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Thermodynamics of Refractory Nuclear Materials
Studied by Mass Spectrometry of Laser-Produced
Vapors1

R. Pflieger,2 M. Sheindlin,2,3 and J.-Y. Colle2

A new method of high-temperature mass spectrometry (MS) with laser-
induced vaporization (LIV) has been developed. The initial problem of LIV
MS, consisting of an inadequate correlation between the temperature of
the surface and the MS signal, was successfully overcome.The method was
developed on graphite, of which fast time-resolved MS measurements (ca.
20 ms) were performed over a large mass interval; the influence of geometri-
cal parameters and of the laser pulse length on MS measurements was stud-
ied. Carbon sublimation relative partial pressures of C1, C2, C3, and C5

were measured up to 3810 K. This corresponds to a total pressure of about
0.8 bar estimated independently by the integral mass flux using the Hertz–
Knudsen equation. The vaporization of UO2 was studied at temperatures
above ≈ 2500 K, where conventional Knudsen-cell mass spectrometry cannot
be applied. The vaporization enthalpy obtained for the main species in UO2

vapor was in good agreement with that of conventional mass spectrometry.

KEY WORDS: graphite; high temperature mass spectrometry; UO2; vapor par-
tial pressures.

1. INTRODUCTION

Evaluation of the sublimation/evaporation behavior of refractory materi-
als at very high temperatures requires data on the equilibrium partial pres-
sures of the vaporizing species. In particular, vaporization pressure data on
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nuclear fuel materials are especially required to analyze hypothetical acci-
dent conditions and to carry out risk assessments.

Laser-induced vaporization (LIV) has been applied previously in
order to extend the temperature and pressure ranges accessible for con-
ventional high-temperature mass spectrometry. The first experiments date
back to the late 1960s when because of the progress in laser technology
laser energies became sufficient to reach temperatures at which vapor pres-
sures, controlled by vaporization kinetics in vacuum, were approaching
ca. 10 bar. Therefore, the composition of these high-temperature vapors
could be analyzed by mass spectrometry. Obviously, due to the “pulsed”
nature of this vaporization, several limitations were imposed on the mass
spectrometric measurements. This is why in most of the previous investi-
gations either time-integral measurements of the mass spectrum or only
single mass time-resolved measurements have been performed due to the
short heating time. Sufficiently accurate temperature measurements always
constituted a problem for the same reason. Therefore, the temperature at
the evaporating surface was, usually, calculated using one of the suitable
evaporation models, the choice of which was often not sufficiently reliable.
Some details of the previous studies are presented in Table I.

2. EXPERIMENTAL

The apparatus used in the present study was developed with the aim
to overcome most of the above-mentioned difficulties and to increase the
reliability of the measurements. The latter mostly concerns the regime of
evaporation and, in particular, the issue of thermodynamic equilibrium at
the evaporating surface.

Evidently, the main feature of a time-of-flight (TOF) mass spectrom-
eter – the high speed of measurements – makes it the most promising
tool for the high-speed mass spectra sampling of the laser-induced vapors.
Although the repetition rate of TOF measurements is high, it cannot
greatly exceed 50 kHz due to the flight time in the ca. 1 m long TOF
flight tube. It means that one-millisecond pulse heating by the most con-
ventional free-running solid-state lasers (not to mention nanosecond pulse
heating) does not allow reliable time-resolved measurements by the TOF
mass spectrometer.

Therefore, an ≈ 10 ms time length laser-heating pulse was imple-
mented allowing several hundreds of mass spectra to be recorded. The
temperature measurements are made along with the TOF spectra by high-
speed pyrometry.

