodynamically unstable relative
to cesium uranate compounds, such as Cs2U4Oi2, a larger fraction of tellurium is expected to
form zirconium telluride compounds. The thermodynamics of these compounds have been used
to speculate on their role in cladding/gap chemistry; for instance, the vapour pressure of Te(g)
above ZrTe2-ZrTe3 is calculated to be close to that of elemental tellurium (Chattopadhyay and
Juneja 1993). However, at temperatures close to those of operating fuel, well below 1273 K, it is
thought that kinetics may determine tellurium speciation, because the main interactions will
involve the surface of the Zircaloy rather than the bulk (de Boer and Cordfunke 1995).
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Recent high-temperature capsule experiments by Pulham and Richards (1995b) demonstrated
that Cs2Te can react with zirconium above 1023 K to give unidentified ZrxTe and CsiZrmTen

phases. Reactivity was seen at lower temperatures, e.g., 948 K (Pulham et al. 1995), only when
O2 was admitted into the system. The depth of corrosion of the Zircaloy and zirconium foils
increased with oxygen potential, from -914 to -307 kJ'mol"1. However, the formation of layers
of corrosion products suggested that the mechanics of the process were limited by kinetics rather
than thermodynamics.

The situation is expected to be different in the case of normal CANDU fuel, because the cladding
of most elements is protected with a CANLUB coating. Study of the interaction among
CANLUB coating, Zircaloy and fission products including tellurium is preliminary, and hence
the chemistry is not well understood. At burnups above 600 MW«h/kgU, the CANLUB coating
flakes off the cladding, allowing the iodine, tellurium, and perhaps more importantly the excess
oxygen from fission, to attack the zirconium (Floyd et al. 1992). Oxidized tellurium, in the +4
state, has been observed by X-ray photoelectron spectroscopy in the gap and grain boundary of
high-burnup fuel (Chan et al. 1995). However, the equilibrium oxygen potential of Reaction (3)
ranges from -335 to -254 kJ'mol"1 between 500 and 1000 K (Cordfunke and Konings 1990), well
above that measured in the bulk of normal burnup used fuel.

Cs2Te + 3/2O2 <-> Cs2Te03 (3)

In summary, in CANDU fuel it is likely that the tellurium in the gap and grain boundaries is
present as Cs2Te under normal operating conditions, or those when little interaction between
tellurium and the cladding is expected and redox conditions are not highly oxidizing.

1.2 TELLURIUM TRANSPORT FROM FUEL TO CONTAINMENT

Although little reaction is expected between fission product tellurium and CANLUB-coated
cladding under normal operating conditions, the zirconium and minor components of the
Zircaloy-4 cladding may become available for reaction with the tin under the high temperatures
and oxidizing atmospheres of selected accident conditions. This section will attempt to
summarize the large body of literature on the role of cladding in tellurium accident chemistry.

In general, if steam or some other oxidant is available in a reactor accident involving
temperatures above 1150 K, zirconium in the cladding will be oxidized to ZrO2 (Cordfunke and
Konings 1988).

Zr(s) + H2O(g) -> ZrO2(s) + H2(g) (4)

The heat released during this exothermic process will further increase already high reaction rates.
Mechanical stresses on the cladding during an accident will facilitate the oxidation process
(Hofmann and Spino 1981). As long as the cladding remains intact, or not fully oxidized,
tellurium in the form of a zirconium telluride will remain stable even when in contact with a
metallic (U,Zr) alloy or oxygen-saturated alpha zirconium (Imoto and Tanabe 1988).
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Once the cladding is breached, H2O/H2 will be able to react with both the fuel and the inside of
the Zircaloy cladding. The zirconium-bound tellurium will be released (Imoto and Tanabe
1988).

ZrTe2 + 2H2O -» ZrO2 + 2H2 + Te2 (5)

At very high hydrogen pressures, H2Te can form.

2H2 + Te2 <-> 2H2Te (6)

Other hydrogen tellurides exist (e.g., H2Te2, Hop and Medina 1994); however, because of their
limited stability, they are unlikely to be major tellurium species in a reactor accident.

As oxidation of the cladding continues, tin, an alloying element, is released from solution in the
zirconium. Because tin has a melting point of 505 K and a low vapour pressure, it has been
found to form a tin-rich layer at the interface between the oxidized ZrO2 and the unoxidized
Zircaloy (Collins et al. 1986; Chan et al. 1995). Hence the tin is readily available for reaction
with fission-product tellurium to form SnTe, which melts congruently at 1079 K (Balde et al.
1994). Tin telluride will be stable in an atmosphere of H2O/H2 typical of an accident scenario
(Imoto and Tanabe 1988). Mass spectra of tin telluride collected at 1003 K suggest that the
compound vapourizes mainly as SnTe(g), with no evidence of Sn2

+(g) or Te2
+(g) (Bowsher et al.

1987).

When considered in isolation, the most important tellurium species in the gap of a CANDU fuel
element, Cs2Te, is stable under a low pressure, slightly oxidizing atmosphere of H2O/H2.
However, in the presence of other fission products, cesium telluride will react with H2O(g) to
form more stable cesium compounds, the order of stability under such oxygen potentials being
Csl > Cs2MoO4 > Cs2Zr03 > Cs2UO4 - Cs2Te.

Cs2Te + MoO2 + 2H2O <-» Cs2MoO4 + 2H2 + 0.5Te2 (7)

Cs2Te + ZrO2 + H2O <-> Cs2ZrO3 + H2 + 0.5Te2 (8)

Cs2Te + UO2 + 2H2O <-> Cs2UO4 + 2H2 + 0.5Te2 (9)

The reaction of Cs2Te and H2O(g) to form CsOH and elemental tellurium is thought to occur
only at high pressures of steam (>105 Pa).

