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a b s t r a c t

The mixture LiF-ThF4-UF4-PuF3 (77.5e6.6-12.3e3.6mol%), a fuel option for the Molten Salt Fast Reactor
(MSFR), has been measured by differential scanning calorimetry (DSC) for determination of phase
transitions, and by Knudsen effusion mass spectrometry (KEMS) for measurement of partial vapour
pressures. The boiling point of the mixture was determined by extrapolation of total vapour pressure to
1 bar. Thermodynamic calculations were performed and compared with the experimental results. Novel
experimental data on pure plutonium trifluoride are presented: melting point, vaporization enthalpy,
vapour pressure and ionization energies by electron impact.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Molten Salt Reactor (MSR) is a nuclear reactor concept in
which the thermal carrier and/or the nuclear fuel is a mixture of
molten salts (generally chlorides or fluorides). This technology was
initially developed around the middle of the last century at Oak
Ridge National Laboratory (ORNL) in United States of America for
both military [1,2] and civilian applications [3e5], collecting an
extensive knowledge on molten salts. Subsequently, the interest
and the financial support for this technology strongly reduced [6],
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as other concepts seemed more appealing.
At the beginning of 2000s, the Generation IV International

Forum (GIF) selected the MSR among the six most promising future
reactors [7]. Since then, the interests for this concept has been
rapidly growing [8]. Nowadays, many MSR concepts are studied
worldwide, exploring different sizes, fuels and technical solutions
[9].

In this context, a consortium of European partners has been
working for the development of a large size MSR, in which a
mixture of molten fluorides circulates at ambient pressure in the
primary circuit, reaching temperatures close to 1073 K. This
concept, namedMolten Salt Fast Reactor (MSFR) [10], aims to utilize
a closed thorium fuel cycle and a fast neutron spectrum, and it can
potentially operate both as breeder and incinerator, with great
benefits in terms of safety and sustainability [11,12]. Safety related
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features of theMSFR are currently under studywithin the European
Horizon2020 project SAMOFAR [13].

The reference MSFR [14] is a 3000 MWth reactor with a fertile
blanket around the core, filled with eutectic LiFeThF4. The nuclear
fuel is dissolved in the coolant, giving a homogenous core and
allowing fuel reprocessing and/or clean-up online and continuously
[15]. The exact composition of the fuel depends on overall reactor
purpose and design (e.g., breeder, incinerator), but must also fulfil
considerations about chemistry, neutronics, availability of the
fissile materials and desired thermo-chemical and thermo-physical
properties. According to the research done so far, a suitable fuel
composition for the MSFR is 77.5mol% of lithium fluoride and
22.5mol% of actinide fluorides containing both fissile and fertile
materials. More in detail, the fissile material can be uranium-233
(obtained from thorium-232), enriched uranium (with enrich-
ment lower than 20% due to proliferation resistance issues),
plutonium-239 and minor actinides, or a mix of these solutions
[16].

The assessment of safety-related properties of the MSFR fuel
options is a crucial issue. In this frame, the experimental research
may drive the final selection of theMSFR fuel and give fundamental
inputs to the reactor design and operation. Among these properties,
the partial vapour pressure vs. temperature of the fuel components
is very important as it determines parameters useful for both
reactor operation and fuel clean-up.

In our previous work [17], we studied the selected LiF-ThF4-
UF4 (77.5e20.0-2.5mol%) fuel composition, suitable for a
232Th/233U closed fuel cycle. In that study, we used differential
scanning calorimetry (DSC) to determine the melting tempera-
ture and Knudsen effusion mass spectrometry (KEMS) to mea-
sure the vapour pressure. Since plutonium trifluoride is also
under consideration for the MSFR fuel [18], the relevant PuF3-
containing fuel mixture LiF-ThF4-UF4-PuF3 (77.5e6.6-
12.3e3.6mol%) is here studied with the same approach. In order
to complement the required data for the end-members already
measured in our previous works [17,19], new data for the melting
point and the vapour pressure of pure PuF3 are presented in this
study as well.
2. Experimental

2.1. Initial materials

LiF with metal base purity of 99.99% was purchased from Alfa
Aesar. Actinide fluorides were synthetized by hydrofluorination of
respective oxides, which were obtained from nitrates dropped in
oxalic acid and subsequent calcination of the oxalates. As the
products of the hydrofluorination of ThO2, UO2 and PuO2 are ThF4,
UF4 and PuF4, respectively, PuF4 was then reduced to PuF3 by hy-
drogenation. For details about the synthesis of these end-members,
we refer to our previous works [20,21].