A schematic of the experimental apparatus is shown in Fig. 1. The
laser evaporation is performed in a vacuum chamber, attached to the TOF
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Fig. 1. Schematic of the experimental apparatus.

mass spectrometer, where a vacuum of 10−7 mbar is maintained. The sam-
ple is placed in a sample holder providing the several fixed angles formed
by the sample surface and the axis of the mass spectrometer: 20, 30, 45, or
55◦. The sample vacuum chamber is separated from the TOF mass spec-
trometer by a wall in such a way that the vapor molecules can enter the
electron impact ionization source of the TOF mass spectrometer through
a small hole in the skimmer fixed in the wall. The ions pushed out from
the ionization chamber by a voltage pulse are separated in the flight tube
of the TOF mass spectrometer according to their mass-to-charge ratio,
and then detected by a multi-channel plate detector. The surface tem-
perature is measured along with mass spectra by a high-speed brightness
pyrometer.
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2.1. Samples

Two materials were studied: carbon (in the form of graphite) and ura-
nium dioxide. Both materials are of great technological importance and,
therefore, their high-temperature properties (in particular, their high-tem-
perature vaporization, see Table I) have already been extensively studied.
In addition, their vaporization temperature levels are not very far from
each other: at 1 bar the sublimation temperature of graphite is 4000 K and
the boiling temperature of UO2 is 3800 K.

Graphite was used in the preliminary study since it does not melt at
the conditions of laser heating in vacuum under “moderate” laser power
densities not exceeding 106 W · cm−2. It has very good mechanical stability
at high temperature, and it does not form cracks even at high temperature
gradients in the vicinity of the laser spot. Moreover, the available literature
data on the vaporization thermodynamics of different carbon species seem
to be quite reliable [8–10].

Pellets of 10 mm in diameter and 2–2.5 mm in thickness were cut out
of a plate of pyrolytic graphite because of its high density (2.16 g·cm−3)

and highly anisotropic structure. The latter was used to improve the heat-
ing regime; since the thermal conductivity in the c-direction (depth) is
small, less power density is required to achieve the needed temperatures.
Mass spectra of this material showed that it contains some amounts of
C2H2 and very little C4H2, with a total partial pressure that was estimated
to be less than 1% of the total pressure.

Commercial nuclear grade UO2 in the form of pellets of 8.35 mm
in diameter and 12 mm length, fabricated by Advanced Nuclear Materials
Co., was used. The stoichiometry of the pellets was UO2.00±0.01. The 3–
3.5 mm thick samples were cut with a low-speed diamond saw and cleaned
successively in ethanol and acetone.

2.2. Laser Heating

A Nd:YAG laser of LASAG operating in the free-running mode is
used. Its wavelength is 1064 nm, which is absorbed neither by carbon nor
by UO2 vapors. Laser pulses in the range of 18–20 ms were used. In any
case laser power densities were below 2×105 W·cm−2, preventing any risk
of plasma formation. Since the laser beam is delivered to the focusing unit
through an optical fiber, its radial power profile is very homogeneous at
the exit of the fiber, which insures very high power homogeneity in the
focal spot.
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2.3. Temperature Measurements

The temperature is measured with a special high-speed brightness
pyrometer. This pyrometer consists of focusing optics, a band-pass filter
centered at 650 nm, and a Si-photodiode connected to a very high-speed
logarithmic amplifier. Since none of the carbon/UO2 vapor components
absorbs at 650 nm, and since no ions are produced at the relatively low
power densities used in these experiments, one can consider the vapor to
be transparent at the used wavelength. The pyrometer is calibrated against
a reference tungsten strip lamp. The literature values of emissivities were
used for the conversion from brightness temperature to the true tempera-
ture: 0.88 for graphite [11] and 0.835 for UO2 [12].

Due to the nature of the pyrometer with a logarithmic amplifier,
the response speed of the pyrometer (amounted to 10 µs at temperatures
higher than 2500 K) is sharply decreasing with a decrease in temperature.
Since the temperature range for UO2 was lower than that of graphite, the
pyrometer could not always follow the temperature increase. To make it
faster, the pyrometer has been modified in the following way: its detector
is pre-lightened with a light-emitting diode (LED) generating a “virtual”
temperature of 1960 K. During the measurement, the diode circuit opens
automatically when the output signal reaches the value that corresponds
to a real temperature of 2050 K. Then the measured signal is not modified
anymore by the presence of the diode and corresponds to the real sample
temperature.