Cs2Te(s) + 2H2O(g) o 2CsOH + H2+0.5Te2 (10)

The required high pressures, however, may be present in certain severe accident scenarios,
ranging from 2 and 10xl05 Pa. Hence the release of tellurium in its elemental form cannot be
dismissed.



- 6 -

Cesium telluride is water soluble, and dissolution may well be more important than the
hydrolysis reactions, (7) through (10), listed above. Aqueous tellurium chemistry is discussed in
more detail later in the report in Section 1.3 that describes containment chemistry.

Tellurium transport was studied in tests on used-commercial pressurized-water reactor (PWR)
and boiling-water reactor (BWR) fuels, which were heated to between 1673 and 2273 K in a
flowing mixture of steam and helium (Collins et al. 1986). In one test, tellurium was observed to
be released when the PWR fuel was heated to 1998 K, but only when the Zircaloy cladding
became completely oxidized because of a large crack in the cladding. The steam also oxidized
the fuel and enhanced the release of other volatile fission products, namely krypton, iodine and
cesium. Chemical analysis for tellurium, done after the temperature transient experiment,
suggested that the tellurium was primarily transported as cesium, rubidium or tin tellurides
(Collins et al. 1986), with a minor portion as elemental Te2(g). Control tests suggested that the
cesium telluride gas-phase species was CsTe(g) and arose in part from the reaction between
Te2(g) and CsOH(g) between 873 and 1073 K, essentially the reverse of Reaction (9) (Osborne
et al. 1987). Further on, the CsTe(g) reacted with the Inconel-600 liner of a thermal gradient tube
used for analysis, forming nickel and chromium tellurides (Collins et al. 1986). Additional tests
suggested that 36% of the SnTe was transported as an aerosol, the rest in the gas phase.
Condensation on an aerosol would be a means of facilitating tellurium transport into containment
(Bowsher et al. 1987); however, the only studies of this phenomenon include control rod
materials or boron.

At temperatures above 1000 K, which will prevail in the event of massive fuel failure, it is
thought that fission-product chemistry quickly achieves thermodynamic equilibrium. Hence if
thermodynamic data are available for fission-product compounds, chemical speciation can be
calculated using free-energy minimization routines, such as the "CHMWRK" code, developed at
the Whiteshell Laboratories. In the past, calculations were performed to predict the speciation of
tellurium as released into containment (Garisto 1992), incorporating many of the tellurium
species mentioned above. The conclusions of that study were that if the cladding were oxidized
releasing tin, Cs2Te(c,g) would be the important tellurium species released at low temperatures,
up to 1300 to 1600 K (depending on the amount of tellurium available for release), and SnTe(g)
would be important at high temperatures. The volatility of these two species is similar; however,
their solubility in water and reactivity with structural materials is quite different. Hence the
chemistry of these compounds in containment is expected to be dissimilar.

13 TELLURIUM IN CONTAINMENT

Little discussion of tellurium speciation specific to reactor containment has been presented in the
literature. However, the system is in many ways analogous to aqueous tellurium speciation in
geological deposits, with temperatures ranging between 423 and 573 K. For example, Zhang and
Spry (1994) provide equilibrium constants of aqueous tellurium reactions from 298 to 573 K. In
addition, a review of the thermodynamics of hydrothermal tellurium speciation has been
compiled by McPhail (1995), covering temperatures between 298 and 623 K and pressures up to
105 Pa. This critical evaluation will help in the interpretation of experiments on tellurium
speciation in containment.



- 7 -

Chemically, tellurium behaves much as sulphur and selenium, except that it exhibits a more
metallic character than the lighter elements, and often exhibits a high coordination number by
forming secondary and bridge bonds (Mills 1974; Cotton and Wilkinson 1980; Elkin 1983).
Simple tellurium compounds include tellurides, halides, oxides and oxyacids. Metal tellurides
are generally ionic in character (i.e., they contain Te2"), and nonmetal tellurides are covalent.
Thermodynamic data for a variety of metal tellurides, including SnTe, have been compiled by
Yamaguchi et al. (1994). Whereas sulphides are generally salt-like compounds, selenides and
tellurides often form infinite poly-anion chains, like elemental selenium and tellurium (Neubert
1978; Bottcher 1980). Tellurium compounds, with the exception of stable tellurides of non-
ferrous metals, are toxic by ingestion, inhalation or even absorption through the skin. Elemental
tellurium is relatively innocuous; however, soluble tellurites are more toxic than arsenites.

Of specific interest to reactor safety is the reactivity of alkali tellurides, which may have a variety
of stoichiometries (Akinlade 1994). The alkali and alkaline-earth tellurides decompose rapidly in
air to give elemental tellurium, especially in the presence of water vapour. In aqueous solution,
alkali tellurides are strong reductants. Alkali tellurides will evolve H2Te in acidic solution. This
is an unstable, toxic, light-sensitive, odiferous, strongly reducing compound.

Telluride compounds are very corrosive, and the characteristics of these corrosive properties have
been studied extensively, with a variety of alloys and structural materials (e.g., Adamson et al.
1982). The interaction with metals may help to trap tellurium species released into containment
(Bowsher et al. 1987). Elemental tellurium interacts with Zircaloy above 773 K and shows a
strong attack on the alloy above 1373 K, eventually resulting in dissolution (Hofmann and Spino
1981). Cesium telluride, Cs2Te, reacts with Zircaloy along grain boundaries above 973 K,
although much less aggressively than elemental tellurium. Cesium tellurite can assist in the
oxidation of zirconium or Zircaloy by Reaction (11).