Because these fluorides are very hygroscopic and sensitive to
oxygen [22,23], they were handled and stored in argon glove boxes
in which the content of oxygen and moisture is continuously
monitored and kept below a few ppm.

Before the preparation of the samples, lithium fluoride was
purified according to a process consisting in heating up to 673 K for
4 h to evaporate possible residual water. Then, the purity of all the
end-members was assessed by DSC. According to this procedure,
the material is considered pure if the DSC outcome gives one clear
peak in correspondence of the melting point, as determined in our
previous work [20].

The LiF-ThF4-UF4-PuF3 (77.5e6.6-12.3e3.6mol%) mixture was
prepared mixing the end-members in an agate mortar.
2.2. Differential scanning calorimetry

The measurements were performed with a Setaram multi-
detector high temperature calorimeter (MHTC 96) equipped with
a DSC sensor and B-type thermocouple, allowing measurements up
to 1873 K. The instrument is installed inside an argon glove box and
connected to a helium line. Because fluoride vapours are chemically
aggressive and may damage the internal parts of the device, the
sample was encapsulated in a stainless steel crucible with an in-
ternal nickel liner for chemical compatibility [24]. Details about the
encapsulation technique are described in our previous work [25].

Prior to the measurements, the experimental chamber was
purged and evacuated twice up to a few pascals to eliminate
possible impurities. A first heating ramp was performed tomelt the
mixture and assure a complete mixing of the end-members. The
maximum temperature was 1473 K, which is above the expected
liquidus point. The eutectic melting of LiF-ThF3-UF4-PuF3
(77.5e6.6-12.3e3.6mol%) was measured from the second heating
ramp, taking the onset point of the peak formed on the DSC heat
flow signal. The liquidus temperature of the fuel mixture was
determined from the change of slope in the DSC heat flow curve.
Heating rampswere performed at 10 K/min, 5 K/min and 2 K/min to
assess repeatability. The measured temperatures were corrected to
ITS-90 by the calibration of our device, with certified calibration
materials (Al, Sn, Ag, In, Pb, Au) at different heating rates.

2.3. Knudsen effusion mass spectrometry

The KEMS device [26] is installed inside a nitrogen glove box
with additional lead shields. It consists of 21mm high Knudsen
cylindrical cell (a cell with a 0.5mm diameter orifice at the top),
surrounded by a heating element and thermal shields. The cell is
made of tungsten and the temperature inside is monitored by a
pyrometer focused at the black body hole at the bottom part of the
cell.

The experiment was done under vacuum at a pressure below 10-
4 Pa to avoid interaction between the sample and the atmosphere.
Upon heating, vapour molecules escape from the orifice. If the
orifice diameter is smaller than the mean free path of the vapour
molecules in the cell (Knudsen flow regime), we can assume that
the system remains in equilibrium. As long as this condition re-
mains, the number of molecules of a certain species escaping from
the orifice is proportional to its partial vapour pressure. Vapour
molecules are detected by a quadrupole mass spectrometer (MS)
equipped with a cross beam electron source and a secondary
electron multiplier (SEM). For details about the KEMS technique,
we refer to comprehensive reviews published in literature [27,28].

The electron energy was set at 32.85 eV. For measuring the
appearance potential of the ions from the PuF3 neutral precursor, it
was increased from 0 to 42 eV, maintaining a constant temperature
of 1469 K, high enough to have clear signal of all gaseous species.

To get the vapour pressure values, the MS signal must be ana-
lysed considering the ionization cross sections of all species in the
vapour. All different isotopic compositions were taken into account.
Furthermore, fragmentation may occur after the ionization, so that
different ionic species may result from the same neutral precursor.

In the ideal case of only mono-isotopic species and no frag-
mentation prior to ionization, the relation between theMS signal of
a species i and its partial vapour pressure pi is:

pi ¼Ki,T,I
þ
i (1)

in which T is the temperature, Iþi is the MS signal of the i species,
and Ki is a coefficient of proportionality. Ki depends onmany factors
such as the geometry and the efficiency of the device, the ionization



Table 1
Cross section values used in this work.