2.4. Mass Spectrometer (MS)

A Reflectron time-of-flight (TOF) mass spectrometer is utilized, which
allows simultaneous measurement of the signal intensities of all the vapor
species in one experiment. After having passed the skimmer, molecules are
ionized by electron impact during 500 ns; the energy of the electrons can
be fixed between 4 and 120 eV. Then, after 100 ns, ions are subjected to a
high acceleration voltage (1.5 kV) pulse of 100 ns and enter the flight tube.
The time diagram is presented in Fig. 2.

The maximum repetition rate of the TOF MS depends on the max-
imum mass number to be measured: the repetition rate can be up to
50 kHz for graphite but not higher than 30 kHz for UO2 (a higher repeti-
tion rate would cause overlapping of high masses of spectrum n with low
masses of spectrum n+1).

Spectra are recorded every 20 or 33 µs during a heating pulse of
approximately 20 ms. The setting of the mass range to a reasonably narrow
interval was defined by the data acquisition. Since half-width times of the
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Fig. 2. Profiles of the temperature, the laser
power, and the measured spectra as a function of
time.

mass peaks are in the range of 5 to 10 ns, an ultra-fast data acquisition
system with 8-bit ADC and 2 GHz sampling rate is used. As data have
to be recorded even in the “dead interval” – between the mass peaks, the
capacity of the buffer used (16 MB in this case) limits the mass interval.
Concerning evaporation of graphite only, molecular species in the range
of C1 to C5 were considered since larger molecules could not be detected
in the preliminary experiments up to the highest attainable temperatures,
and their amounts were negligible according to available thermodynamic
predictions [8–10]. As for fullerenes and, in particular, C60 molecules, not
all conditions of their formation are well known; in particular, the ques-
tion still exists whether they are part of the equilibrium carbon vapor. To
test the presence of C60 molecules in the vapor produced under the present
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working conditions, the studied mass range was focused around m/z of
720. No peak could be seen. The intensity of C5 as a function of tem-
perature was determined in order to estimate the limit of quantification.
This pentamer is visible starting from 3350 K. At this temperature, IV-
TANTHERMO thermodynamic tables give a C3/C5 ratio of 22. According
to the experimental C3/C5 ratios (of the order of 15), one can consider to
a first approximation that the vaporization coefficients of these two spe-
cies are equal. Assuming that the vaporization coefficient of C60 is of this
order or higher, one finds that the partial pressure of C60 at 3350 K is
at most 22 times less than that of C3. Finally, the C4 presence is only
qualitatively detected (indeed, according to available thermodynamic pre-
dictions, its amount is around six times less than that of C5 in the tem-
perature interval 3200–3800 K). The flight time of C1 is approx. 7100 ns,
and that of C5 is 15700 ns. The resulting length of the spectrum is, there-
fore, about 9000 ns each, stored in one of the max. 8000 sub-buffers.

The primary data analysis consists of the correction for background,
definition of the mass peaks, and calculation of their areas that gives the
values of the intensities.

In order to get intensities and temperatures that are related and cor-
respond to the hot spot of the sample surface, the TOF MS, laser, and
pyrometer are carefully adjusted before each experiment, so that their axes
are crossing at one point on the sample surface. A small pilot diode laser
beam is entering the mass spectrometer and redirected by a prism to be
in line with the axis of the TOF MS. This pilot beam is passing through
a small hole in the skimmer giving a reference position for the laser spot
of 2 mm in diameter. The optical pyrometer (having a sighting spot of
0.5 mm) is focused in the center of the laser spot. This procedure insures
the reproducibility of experimental conditions.

As for the calibration of the mass scale of the mass spectrometer and
of the cathode voltage used for the electron energy calculation, it is per-
formed using a mixture of rare gases in nitrogen with known appearance
potentials.