2Cs2TeO3 + 3Zr <-> 3ZrO2 + 2Cs2Te (11)

Corrosion results in the formation of an outer ZrO2 and inner metallic layer sandwiching, thereby
trapping a layer of zirconium-tellurium and cesium-tellurium-zirconium compounds (Pulham et
al. 1995b).

Kinetics of reactions between cesium-tellurium-oxygen compounds and structural alloys have
been investigated by Pulham and Richards (1990,1992,1994, 1995a) above 900 K. It was found
that Cs2Te did not react with steel alloys below AG(O2) = -583 kJ'mol"1. As conditions became
more oxidizing, the cesium telluride, via an intermediate Cs2Te03, corroded the steel, resulting in
alternate layers of Cs3Cr(V)O4/Cr2Te3 and Ni/Fe. At even higher oxygen potentials, -417 to
-307 kJ'mol"1, Cs2Cr(VI)O4 and FeTeo.9 were formed.

3Cs2Te + 5Cr + 6O2 -*- 3Cs2Cr04 + Cr2Te3 (12)

2Cr+1.5O2 -> Cr2O3 (13)

4.5Cs2Te + 14Fe + 9O2 -> 9CsFeO2 + 5FeTeo.9 (14)
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Rate constants were measured for the corrosion process that initially could be described as
controlled by a combination of Reactions (12) through (14) at temperatures between 923 and
1000 K. After 25 to 30 h, the layer of corroded material was sufficiently thick that diffusion of
the corrodents into the metal and of the chromium and iron out of the metal became rate
determining. At 1028 K, corrosion was observed to be occurring by an intergranular mechanism
as well as by layering.

Tellurium compounds that do not plate out or react with primary heat transport components and
other structural materials will likely be washed into the containment sump as part of a fission-
product aerosol. Speciation of tellurium in aqueous solution is strongly dependent on pH and
oxygen potential (McPhail 1995). Elemental tellurium does not dissolve in or react with water
except at high pH or in the presence of strong oxidizing agents (Pourbaix 1966). Under reducing
conditions, in acid and weakly basic solution, tellurium can form HbTefaq) and HTe" (Latimer
1952). At high pH, these species can further react to form Te2" and Te22\ As noted in the earlier
discussion of FbTe, Te2" is a strong reducing agent. The ion Te22" is common in groundwater
buffered by the magnetite-hematite system (Zhang and Spry 1994).

Under oxidizing conditions, such as in the presence of HNO3, tellurium will dissolve to form
tellurite ions, TeO32". A reaction between CsOH and TeC^ will also give Cs2TeO3. Further
oxidation forms the weak tellurous acid, H2TeO3(aq), which usually takes the form of Te(OH)3+.
Dissolution of TeO2 in acidic solutions also results in formation of Te(OH)3+ (Baes and Mesmer
1976).

H2O + TeO2(c) + H+ <-> Te(OH)3
+ (15)

Tellurites, Te(IV), will form tellurates, Te(VI), in an oxidizing solution, such as by reaction with
H2O2. Telluric acid, with highly soluble tellurium (VI), exists in solution as Te(OH)6 between
5 < pH < 7, as TeO(OH)5" between 7 < pH < 11, and as TeO2(OH)4

2" between 11 < pH < 14.
Telluric acid is a powerful oxidizing agent, and depending on relative concentrations in the
containment sump, could couple with the oxidation of iodide to form iodine, Reactions (16) and
(17) (Latimer 1952).

H6Te06(c) + 2H+ + 2e" <-> TeO2 + 4H2O E° = 1.02V versus SHE (16)

2r <-> I2 + 2e" E° = -0.5355V versus SHE (17)

Oxidation of tellurites to form tellurates could be facilitated by interactions with water radiolysis
products in containment. It is expected that the oxygen potential in containment will exceed that
in the reactor coolant system (Bowsher et al. 1987).

Tellurium species that could condense on containment walls and piping include elemental
tellurium and its oxidized form, TeO2 (Zmbov and Miletic 1978; Cordfunke et al. 1987a). The
oxide can be produced by the decomposition of Cs2Te or H2Te, or from heating Te in air, or by
reaction with reagents such as HNO3. Conversely, reagents such as H2, carbon, CO or sulphur
can reduce solid tellurium oxide to the metal when heated. Anhydrous tellurium dioxide is
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slightly water soluble at neutral pH, reaching a minimum of 2.1 x 10"10mol(TeO2)»dm 3 at
pH = 5.5, but the solubility increases at low and high pH, i.e., 6.6 x 10"6 mol(TeO2)*dm"3 at
pH = 10. At pH values greater than 7.8, TeC>2 dissolves in water forming a TeO32" species.
However, if hydrated as TeO2

#H2O, the tellurium dioxide becomes significantly soluble in water
between 5.4 < pH < 7.8, giving concentrations of HTeO32" between 7.8 x 10"5 and
1.6 x 10~2mol(TeO2»H2O)»dm"3. Formation of hydrates (Cordfunke et al. 1985) may allow
tellurium deposited on surfaces in containment to be dissolved and, hence, to participate in
containment aqueous chemistry.