Species i si [10
�16 cm2] Reference

Ag 5.0458 [32]
Ni 5.4506 [32]
LiF 3.0779 [31]
Li2F2 3.5825 [31]
Li3F3 4.2889 [31]
ThF4 8.9184 [19]
UF4 8.8879 [17]
PuF3 9.7911 This work
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cross section of the species i, and the SEM gain. The contribution to
Ki due to the geometry and the efficiency of the KEMS device was
determined putting a small piece of a reference material together
with the sample. In this work, silver and nickel were used as
reference materials for the mixture LiF-ThF4-UF4-PuF3 (77.5e6.6-
12.3e3.6mol%) and for PuF3, respectively. The calibration materials
were selected to avoid chemical reactions with the samples and to
have significant signal in the temperature range at which also the
samples evaporate, in order to perform calibration in similar con-
ditions. The MS signal Iþref is related to the vapour pressure of the
reference material pref [29] through the following relation:

Kref ¼
pref
Iþref ,T

(2)

The contributions to Ki due to the ionization cross section and
the SEM gain of the species i are normalized to the reference
material:

Ki ¼ Kref
gi
gref

sref
si

(3)

inwhich the ratios gi =gref and sref =si are the normalized SEM gain
and the normalized ionization cross section, respectively. As sug-
gested by Grimley [30], the SEM gain is proportional to the square
root of the mass of the ion. This is generally a good approximation
for molar masses higher than 50 amu. In this case, equation (3) can
be written as:

Ki ¼ Kref

ffiffiffiffiffiffi
Mi

p
ffiffiffiffiffiffiffiffiffiffi
Mref

q sref
si

(4)

which is valid for all ions coming from actinide neutral pre-
cursors considered in this study (ThF4, UF4, PuF3). Since ions from
lithium species have generally masses lower than 50 amu, values
of gi =gref suggested by Yamawaki et al. [31] were used. Similarly
to us, they performed KEMS experiments on LiF using silver as
calibration material, identifying Liþ, LiFþ, Li2Fþ and Li3F2þ as the
main ionic species coming from electronic bombardment of LiF
vapour species, which evaporates in form of monomer LiF, dimer
Li2F2 and trimer Li3F3. They suggested normalized SEM gains
gi =gref of 0.87, 1.47, 1.66 and 2.48, for Liþ, LiFþ, Li2Fþ and Li3F2þ,
respectively.

Normalized ionization cross sections of vapour lithium species
were taken from Yamawaki et al. [31] as they performed their
experiment in very similar conditions, using a 30 eV electron beam.
The Ionization cross sections of nickel and silver, used as reference
materials, were taken from Mann [32]. Due to the lack of experi-
mental data, for the determination of the ionization cross sections
of ABn-type molecules (ThF4, UF4 and PuF3), the modified additivity
rule by Deutsch et al. [33] was applied, which is defined as:

sðABnÞ¼
"
r2A
r2B

#a�
xA

xA þ nxB

�
sA þ

"
nr2B
r2A

#b�
nxB

xA þ nxB

�
nsB (5)

in which rA, rB and xA, xB refer to the atomic radii and the effective
number of electrons of the constituent atoms A and B, respectively.
Their values are taken from the tables of Desclaux [34]. The su-
perscript a and b are determined according to an empirical relation
described in detail in their paper [33]. The authors compared
several calculations with available experimental data (generally
affected by an uncertainty of 15e20%) quoting error margins of
15e25%. Values for ThF4 and UF4 were calculated in our previous
work according to this method, while ionization cross section for
PuF3 was calculated in this work. Ionization cross sections used in
this study are listed in Table 1.

If fragmentation occurs prior to ionization, equations (3) and (4)
should be re-written for each ion j coming from a neutral precursor
i:

Kj ¼ Kref
gj
gref

sref
si

(6)

Kj ¼ Kref

ffiffiffiffiffiffi
Mj

q
ffiffiffiffiffiffiffiffiffiffi
Mref

q sref
si

(7)

The partial vapour pressure of a species i is then the sum of all
contributions j of the ions from the same neutral precursor:

pi ¼
X
j

Kj,T,I
þ
j (8)

with appropriate corrections to consider isotopes and their possible
combinations in a molecule (e.g., 6Li7LiF2).