2.5. Measurement of Crater Depth by Profilometry

In order to estimate the total pressure, the depth of the formed craters,
related to the total quantity of vaporized material, is measured by profilom-
etry (Hommelwerke, Hommel Tester T10 G-2). The sensitivity value, given
by calibration, is 0.1 µm on the vertical scale. The surface of the sample to
be analyzed is swept by a continuous longitudinal movement of the sensor,
after what the sample is slightly displaced for a new sweeping.
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2.6. Calculation of the Partial Pressures

Mass intensity ratios, I (Cn)/I (C1), at a given temperature are con-
verted into partial pressure ratios using the formula of Meyer and Lynch
[13];

p(Cn)

p(C1)
= I (Cn)

I (C1)
× σ(C1)

σ (Cn)
× ∆E(C1)

∆E(Cn)
× γ (C1)

γ (Cn)
× β(C1)

β(Cn)
. (1)

The conversion factors consist of ratios of maximum ionization cross sec-
tions σ , ionization cross sections at the energy of the ionizing electrons
relative to the maximum ionization cross sections ∆E, secondary electron
yields of the electron multiplier γ , and spectrometer transmission coeffi-
cients β.

For the ionization cross sections, the “modified” ionization cross-sec-
tion formula derived empirically by Palmer and Shelef [14] was used;

σ(Cn)/σ (C1)= (1.5)n/2 (for n>1). (2)

Taking C1 as a reference, the following relative ionization cross sections
are obtained: σ(C2)=1.50, σ (C3)=1.84, and σ(C5)=2.76.

The secondary electron yields of the electron multiplier were calcu-
lated according to Meyer and Lynch [13], upon inverse square root of
mass dependence of secondary electron yield, assuming a value of one for
C1 :γ (C2)=0.71, γ (C3)=0.58, and γ (C5)=0.45.

Relative ionization coefficients were defined as

∆E(Cn)

∆E(C1)
= E −AP(Cn)

E −AP(C1)
, (3)

where E is the energy of the ionizing electrons and AP is the appearance
potential of the ion. The appearance potentials reported by Drowart et al.
[15] were used: AP(C1)=11.3 eV, AP(C2)=12.0 eV, AP(C3)=12.6 eV, and
AP(C5)=12.5 eV.

As for the transmission coefficients, they were assumed to be equal
for the given experimental conditions.

Similar conversion factors were determined for the ratio of the partial
pressures of UO2 vapor species, using relative ionization cross sections rec-
ommended by Younès [16] (σ (UO)/σ (UO2)×∆E(UO)/∆E(UO2)=1.45×
1.28 at 13 eV).
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3. RESULTS AND DISCUSSION

3.1. Graphite

3.1.1. Reproducibility

It was observed that the mass intensities depend on the state of the
surface, i.e., on the number of repeated laser shots on the same point
of the sample surface. Therefore, the reproducibility of the method was
tested by comparing results of several first (resp., second or third) shots
on graphite sample surfaces, each time using the same laser pulse length
(20 ms) and the same angle of inclination to the axis of the MS. The
partial vapor pressures measured at each laser shot were presented as
Arrhenius plots: ln(InT ) versus 1/T where the slope of the line depends
on the sublimation enthalpy: −∆Hs/R. It was found that the vapor-
pressure curves measured during first laser shots on the “fresh” surface are
not reproducible. The results obtained in the second and third shots are
similar and do not depend on the particular sample. Therefore, the results
of first shots were always discarded in the study of graphite.

3.1.2. Sublimation Enthalpies

3.1.2.1 Influence of the Electron Energy on Ion Intensity Ratios. The
evolution of the intensity ratios as a function of the electron energy was
studied to verify that the studied molecules are not undergoing any frag-
mentation due to the ionizing electrons. The ratios C/C2 and C/C3 were
determined at different electron energies, varied between 13 and 39 eV, as
can be seen in Fig. 3. At very low energies (13 eV), the signals are too
low. Then, whereas C/C2 stays constant up to the highest electron energies,
C/C3 is constant between 16 and 20 eV, then increases, which corresponds
to a fragmentation of C3 in C and C2. Therefore, an electron energy
of 16 eV was chosen to ensure sufficiently high signal/noise ratio without
any significant fragmentation. The latter has to be taken into account for
the proper comparison with the previously published results on LIV mass
spectrometry of carbon. Thus, an electron energy of 20 eV was employed
by Zavitsanos [1], which ensured that no appreciable fragmentation could
occur. However, Hastie [5] and Joseph [4] used, respectively, 26 and 28 eV,
which is above the fragmentation threshold of C3.