In containment, organic tellurides can be formed by reactions between tellurium and
radiolytically produced organic radicals. Tellurium can react with CH3I to produce (CH3)2Tel2
and dialkyl tellurides can be produced from cesium telluride (Thiele et al. 1996). In general,
organic tellurides are less stable than those of sulphur and selenium; for instance, alkyl tellurides
can be air-oxidized at room temperature. However, because the alkyl tellurides have low boiling
points (365 and 411 K for (CH3)aTe and (CH3CH2)2Te, respectively), their volatilities may
dominate tellurium transport in containment (Bowsher et al. 1987). Thermodynamic properties
for (CHs)2Te are available from room temperature up to 1500 K (van der Vis et al. 1996). In
solution, organo-tellurium(II) and (IV) complexes can form, and even tellurium(II) and (III)
metal complexes are possible under extreme conditions, such as very high pH and strongly
reducing or oxidizing solutions (McPhail 1995). Another complication is that some of the
organo-tellurium will decay into organo-iodine, forming periodate or iodine(VII), iodate or
iodine(V), and I" complexes (Bowsher et al. 1987).

In summary, tellurium will likely enter containment as Cs2Te in an aqueous aerosol, or as a gas
phase Te2 or SnTe species. The water chemistry of the alkali telluride will be strongly dependent
on pH and radiolysis. The volatile inorganic species have high melting points, e.g., 674 K for
elemental tellurium (Balde et al. 1994), and are not water soluble and so will collect on the walls
and surfaces of the containment building. Elemental tellurium is labile and will react with metals
and painted surfaces, especially in the presence of condensed steam, to produce metal tellurides
and organic derivatives. Tin telluride may be less reactive, depending on the relative thermo-
dynamic stabilities of the metal tellurides that could form in the locus of deposition. The action
of SnTe(g) and other tellurides on organic compounds, specifically paints and pigments, is an
area that deserves further attention, especially because organic speciation could determine
transport of tellurium within containment and beyond.

1.4 CONCLUSIONS

Most of the information on fission-product tellurium release comes from the examination of
LWR or LMFBR fuels. Operating conditions of these fuels differ from those of CANDU fuels
and should have an impact on in-core tellurium speciation. The importance of the cladding
integrity to tellurium mitigation indicates that pre-determined factors, such as cladding thickness,
hydrogen embrittlement, and cracking are important to consider in an accident scenario. As
longer burnups and advanced fuels are considered to power CANDU reactors, these would also
impact on tellurium chemistry. Longer burnups would lead to more extensive fuel-cladding
interactions, leaving a weakened cladding more susceptible to rupture and oxidation.
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Preliminary results (Chan et al. 1995) indicating the association of tellurium(IV) with CANLUB
coating suggest that ternary cesium-tellurium-oxygen and quaternary cesium-tellurium-uranium/
zirconium-oxygen phases may be important. The chemistry of the CANLUB coating and its
interaction with tellurium, an area unique to CANDU technology, needs more investigation.

Not much is known on the effect of radiation on tellurium chemistry, specifically cesium
telluride stability, either in the gas or aerosol phases. Increases in the gap concentrations of I, h,
Te and Te2 have been observed for dose rates of 21.6 W'g"1 and 50 W»g"' (Ball et al. 1989).
Water radiolysis would yield reactive intermediates that may react with solvated fission-product
compounds in aerosols. Another area that has been little studied is the organic chemistry of
tellurium in containment and the volatility of organo-tellurium complexes. This chemistry is
likely to be greatly affected by radiation, oxygen potential and pH.

2. VOLATILIZATION OF CESIUM TELLURIDE

Garisto (1992) cautioned that the database for gaseous cesium telluride was weak, because Cs2Te
vapourizes incongruently, which complicates experiments and their interpretation. Others have
also recognized this lack of information (e.g., Kohli 1986; Cordfunke and Konings 1988).
Therefore, we have revisited the volatilization of cesium telluride, previously studied in our
laboratory (Portman et al. 1989), in a Knudsen-cell experiment and compared our results with
findings in recent literature.

2.1 EXPERIMENTAL

The Knudsen-cell apparatus consisted of an inductively heated tantalum cell attached to a
quadrupole mass spectrometer (McFarlane et al. 1991). The cell was heated in a vacuum to
1450 K. Volatile compounds effusing from the cell were identified using a Finnigan quadrupole
mass spectrometer, set at a 0.5 mA filament current, except when otherwise specified.
Temperatures were recorded using Ircon single-wavelength (623 to 1073 K) and dual-wavelength
(973 to 1673 K) optical pyrometers. These pyrometers were sighted through a window that could
be protected with a shutter into a calibrated blackbody cavity (LeBlanc and McFarlane 1994).
Temperature readings from the single-wavelength pyrometer were calibrated against those of the
dual-wavelength instrument in the region where their ranges overlapped. The mass and intensity
calibration of the mass spectrometer was checked with perfluorotributylamine (FC43). In
addition, the sensitivity of the instrument was checked daily with a calibrated leak of FC43.

Cesium telluride was obtained from Cerac, with a factory-specified purity of 99.9%. Although
provided in a sealed ampoule and stored under argon, adsorption of gas onto the surface of the
powdered sample during a brief exposure to air necessitated pretreatment, by heating to 953 K
for an hour, to drive off O2, N2, CO2, H2O and Ar.

Experiments comprised measurement of ion signal as a function of temperature (from a cooling
ramp) and ionizing-electron energy. From these measurements, speciation as a function of
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temperature, second-law heats of vapourization, vapour pressures and appearance potentials (AP)
were determined.

2.2 RESULTS

The ions observed during the heating of Cs2Te were Cs+, Te+, Te2
+, CsTe+, CsTe2

+, Te3
+, Cs2Te+,

Cs2Te2
+, and Cs2Te3+. The temperature range over which each of the ions was observed is listed

in Table 2.