If during the KEMSmeasurement the sample changes from solid
to liquid phase, the mass spectrometric signal generally indicates a
change of slope or a plateau. This technique was used to estimate
the melting temperature of PuF3. We note that measuring melting
temperature by this approach is typically less reliable than
measuring this quantity by DSC, because the temperature read by
the pyrometer may be affected by the window in optical path of the
laser, increasing the uncertainty. However, liquid transition of PuF3
was notmeasured by DSC in this work, due to its highmelting point
and the unavailability of a suitable encapsulation.
3. Results and discussion

3.1. Phase transitions

The DSC curve obtained at 10 K/min for the mixture LiF-ThF4-
UF4-PuF3 (77.5e6.6-12.3e3.6mol%) is shown if Fig. 1.

The onset of the first clear peak indicates the eutectic melting,
while the offset of the second broad peak indicates the liquidus
point. The analysis of the DSC curves gives 776± 3 K and 893± 10 K
for the eutectic and liquidus points, respectively. Given un-
certainties are based on the experience and the literature [35],
which suggests to use a larger error for the liquidus point as the
signal is less clear. Both transitions were calculated using the
thermodynamic database assessed by Capelli et al. [36] in combi-
nation with the FactSage thermodynamic software [37]. A visual
representation of the calculations is given in Fig. 2, in which the
pseudo binary LiF-ThF4-UF4-PuF3 phase diagram with a fixed
amount of ThF4 (6.6mol%) and PuF3 (3.6mol%) is shown together
with the experimental points obtained by DSC.

The calculated liquidus temperature is about 40 K lower than
the experimental one, which might seem a significant difference.



Fig. 1. DSC curve of the mixture LiF-ThF4-UF4-PuF3 (77.5e6.6-12.3e3.6mol%) during
the heating at 10 K/min.

Fig. 2. The LiF-ThF4-UF4-PuF3 phase diagram for fixed amounts of ThF4 and PuF3 of 6.6
and 3.6mol% respectively. Black circles represent experimental points obtained by
DSC.

Fig. 3. Vapour pressure trend lines for solid PuF3 calculated using experimental data of
different authors.
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However, the point is very close to the relatively steep liquidus and,
in this region, a melting temperature shift of 40 K corresponds to a
change of 1.5mol% composition towards LiF, which is slightly above
the experimental uncertainty of the composition of ±1.0mol%.
Alternatively, the observation may suggest that a slight correction
in the thermodynamic database is needed.

3.2. Vapour pressure of plutonium trifluoride

Vapour pressure of PuF3 was measured from 1310 to 1629 K. The
results are listed in Annex Table 1 and graphically represented in
Fig. 3. The corresponding vapour pressure equation is obtained by
fitting the experimental results to a ln(p) vs. 1/T van ‘t Hoff
equation:

ln pðPaÞ¼ � ð45874±721Þ
TðKÞ þ ð31:290±652Þ (9)

Uncertainties for the slope and the quote in equation (9) are
determined considering± 1% uncertainty on the temperature read
by the pyrometer (which may be affected by the conditions of the
quartz optical window crossed by the laser) and ±20% on the
ionization cross sections of the fluoride species, as discussed in
Section 2.3.

Fig. 3 also shows the experimental results reported by other
authors using mass spectrometry [38] and effusion method
[39e41]. Because Westrum and Wallmann [39] did not publish the
vapour pressure values and we found inconsistency between the
vapour pressure values and equation published by Phipps et al.
[40], we show the reported equations for these authors. As shown
in Fig. 3, our results are in very good agreement with these studies.

Enthalpy of sublimation was determined from our vapour
pressure data, according to the second law method:

DH
�
Sub;TM ¼ �R

d
�
lnKeq

�
dð1=TÞ (10)

and the third law method:

DH
�
Sub;298 ¼ �T

�
R lnKeq þ D

G
�
T � H

�
298

T

�
(11)

where TM is the mean temperature of the measurement, R is the
universal gas constant, Keq is the equilibrium constant of the sub-
limation reaction and D½ðG�

T � H
�
298Þ=T� is the change of the Gibbs

energy function of the reaction considered. The quantity lnKeq is
proportional to the vapour pressure obtained from the measure-
ment, while thermodynamic functions of PuF3 were taken from
literature [42]. The second law approach gives DH

�
1473 ¼

407±2 kJ$mol�1. The third law approach gives DH
�
298 ¼

423±1 kJ$mol�1. Given uncertainties represent standard de-
viations. The value obtained from the third law treatment is in very
good agreement with the value of 422.6± 12.6 kJ$mol�1 suggested
by Kent [38]. This quantity was also recalculated using the ther-
modynamic functions used in this work [42] and vapour pressure
measurements by Kent, finding 423± 20 kJ$mol�1.