3.1.2.2. Shape of the Arrhenius Plots and Sublimation Enthalpies.
Vaporization enthalpies are obtained by a linear fit of the Arrhenius
plots (Fig. 4) of experimental partial pressures in the temperature inter-
val of 3250–3850 K or somewhat smaller (depending on the heating
speed and the sample inclination angle). The MS signal/noise ratio, for
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a small inclination angle (20◦), at temperatures below 3250 K is too low.
The upper limit of measurements (around 3750–3850 K) is defined by a
saturation phenomenon; when the temperature is still ascending, the ion
intensities decrease. This kind of behavior is caused by the expanded high-
pressure vapor plume performing as a screen between the surface and the
skimmer, reducing the molecular flux from the evaporating surface; vapor
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Table II. Sublimation Enthalpies of C, C2, C3, and C5,
in kJ·mol−1: Literature [8, 9] and Experimental (with 20

or 30◦) Values

Species C C2 C3 C5

∆Hs [8] (T =3000 K) 711.9 812.4 797.4 1024
∆Hs [8] (T =3000 K) 707.3 802.1 779.5 1002
∆Hs ([9]) 708.9 823.5 832.6 1028
Experimental: 20◦ 677 621 782 –
Experimental: 30◦ 616 564 766 –

molecules cannot enter the skimmer without undergoing collisions in the
vapor, so that the measured intensity is progressively attenuated.

The values of the sublimation enthalpies ∆Hs (in kJ·mol−1) are given
in Table II for C, C2, C3, and C5 as calculated in IVTANTHERMO
thermodynamic tables [8] at 3000 and 3700 K (note that the differences
between the enthalpy values at both temperatures are very small) and val-
ues given by Leider et al. in [9]. Experimentally obtained enthalpy values
are also presented in Table II; their uncertainty is about 2%. The intensity
of C5 is too low to allow an estimation of its sublimation enthalpy. One
can see that the experimental results obtained at low angles are very close
to the literature values for the three main species, indicating that there is
a perfect correlation between the measured MS intensities and the surface
temperatures. They do not show any appreciable dependence on the dis-
tance between the sample and the entrance of the mass spectrometer but
on the angle between the surface and the axis of the mass spectrometer;
too small enthalpies are obtained with larger angles. Indeed, the satura-
tion phenomenon is more pronounced for large angles, for which the sam-
ple surface faces more the entrance of the mass spectrometer. The latter is
confirmed by the study of the vapor curve dependence on the inclination
angle, which was performed in the range of 20–55◦. The mass intensity
increases with an increase of the angle, as can be seen in Fig. 4, because
the vapor plume develops mostly perpendicularly to the sample surface. As
for the shape of the vaporization curve (which is supposed to be linear
when presented as an Arrhenius plot), it is strongly curved for 55◦ angle,
gives a more reasonable shape for 45◦ and, finally, approaches the liter-
ature values at 30◦. As follows from Table II, a further decrease of the
angle to 20◦ does not strongly affect the enthalpy values; however, the lin-
ear part of the vaporization line is extended towards higher temperatures.
The bending point on the graph in Fig. 4 becomes sharper at the small-
est angle and, therefore, defines data used for the linear regression more
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precisely. Therefore, enthalpy values obtained for the inclination angle of
20◦ are closer to the thermodynamic calculations.
3.1.3. Vapor Pressures