Appearance potential curves for the above ions are presented in Figures 1 through 8, respectively.
The intersection of the straight-line portion with the abscissa was taken as the appearance
potentials, which are listed in Table 3. The filament voltages were calibrated with appearance
potentials measured for the permanent gases, CO2, N 2 ,0 2 , H2O, and argon and silver introduced
into the cell. The appearance potentials, measured in this study to a precision of ±2% using a
0.05 mA emission current, suggested that the volatiles comprised atomic cesium, CsTe, Cs2Te,
Cs2Te2, Cs2Te3, and pure tellurium species. Earlier appearance potentials data (Portman et al.
1989), taken using a 0.5 mA emission current, tended to give larger values and varied by ±30%;
hence, these data could not be used to identify parent molecular ions. The exception was CsTe,
where the precision of the earlier measurement was within ±0.1 eV, and agreement with the
current data was good.

The Arrhenius slopes, Table 3, measured for the above ions averaged 190 kJ'mol'1, which can be
compared to an earlier value of 146 kJ'mol"1 (Portman et al. 1989). The average was generated
from the set of current experiments performed with a descending temperature ramp, ensuring that
the system had reached thermal and chemical equilibrium. The effect of not achieving
equilibrium is obvious in the third column of Table 3, where average values for ascending as
opposed to descending temperature ramps are presented. If an experiment was repeated twice,
this column contains the mean, and if a third data set could be included in the average, an
uncertainty corresponding to one standard deviation is shown.

Vapour pressures, presented in Figures 9 to 12 for cesium, tellurium, CsTe and Cs2Te,
respectively, were calculated based on an absolute calibration with silver. Ionization cross
sections used in the determination of vapour pressures are presented in Table 4. Linear least-
squares fits were performed on the plots of ln(pressure/Pa) as a function of (1/T (K"1)), and are
shown in Table 5. Vapour pressures for other species were not plotted because of the scarcity of
quantitative information; however, pressures were calculated for Te2, Cs2Te2 and Cs2Te3 at
1167 K, Table 6. Comparison of the relative amounts of vapour species observed can be taken
from this table, the most abundant being Cs(g). Some species were observed in the heating
experiments and not in the cooling ones, the signal levels being too low, as noted in the table.

2.3 DISCUSSION

Gas-phase speciation was deduced based on similarities in appearance temperature, and by
comparison of appearance potentials with those observed in the literature. Appearance potentials
of cesium telluride species were measured by Hartmann et al. (1991) from a mixture of CsxSby
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heated in the presence of tellurium. In general, cesium telluride ions were found to fragment
forming cations containing cesium and neutral tellurium, never the reverse. Hence any tellurium
ions observed arise from parent tellurium-only species. From the work of Hartmann et al. the
cesium-tellurium bond energy is between 2.6 and 2.9 eV, allowing us to calculate whether the
cesium tellurium species observed were produced by fragmentation in the ionizer.
Fragmentation was expected to have occurred to some extent because of the high electron energy
used in our experiments, 70 eV. However, fragmentation was not observable for most ionization
efficiency curves, Figures 1 and 3 through 8, in agreement with results obtained by Gorokhov et
al. (1991). The exception was the case of Te+, Figure 2, where a knee corresponding to the
dissociative ionization of Te2 was evident. The relative efficiency of fragmentation of cesium
telluride ions was not reported by Hartmann et al. From the above evidence, the most probable
ionization reactions occurring in the mass spectrometer are those presented in Table 7.

The cesium-tellurium phase diagram is known to be complex (Adamson and Leighty 1983).
Even at room temperature, cesium and tellurium form compounds of a number of different
stoichiometries, such as Cs2Te, Cs3Te2, Cs2Te3 (Bottcher 1980; Chuntonov et al. 1982b), Cs2Te5

(Bottcher and Kretschmann 1982), and CsTe4 (Prins and Cordfunke 1984). Studies by
Chuntonov et al. (1982a) indicated that Cs2Te melts congruently at 1094 K but that other
telluride compounds melt incongruently, CsTe at 681 K and Cs2Te3 at 666 K. They observed
telluride compounds not seen in the gas phase in the current set of experiments; e.g., Cs3Te2,
CssTe4, Cs2Te5 and CsTes, partly because of the range limit of our Finnigan mass spectrometer.
A number of Knudsen-cell experiments have been performed on the cesium-tellurium system in
other laboratories. Although gas-phase species other than Cs2Te have been noted in a few cases
(Gorokhov et al. 1991), analysis has always assumed that the volatilization is congruent. The
vapour pressures of Cs2Te observed by Cordfunke et al. (1986) have been compared to that seen
here (Figure 13).

Speciation above tellurium comprises Ten, where n = 1 to 7 (Neubert 1978; Chattopadhyay and
Juneja 1993; Viswanathan 1994), with Te2(g) being the most abundant (>90%). The total
pressure of tellurium species is presented in Figure 14, for both experimental and literature data
(Gronvold et al. 1984). The vapour pressure of tellurium was found to be 5 to 6 orders of
magnitude lower than the vapour over the pure metal. This finding is consistent with studies on
the tellurides of other metals, such as iron, chromium, nickel and molybdenum (Viswanathan et
al. 1993;Babaetal. 1996).

From vapour-pressure measurements, thermodynamic quantities were calculated for the current
set of experiments. Second-law analyses giving DH and DS were performed for all the gas-phase
species measured, Table 8.