Ionization efficiency curves obtained for the pure PuF3 precursor
are shown in Fig. 4. Energy thresholds are selected by extrapolating
the tangents to the zero value of the MS signal, as indicated for the
ion PuF2þ. Fig. 4 also shows the electron energy value of 32.85 eV,



Fig. 4. Ionization efficiency curves from a neutral PuF3 precursor by electron impact.
Selected values correspond to the extrapolation of the tangent to the zero value of the
MS signal.

Fig. 6. Detection of PuF3 melting point by KEMS. The signal shows a marked change of
slope.
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which was selected during the measurement of the vapour
pressure.

The appearance potentials obtained from the measurement are
9.0± 1.0 eV for PuF3þ, 11.8± 1.0 eV for PuF2þ, 17.1± 1.0 eV for
PuFþ, and 24.5± 1.0 eV for Puþ. These values are graphically rep-
resented in Fig. 5.

These measurements were also performed by Kent [38], who
reported 12.6± 0.5 eV for PuF2þ, 18.0± 1.0 eV for PuFþ, and
25.0± 1.0 eV for Puþ (value for PuF3þ was not reported). These
values are in good agreement with ours.

Finally, themelting point of PuF3was determined from themass
spectrometric signal as 1705± 10 K, shown in Fig. 6 as a plateau.

This quantity was previously measured by Westrum and Wall-
mann [39], using direct observation of the fusion and solidification
points with an optical pyrometer, and obtained a value of 1699± 3
K. This value must be corrected to the International Temperature
Scale of 1990 (ITS-90), giving 1700± 3 K, which is just 5 K lower
than our measurement.

3.3. Vapour pressure of LiF-ThF4-UF4-PuF3 (77.5e6.6-12.3-3.6mol%)

Partial vapour pressure results obtained by KEMS for the
mixture LiF-ThF4-UF4-PuF3 (77.5e6.6-12.3e3.6mol%) are pre-
sented in Annex Table 2 Linear fits on the ln(p) vs. 1/T diagram are
shown in Fig. 7 as solid lines, and respective equations are listed in
Table 2, together with temperature ranges of validity. Uncertainties
Fig. 5. Electron energies to create ions from a neutral PuF3 precursor.
were determined considering ±1% uncertainty on the temperature
read by the pyrometer and ±20% on the ionization cross sections of
the fluoride species, as discussed in Section 2.3.

Calculations performed using the thermodynamic assessment
presented in the work of Capelli et al. [36] have been compared
with partial vapour pressure equations proposed in this work
(Fig. 7). The calculations reproduce reasonably well the vapor-
ization behaviour of themain lithium species (LiF and Li2F2), as well
as UF4, which agree within one order of magnitude or better. These
deviations are acceptable considering these low vapour pressure
values. The agreement is less for the other species, but again we
should note that the actual pressures are very low. In this regard,
we point out that the activities for LiFeThF4 in the liquid phase
measured by Capelli et al. [19] have not yet been incorporated in
the model, and that the activities for other binary systems are not
known. We trust this lack of data are the main reasons for the
observed deviations.

Summing up single contributions to get total vapour pressure,
we note a good agreement between calculations and the experi-
mental values: using extrapolated values from equations in Table 2,
the deviation is within 30% from 1000 to 1700 K. However, for
higher temperatures, this deviation increases resulting in a signif-
icant difference in the boiling point, taken at 1 bar: the calculated
value is 2014 K, while the value obtained from extrapolation of
equations in Table 2 is 1908± 77 K. We note that the calculated
value is outside the propagated uncertainty. This is due to the wide
temperature range used for the extrapolation and to the vapour
pressures of UF4 and ThF4, which are predicted to be higher and
have a relatively steep slope. This significant deviation underlines
the need to adjusts activities in the liquid phase in the thermody-
namic model.