3.1.3.1. Determination of the Appearance Potentials. The main vapor
species C, C2, C3, and C5 can be detected with sufficiently good accuracy
under the conditions used here. Their appearance potentials were deter-
mined using a sample inclined at 20◦ at temperatures up to 3700 K. The
electron energy was varied in the range of 13–19 eV. The corresponding
intensities of the different carbon species were defined as the average inten-
sities over the temperature interval from 3640 to 3660 K. Linear fits of
these intensities versus the electron energy give the following appearance
potentials: AP(C1) = 11.26 eV, AP(C2) = 11.93 eV, AP(C3) = 12.15 eV, and
AP(C5) = 10.41 eV. The appearance potentials for C1, C2, and C3 are in
good agreement with values of Drowart et al. [15] (cf Section 2.6), and in
acceptable agreement for C5 due to its low intensity.

3.1.3.2. Relative Partial Pressures. The results obtained for the sam-
ples placed at 20◦ and 30◦ with a 16 eV ionization energy are given in
Table III. All values are the averages taken in a temperature interval of
40 K centered on the indicated temperature. The indicated uncertainties
are the standard deviations. For comparison, ratios calculated from the
new version of IVTANTHERMO thermodynamic tables [8] are also pre-
sented in Table III.

With the intensity of C5 being very low, the ratio C/C5 has a large
uncertainty and therefore gives only very rough information about the
fraction of C5 in carbon vapor at given temperatures.

Table III. Intensity Ratios Obtained with Samples at 20◦ and 30◦, and Reference Values
from IVTANTHERMO Thermodynamic Tables [8] at Different Temperatures

Ratio 3450 K 3550 K 3650 K 3750 K

20◦ C/C2 1.25 ± 0.30 1.43 ± 0.26 1.30 ± 0.19 1.52 ± 0.13
C/C3 0.461 ± 0.075 0.502 ± 0.096 0.421 ± 0.061 0.376 ± 0.036
C/C5 11.6 ± 6.6 11.8 ± 3.0 18.1 ± 6.0 19.9 ± 3.7

30◦ C/C2 1.12 ± 0.36 1.15 ± 0.15 1.26 ± 0.18 1.48 ± 0.06
C/C3 0.468 ± 0.184 0.398 ± 0.049 0.378 ± 0.051 0.323 ± 0.051
C/C5 15.2 ± 5.3 14.6 ± 4.0 17.8 ± 4.9 19.5 ± 3.7

[8] C/C2 0.974 0.887 0.811 0.744
C/C3 0.106 0.0985 0.0919 0.0860
C/C5 1.82 1.35 1.02 0.777
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Results obtained for the inclination angles of 20 and 30◦ are not signifi-
cantly different. Taking the intensity of C as a reference, the concentration
of C2 agrees with the values of IVTANTHERMO thermodynamic tables [8]
within 30% at 3450 K and within 100% at 3750 K. However, the measured
concentration of C3 appears to be ca. 5 times lower than thermodynamically
predicted [8, 9]. Since C3 and C are the major species in carbon vapor, the
obtained disagreement is large and cannot be ignored. Here, one must make
a remark that all the above discussion is made presuming that the evapo-
ration is at equilibrium, which can be ensured only by minimization of the
total vapor flux as is realized in Knudsen cells. Thus, the relative values,
presented in Table III, were calculated assuming equilibrium evaporation.
However, in the laser-induced evaporation the latter conditions cannot be
achieved. Since relatively long laser pulses are applied and the laser power
densities are rather low, a free surface (Langmuir type) evaporation was con-
sidered and, therefore, the deviation of vaporization coefficients from unity
had to be taken into account.