A third-law analysis requires knowledge of the Gibbs energy function of the gas-phase species,
O(T), data for which was only found for Cs2Te(g) (Cordfunke and Konings 1990; Ball et al.
1991; Garisto 1992) and Te2(g) (Gronvold et al 1984). Thermodynamic data is more complete
for the condensed phase species, e.g., for Cs2Te(s) (Kohli 1983; Cordfunke and Ouweltjes 1987;
Cordfunke et al. 1987b). However, we still lack information on cesium tellurides of
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stoichiometries other than Cs2Te. Third-law results for the volatilization of CsaTe are presented
in Table 9.

The data in column two, calculated using the Gibbs energy functions of Garisto (1992), showed a
trend and gave a result far removed from the second-law value. The data of Ball et al. (1991)
was determined from matrix-isolation spectra of CsaTe, which indicated quite different structural
parameters than used in the Garisto estimation. As Ball et al. data are derived from experiment,
they are likely to be more accurate, and so column 3 was used to compute third-law values. The
average AH2980 is 186 ± 2 kJ'mol1, close to that measured in the second-law analysis,
178 kJ^mol"1, giving credence to the analysis. The second-law heats measured for all the cesium
telluride species are similar, averaging 199 ± 15 kJ'tnol'1.

Attempts to calculate third-law heats for the processes of generating two moles of Cs(g) from one
mole of Cs2Te, and for the volatilization of Te2(g), gave results that varied with temperature.
This is indicative that these processes are not correct and that the system requires an alternate
analysis, probably involving other cesium telluride species.

From the thermodynamic data, the following reaction scenario is proposed when Cs2Te is heated
under vacuum. Three phases and two components allow 1 degree of freedom, pressure as a
function of temperature.

Cs2Te(s) <-> Cs2Te(g) (18)

Cs2Te(s) + Cs2Te3(s) <-> 4 CsTe(g) (19)

Cs2Te(s) + Cs2Te3(s) <-> 2 Cs2Te2(g) (20)

3Cs2Te3(s) <-> Cs2Te(s)+4CsTe2(g) (21)

Cs2Te3(s) 4-» Cs2Te3(g) (22)

3Cs2Te(s) <-> Cs2Te3(s) + 4 Cs(g) (23)

Cs2Te3(s) ^ Cs2Te(s) + Te2(g) (24)

This sequence explains the evolution of Cs(g) in relatively large quantities as the system is
heated (also observed by Adamson and Leighty 1983), and the evolution of the number of
different cesium telluride species at higher temperatures. It also explains the observation of pure
tellurium species at high temperatures, which must come from a segregated tellurium phase.

Equilibria between gaseous cesium-telluride species can be written as the following reactions.

Cs2Te2(g) <-» 2CsTe(g) (25)

3Cs2Te3(g) <-> Cs2Te(g) + 4CsTe2(g) (26)
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2Cs2Te(g) «-» 4Cs(g) + Te2(g) (27)

3Cs2Te(g) <-> Cs2Te3(g) + 4 Cs(g) (28)

Pressure data presented in Table 6 allow the computation of equilibrium constants for (25) and
(27) at 1167 K, K25 = 8.2 x 10s Pa3 and K27 = 0.81 Pa, respectively. Pressure data was not
available for Cs2Te3 because of the low signal levels, and thus equilibrium constants could not be
calculated for Reactions (26) and (28). Hence, free energies could not be calculated for all the
gas-phase species.

Earlier studies have noted cesium evolution from cesium-rich mixtures and tellurium evolution
from tellurium-rich mixtures (Gorokhov et al. 1991). However, except in the case of Cs2Te(g),
these decomposition hypotheses cannot be tested because of the lack of free-energy function data
for the remaining cesium tellurides. We plan to calculate free-energy functions based on
structural information derived from semi-empirical analysis using GAMESS software. Such
structural calculations have been performed for CdTe (Van Camp and Van Doren 1994).

2.4 CONCLUSIONS

Our data suggest that cesium telluride does vapourize incongruently, becoming more tellurium-
rich as it is heated and bring into question the results of earlier calculations based on the
chemistry of Cs2Te(g) as the sole gas-phase species. The vapour-pressure data allowed us to
compute third-law thermodynamic properties for the incongruent vapourization of Cs2Te(s),
which can be incorporated into the thermodynamic database and used in models of reactor
accident chemistry. However, further spectroscopic study and computational analysis is required
to generate thermodynamic functions for gas phase cesium-tellurium species other than Cs2Te,
i.e., CsTe, CsTe2) Cs2Te2, and Cs2Te3.
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TABLE1

TYPICAL OPERATING CONDITIONS FOR CANDU VERSUS LWR FUEL

OPERATING
CONDITIONS

Centreline temperature

Linear power (kW^m"1)

Average burnup (atom%)

Average burnup
(MW-h/kgU)

%Pu fission of
total yield

Density (% theoretical)

Grain size

Fill gas between
fuel and cladding

Oxygen potential
(kJ'mol"1)

Stoichiometry after
average burnup (UO2+X)

CANDU

1073 <TC< 1973 K

20 to 55

~1

144 to 288

50

>97(Wasywichl993)

7 to 10 (im
(Wasywich 1993)

80% He fill gas
(0.1 MPa)
20% Xe and Kr
<0.1%CO + N2

-379 to -358
(481 to 642 K)
(Elder, P., private
communication 1994)

0.0005 <x<0.001

LWR

1073 < Tc < 1473 (Johnson and
Shoesmith 1988)

15 to 33 (Barner 1985)

1.68-3.32 (Barner 1985)
2.9 (Ball et al. 1989)
up to 4.9 (Guenther et al. 1988b)
2.87 (Osborne et al. 1995)

192 to 960

1 - for high burnup BWR fuel (Osborne
et al. 1995)

92 - 96 (FBRa -> LWR)
(Devell and Johansson 1994)