4. Conclusions

This work presents new measurements for PuF3 and for the
mixture LiF-ThF4-UF4-PuF3 (77.5e6.6-12.3e3.6mol%), selected as a
possible fuel composition for the MSFR.

PuF3 was assessed by KEMS and the following results are
presented:

� melting point;



Fig. 7. Partial vapour pressures for the mixture LiF-ThF4-UF4-PuF3 (77.5e6.6-12.3e3.6mol%). Solid lines are linear fits of experimental values measured in this work. Dashed lines
are calculated values using the thermodynamic database assessed by Capelli et al. [36].

Table 2
Partial vapour pressure formulas for the mixture LiF-ThF4-UF4-PuF3 (77.5e6.6-
12.3e3.6mol%) and temperature ranges of validity.

Species Equation T range [K]

LiF(g)
ln pðPaÞ ¼ � ð27840±468Þ

TðKÞ þ ð25:214±0:432Þ 892e1109

Li2F2(g) ln pðPaÞ ¼ � ð26356±603Þ
TðKÞ þ ð22:693±0:706Þ 946e1124

Li3F3(g) ln pðPaÞ ¼ � ð24838±289Þ
TðKÞ þ ð18:010±0:538Þ 946e1152

ThF4(g) ln pðPaÞ ¼ � ð51250±615Þ
TðKÞ þ ð37:360±0:559Þ 1117e1043

UF4(g) ln pðPaÞ ¼ � ð35272±373Þ
TðKÞ þ ð28:168±0:526Þ 1043e1246

PuF3(g) ln pðPaÞ ¼ � ð32199±479Þ
TðKÞ þ ð18:512±0:445Þ 1066e1216
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� equation describing vapour pressure vs. temperature valid for
the range from 1310 to 1629 K;

� enthalpy of sublimation based on second and third law treat-
ment of experimental values;

� ionization energies by electron impact from the neutral PuF3
precursor.

These properties were previously assessed by other authors
[38e41] and this work basically confirms literature results and
provides a second independent study.

The mixture LiF-ThF4-UF4-PuF3 (77.5e6.6-12.3e3.6mol%) was
assessed by DSC and KEMS, and the following results are presented:

� eutectic melting and liquidus point measured by DSC;
� equations describing partial vapour pressures vs. temperature
for all species in ranges from 892 to 1216 K;
� boiling point determined by extrapolation of the vapour pres-
sure data up to 1 bar.

Because no experimental data was available in literature for this
mixture, results were discussed comparing calculated values ob-
tained using the thermodynamic database assessed by Capelli et al.
[36]. In general, calculations predicted quite well experimental
values, but some significant deviations (e.g. in the boiling point)
suggest slight modifications in the thermodynamic functions.

The results presented in this work aim to support the safety
assessment of the MSFR. In this regard, the equations describing
partial vapour pressures may be used to predict consequences due
to the evaporation of the fuel. The low total vapour pressure and the
high boiling point of the selected mixture confirm important safety
features for this reactor concept.
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Annex Tables
Annex Table 1
Vapour pressure results of PuF3 obtained by KEMS in this work.

T [K] p [Pa] T [K] p [Pa]

1309.6 2.51E-02 1395.5 2.31E-01
1313.0 2.55E-02 1399.0 2.43E-01
1316.1 2.96E-02 1402.2 2.78E-01
1319.7 3.08E-02 1405.6 2.94E-01
1322.9 3.47E-02 1409.0 3.17E-01
1326.6 3.95E-02 1412.1 3.41E-01
1329.8 4.73E-02 1415.5 3.68E-01
1333.3 4.74E-02 1419.0 3.97E-01
1336.9 5.09E-02 1422.1 4.31E-01
1340.2 5.44E-02 1425.6 4.64E-01
1343.6 6.05E-02 1428.9 5.01E-01
1346.9 6.70E-02 1432.5 5.40E-01
1350.7 7.52E-02 1435.6 5.87E-01
1354.1 8.02E-02 1438.9 6.28E-01
1357.4 8.80E-02 1441.9 6.70E-01
1361.1 9.83E-02 1445.1 7.17E-01
1364.4 1.07E-01 1447.8 7.70E-01
1367.9 1.17E-01 1451.2 8.22E-01
1371.4 1.25E-01 1454.5 8.79E-01
1374.7 1.42E-01 1457.3 9.48E-01
1378.3 1.53E-01 1460.8 1.03Eþ00
1381.8 1.66E-01 1464.3 1.11Eþ00
1385.2 1.80E-01 1467.7 1.17Eþ00
1388.6 1.96E-01 1471.2 1.26Eþ00
1391.9 2.17E-01 1474.4 1.36Eþ00

Annex Table 2
Partial vapour pressure results of lithium fluoride species, ThF4, UF4 and PuF3 in the mix

T [K] p(LiF) [Pa] T [K] p(Li2F2) [Pa] T [K] p(Li3F3) [Pa]

892 2.86E-03 945.7 5.41E-03 945.7 2.70E-04
900.5 3.22E-03 953 7.13E-03 953 3.35E-04
908.8 4.39E-03 959.5 8.37E-03 959.5 3.60E-04
916.5 5.62E-03 966 9.77E-03 966 4.22E-04
923.9 6.69E-03 972.1 1.13E-02 972.1 5.01E-04
931.2 9.27E-03 977.8 1.33E-02 977.8 6.11E-04
938.5 1.16E-02 983.6 1.59E-02 983.6 7.06E-04
945.7 1.42E-02 988.9 1.87E-02 988.9 8.24E-04
953 1.74E-02 994.4 2.18E-02 994.4 9.60E-04
959.5 2.13E-02 999.4 2.56E-02 999.4 1.06E-03
966 2.60E-02 1004.5 2.98E-02 1004.5 1.18E-03
972.1 3.13E-02 1009.4 3.37E-02 1009.4 1.40E-03
977.8 3.69E-02 1014.2 3.90E-02 1014.2 1.54E-03
983.6 4.38E-02 1020.2 4.44E-02 1020.2 1.81E-03
988.9 5.30E-02 1026.8 5.21E-02 1026.8 2.05E-03
994.4 6.26E-02 1033.5 6.26E-02 1033.5 2.46E-03
999.4 7.41E-02 1039.4 7.19E-02 1039.5 2.83E-03
1004.5 8.52E-02 1045.1 8.50E-02 1045.1 3.30E-03
1009.4 9.89E-02 1050.9 9.60E-02 1050.9 3.65E-03
1014.2 1.15E-01 1056.3 1.09E-01 1056.3 4.14E-03
1020.2 1.34E-01 1061.5 1.23E-01 1061.5 4.74E-03
1026.8 1.58E-01 1067.1 1.39E-01 1067.1 5.18E-03
1033.5 1.84E-01 1072.5 1.55E-01 1072.5 5.84E-03
1039.4 2.16E-01 1077.7 1.73E-01 1077.7 6.38E-03
1045.1 2.54E-01 1083.1 1.94E-01 1083.1 7.30E-03
1050.9 2.88E-01 1088.5 2.17E-01 1088.5 8.09E-03
1056.3 3.30E-01 1093.6 2.45E-01 1093.6 9.40E-03
1061.5 3.75E-01 1098.9 2.71E-01 1098.9 9.96E-03
1067.1 4.22E-01 1104.1 3.00E-01 1104.1 1.12E-02
1072.5 4.73E-01 1109.2 3.31E-01 1109.2 1.25E-02
1077.7 5.35E-01 1114.4 3.68E-01 1114.4 1.39E-02
1083.1 6.06E-01 1119.3 4.04E-01 1119.3 1.51E-02
1088.5 6.79E-01 1124.6 4.46E-01 1124.6 1.70E-02
1093.6 7.59E-01 1130.2 1.87E-02
1098.9 8.46E-01 1135.2 2.06E-02
1104.1 9.46E-01 1140.4 2.32E-02
1109.2 1.04Eþ00 1145.5 2.50E-02

1151.5 2.77E-02
T [K] p [Pa] T [K] p [Pa]