5 to 12 |Lim (Guenther et al. 1988b)

mainly He from fabrication (1.8 MPa)
(Barner 1985)
6.1 MPa He (Osborne et al. 1995)
some fission gas Xe and Kr (Guenther
et al. 1988a)
BWRb reactors use pure Zr to prevent
PCIC (Cox 1990)

<-350 (Cordfunke and Konings 1988)
-550 to -400 at 1023 K (Matzke 1995)

-0.005 < x < 0.001 (Matzke 1995)

continued...
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TABLE1 (concluded)

OPERATING
CONDITIONS

Oxygen potential
(kJTnor1)

Stoichiometry after average
burnup (UO2+X)

Fission gas released to gap

Fission product inventory in
gap and grain boundaries

Fission product abundances
in fuel as a whole
(10~4moles/kgU) at discharge

CANDU

-379 to -358
(481 to 642 K)
(Elder, P., private
communication 1994)

0.0005 < x < 0.001

dependent on power history,
usually < 1%
<26%-700MWh/kgU
(Floyd etal. 1992)

8.1±1.0%ofI,Cs,Se,and
Sn
Te not listed
(Johnson et al. 1994)

96.8 xenon
46.4 cesium
9.68 krypton
8.96 rubidium
8.69 tellurium
4.80 iodine
burnup of 190 MWh/kgU
calculated from ORIGEN
(Tait et al. 1989)

LWR

<-350 (Cordfunke and
Konings 1988)
-550 to -400 at 1023 K
(Matzke 1995)

-0.005 < x < 0.001 (Matzke
1995)

< 1 % (Balletal. 1989)
mainly Kr and Xe (Cordfunke
and Konings 1988)
0.21 ± 0.05% (Barner 1985)
1.6%-967MWh/kgU
(Osborne et al. 1995 )

181 xenon
58.1 cesium
6.87 krypton
13.6 rubidium
10.5 tellurium
5.60 iodine
burnup of 240 MWh/kgU
calculated from ORIGEN
(Guenther et al. 1988a)
13.3 tellurium measured
burnup of 720 MWh/kgU

(Barner 1984)

Notes on Table:

a FBR <=> Fast Breeder Reactor
b BWR <=*• Boiling Water Reactor
c PCI «=» Pellet Clad Interaction
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TABLE2

TEMPERATURE RANGES OF OBSERVED IONS

Temp (K)

800

900

1000

1100

1200

1300

1400

Cs+, Cs^

•

•

•

•

•

•

•

Cs2
+,

Cs2Te+,
Cs2Te2

+

•

•

•

•

•

•

Cs2Te3
+

•

•

Te+, CsTe+

•

•

•

•

•

•

CsTe2
+,

Te2
+

•

•

•

•

Te3+,Te4
+,

TeO5
+

•

•

•
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TABLE 3

ARRHENIUS SLOPES AND APPEARANCE POTENTIALS OF OBSERVED IONS

Ions
Observed

Cs++

Te+

Cs+

Te2
+

CsTe+

Cs2
+

Te 3
+

Cs2Te+

Te4
+

Cs2Te2
+

TeO5
+

Cs2Te3
+

Second-Law
Heats of

Vapourization
(kJ'mol1)

113', 149',
155", 205"

209a,197a,184
", 217"

126', 155',
188"

218'

142',
251a,213',
209"

188'

310'

201', 176',
184"

230'

243', 255',
184', 192"

146', 184'

364'

Average
Ascending

and
Descending
(kJ'mor1)

131'
180d

203'
200"

141'

202 ± 55'

188'

227'
192"

165'

Temperature
Range of Linear
Arrhenius Plot

(K)

758-1235 (a)
840-1055 (d)

900-1449 (a)
901-1205 (d)

676-1235 (a)
763-1099 (d)

1042-1449 (a)

901-1429 (a)
1053-1205 (d)

1000-1333 (a)

1176-1449 (a)

980-1282 (a)
1053-1205 (d)

1176-1333 (a)

980-1333 (a)
1099-1163 (d)

1235-1449 (a)
1191-1449 (d)

1281-1333 (a)

Appearance
Potentials

(eV)

8.8 ±0.2 (1344 K)

3.8 ±0.1 (1014 K)

9.0 ±0.2 (1317 K)

6.3 ±0.1 (1339 K)

7.4 ±0.1 (1314 K)

5.2 ±0.1 (1247 K)

6.0 ±0.4 (1254 K)

7 ± 2 (1343 K)

Notes on table:

a and (a) refer to data collected during an ascending temperature ramp
" and (d) refer to data collected during a descending temperature ramp
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TABLE4

IONIZATION CROSS SECTIONS USED TO CALCULATE VAPOUR PRESSURES

Ion

Ag+

CS+(T1=1)

Te+(ri= 0.3179)

Te2
+ (11 = 0.1011)

Te3
+

Te4
+

CsTe+

O+

Cs2
+

Cs2Te+

CsTe2
+

Cs2Te2
+

Cs2Te3
+

TeO5
+

Cross Section
(10"16«cm2)

5.6

10

7.1

11

13

16

13

1.3

15

17

15

19

21

7.7

Source

Lin and Stafford (1967)
Rovner and Norman (1970)
Crawford and Wang (1967)

Pavlov etal. (1967)

McGuire (1979)

McGuire (1979)

Kordis and Gingerich (1973)

Kordis and Gingerich (1973)

Kordis and Gingerich (1973)

Kordis and Gingerich (1973)

Bell etal. (1981)

Kordis and Gingerich (1973)

Kordis and Gingerich (1973)