1477.6 1.47Eþ00 1559.9 7.15Eþ00
1480.9 1.56Eþ00 1563.3 7.60Eþ00
1484.4 1.68Eþ00 1566.4 8.04Eþ00
1487.5 1.78Eþ00 1569.4 8.52Eþ00
1490.7 1.92Eþ00 1572.8 9.09Eþ00
1494.3 2.03Eþ00 1576.3 9.59Eþ00
1497.5 2.19Eþ00 1579.4 1.02Eþ01
1501.0 2.32Eþ00 1582.8 1.08Eþ01
1504.2 2.47Eþ00 1585.8 1.14Eþ01
1507.3 2.65Eþ00 1588.4 1.20Eþ01
1510.8 2.81Eþ00 1590.7 1.26Eþ01
1514.0 3.02Eþ00 1593.4 1.31Eþ01
1517.7 3.22Eþ00 1596.2 1.37Eþ01
1520.7 3.43Eþ00 1599.1 1.44Eþ01
1523.9 3.65Eþ00 1602.1 1.51Eþ01
1527.3 3.87Eþ00 1604.6 1.58Eþ01
1530.7 4.15Eþ00 1607.7 1.70Eþ01
1533.8 4.40Eþ00 1610.8 1.78Eþ01
1537.0 4.69Eþ00 1613.5 1.87Eþ01
1540.1 4.98Eþ00 1616.5 1.97Eþ01
1543.7 5.29Eþ00 1619.9 2.06Eþ01
1546.8 5.61Eþ00 1622.8 2.16Eþ01
1550.0 5.96Eþ00 1625.9 2.28Eþ01
1553.4 6.33Eþ00 1628.6 2.39Eþ01
1556.6 6.75Eþ00

ture LiF-ThF4-UF4-PuF3 (77.5e6.6-12.3e3.6mol%).

T [K] p(ThF4) [Pa] T [K] p(UF4) [Pa] T [K] p(PuF3) [Pa]

1117.3 2.02E-04 1043.4 3.24E-03 1066 9.12E-06
1122.6 2.16E-04 1048.9 3.85E-03 1076.7 1.04E-05
1127.6 2.67E-04 1054.5 5.17E-03 1092.5 1.60E-05
1133.3 4.60E-04 1059.9 5.72E-03 1097.7 2.57E-05
1138.5 4.24E-04 1065.1 6.87E-03 1108.1 2.50E-05
1143.6 7.94E-04 1070.6 8.39E-03 1113.1 2.59E-05
1148.8 8.49E-04 1075.9 9.83E-03 1118.4 3.59E-05
1155 8.62E-04 1081.4 1.11E-02 1133.9 4.97E-05
1159.7 1.03E-03 1086.9 1.39E-02 1160.5 8.93E-05
1164.9 1.23E-03 1091.9 1.63E-02 1166 1.12E-04
1169.9 1.40E-03 1097.2 1.90E-02 1171 1.28E-04
1175.3 1.98E-03 1102.3 2.24E-02 1175.8 2.13E-04
1180.4 2.28E-03 1107.6 2.62E-02 1181.3 1.06E-04
1185.4 2.83E-03 1112.4 3.10E-02 1186.4 1.76E-04
1190.7 3.39E-03 1117.4 3.56E-02 1191.4 2.03E-04
1195.7 4.10E-03 1122.9 4.18E-02 1196.5 2.01E-04
1200.5 4.81E-03 1127.8 4.74E-02 1206.4 2.66E-04
1205.5 5.71E-03 1133.3 5.44E-02 1211.4 3.64E-04
1210.3 7.00E-03 1138.6 6.38E-02 1216.4 3.81E-04
1215.4 8.42E-03 1143.7 7.24E-02
1220.7 9.85E-03 1149 8.42E-02
1225.9 1.18E-02 1155.2 9.56E-02
1230.7 1.35E-02 1159.8 1.08E-01
1235.8 1.62E-02 1165 1.24E-01
1240.5 1.91E-02 1170.1 1.39E-01
1245.6 2.25E-02 1175.3 1.57E-01
1250.6 2.63E-02 1180.5 1.76E-01
1255.5 3.04E-02 1185.7 1.99E-01
1260.7 3.58E-02 1190.8 2.24E-01
1265.5 4.31E-02 1195.7 2.54E-01
1270.6 5.04E-02 1200.6 2.85E-01
1275.3 5.97E-02 1205.7 3.22E-01
1279.8 7.00E-02 1210.6 3.68E-01
1284.7 8.03E-02 1215.7 4.15E-01
1289.2 9.30E-02 1220.8 4.73E-01
1294 1.07E-01 1226 5.37E-01
1298.5 1.22E-01 1230.8 6.04E-01
1303.1 1.41E-01 1236 6.85E-01

1240.8 7.75E-01
1245.9 8.76E-01
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