Kordis and Gingerich (1973)

Kordis and Gingerich (1973)

Kordis and Gingerich (1973)

Kordis and Gingerich (1973)
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TABLE5

LEAST-SOUARES FIT FOR VAPOUR PRESSURE CURVES

Species

Cs

Te

CsTe

Cs2Te

Curve

ln(P/Pa) = 22.9 - 22600(K/T)

ln(P/Pa) = 22.1 - 25900(K/T)

ln(P/Pa) = 21.9 - 25400(K/T)

ln(P/Pa) = 18.2 - 21400(K/T)

Temperature Range (K)

750-1200

990-1210

1055-1210

1050-1210

TABLE 6

VAPOUR PRESSURES AT 1167 K FROM COOLING RAMP

Species

Cs

Te

Te2

Te3

Te4

CsTe

Cs2Te

CsTe2

Cs2Te2

Cs2Te3

Vapour Pressure (Pa)

24

0.9

1.2

not observed

not observed

1.1

0.92

1.5

1.5

not observed
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TABLE7

IONIZATION REACTIONS

Reaction

Cs + e" -» Cs+ + 2e~

CsTe + e "-> CsTe+ + 2e"

Cs2Te + e' -» Cs2Te+ + 2e"

CsTe2 + e - » CsTe2
+ + 2e"

Cs2Te2 + e" ->• Cs2Te2
+ + 2e"

Cs2Te3 + e" -» Cs2Te3
+ + 2e"

Te + e~->Te+ + 2e~

Te2 + e ~H>Te++Te + 2e"

Te2 + e" -» Te2
+ + 2e"

Te3 + e"-»Te3
+ + 2e'

AP
(eV)

Meas.

3.8

6.3

5.2

6

6

8.8

11.9

9.0

7.4

AP
(eV)
Lit.

3.894

5.6
6.1±.3

4.9
4.5±.3

5.9±.3

4.5
5.0±.3

5.6

9.0

12.4

Source

Franklin and Dillard (1969)

Hartmann et al. (1991)
Gorokhov etal. (1991)

Hartmann etal. (1991)
Gorokhov etal. (1991)

Gorokhov etal. (1991)

Hartmann etal. (1991)
Gorokhov etal. (1991)

Hartmann etal. (1991)

Hartmann etal. (1991)

Hartmann etal. (1991)
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TABLE8

SECOND-LAW ENTHALPIES AND ENTROPIES

Gaseous Species

Cs

Te2

CsTe

Cs2Te

CsTe2

Cs2Te2

AH,0

(kJ'mol1)

188

215

211

178

206

201

ASt°
(J'mor^K"1)

95

75

86

56

99

80

Temperature Range
(K)

762-1210

990-1210

1055-1210

1055-1210

1101-1167

1101-1167

TABLE 9

THIRD-LAW ANALYSIS FOR VOLATILIZATION OF Cs?Te

Temperature (K)

1055

1101

1167

1210

AH298° (kJTnol"1)
(O(T) from Garisto 1992)

161

160

157

156

AH298° (kJ»mor])
(4>(T) from Cordfunke and
Konings 1990; Garisto 1992;
Balletal. 1991)

187

187

184

184
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FIGURE 1: Plot of Cs+ Intensity (mV) as a Function of Electron Energy (eV)
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FIGURE 2: Plot of Te+ Intensity (mV) as a Function of Electron Energy (eV). Two straight-
line portions are evident in this curve, the lower voltage one arising from
ionization of Te(g) and the higher voltage one arising from the dissociative
ionization of Te2(g).
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FIGURE 3: Plot of Te2
+ Intensity (mV) as a Function of Electron Energy (eV)
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FIGURE 4: Plot of CsTe+ Intensity (mV) as a Function of Electron Energy (eV)
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FIGURE 5: Plot of Te3
+ Intensity (mV) as a Function of Electron Energy (eV)
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FIGURE 6: Plot of Cs2Te+ Intensity (mV) as a Function of Electron Energy (eV)
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FIGURE 7: Plot of Cs2Te2
+ Intensity (mV) as a Function of Electron Energy (eV)
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FIGURE 8: Plot of Cs2Te3
+ Intensity (mV) as a Function of Electron Energy (eV). The large

uncertainty in the measurement arises from the small signal.
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FIGURE 9: Plot of Cesium Vapour Pressure (Pa) Generated from Cs2Te as a Function of
1/T (K"1)
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FIGURE 10: Plot of Tellurium Vapour Pressure (Pa), Te2(g), Generated from Cs2Te as a
Function of 1/T (K"1). The filled and open diamonds represent two different
isotopes of tellurium (masses 128 and 130, respectively).
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FIGURE 11: Plot of CsTe Vapour Pressure (Pa) Generated from Cs2Te as a Function of
1/T (K1)
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FIGURE 12: Plot of Cs2Te Vapour Pressure (Pa) Generated from Cs2Te as a Function of
1/T (K"1)
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FIGURE 13: Plot of Vapour Pressure of Cs2Te (Pa) as a Function of Temperature (K). Points

are derived from the current experiment, • for Cs2Te alone, A for the sum of

signals from all the cesium telluride species observed including cesium, and O

from direct pressure measurements taken by Cordfunke et al. (1986).
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FIGURE 14: Plot of Vapour Pressure of Te2(g) as a Function of Temperature (K). Points are
derived from the current experiment. The dashed line refers to the vapour
pressure above pure tellurium metal (Gronvold et al. 1984). The dotted-dashed
line refers to the vapour pressure of Te2 observed above Cs2Te (Chattopadhyay
and Juneja 1993).
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