The almost only available literature values determined by Burns et al.
[17] in a Knudsen cell vaporization study were used: αv(C) = 0.23 ±
0.04, αv(C2) = 0.38 ± 0.04, and αv(C3) = 0.04 ± 0.005. These coefficients
were determined in Ref. 17 at 2500 K; however, they are considered to be
independent of temperature. The corrected values of partial pressures are
given in Table IV for 20◦ and 30◦, together with values from the litera-
ture [8, 9, 14]. In Fig. 5, the partial pressure ratios p(C1)/p(C3) are pre-
sented both before and after correction with vaporization coefficients. The
corrected partial-pressure ratio shows very good agreement with equilib-

Table IV. Intensity Ratios at Different Temperatures, Corrected with Vaporization Coeffi-
cients (20◦ and 30◦ Angles and Reference Values [8, 9, 14], Values of Refs. 9 and 14

Obtained by Interpolation)

Ratio 3450 K 3550 K 3650 K 3750,K

20◦ C/C2 2.06 ± 1.10 2.36 ± 1.13 2.14 ± 0.94 2.51 ± 0.95
C/C3 0.080 ± 0.038 0.087 ± 0.044 0.073 ± 0.034 0.065 ± 0.026

30◦ C/C2 1.85 ± 0.93 1.90 ± 0.79 2.51 ± 0.88 2.44 ± 0.78
C/C3 0.081 ± 0.056 0.069 ± 0.029 0.066 ± 0.028 0.056 ± 0.026

[8] C/C2 0.974 0.887 0.811 0.744
C/C3 0.106 0.0985 0.0919 0.0860

[9] C/C2 1.22 1.11 1.01 0.913
C/C3 0.096 0.089 0.082 0.074

[14] C/C2 1.7 1.5 1.3 1.1
C/C3 0.28 0.26 0.23 0.20
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Fig. 5. Intensity ratios C/C3 at different temperatures
and a sample angle of 20 or 30◦, corrected or not with
vaporization coefficients and compared with literature
values [8, 9, 14].

rium values, in spite of the uncertainties, mainly due to the uncertainty
on the vaporization coefficients. The p(C1)/p(C2) ratio reveals acceptable
agreement with the various literature values, which also present some dis-
agreement with each other. The larger uncertainty on this latter ratio is
also due to the rather low C2 intensity.

One can conclude that agreement of the relative partial pressures cor-
rected with vaporization coefficients with those recommended in the liter-
ature confirm the assumption of Langmuir-type evaporation.

3.1.4. Estimation of the Total Pressure

The total carbon vapor pressure was estimated using the Hertz–
Knudsen formula [18] assuming free molecular evaporation;

psat = ρd

αvαcτ

(
2πRT

M

)1/2 1
1−B

, (4)

where psat is the total equilibrium vapor pressure, αv is the integral vapor-
ization coefficient of graphite, αc is its condensation coefficient, ρ is the
density of pyrolytic graphite, d is the crater depth, τ is the laser pulse
length, R is the universal gas constant, T is the maximum surface tem-
perature, M is the molar mass of the average molecule, and B is the total
backscatter coefficient. For the integral vaporization coefficient of graph-
ite, the value determined by Burns et al. [17] was taken: αv = 0.07 ± 0.04.
The condensation coefficient was taken as unity and the backscattering
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Table V. Estimation of the Total Pressure via Crater Depth Measurement

Number of
shots per- dmax p psat[8] psat [19]

Sample formed Tmax(k) (µm) (bar) T (K) (bar) (bar)

1 6 3848 ± 15 150 ± 5 0.99 3810 0.50 0.44
2 6 3832 ± 15 130 ± 5 0.85 3830 0.59 0.50
3 6 3826 ± 10 116 ± 2 0.76 3850 0.70 0.56
4 6 3812 ± 11 140 ± 2 0.92

coefficient as 0.18 (cf. Ref. 18). The measured room-temperature density of
pyrolitic graphite is ρ = 2.16 ± 0.06 g·cm−3. The chosen average degree of
polymer formation is three, as given by Leider et al. [9] for temperatures
around 3500 K, and so the average molar mass is M =36×10−3 kg·mol−1.

The measurements of crater depths are made by profilometry. The
measurement uncertainty is 0.05 µm for each measurement. The value of
the maximum depth was taken since it corresponds to the center of the
laser spot as viewed by a pyrometer.

The definition of the laser pulse length (τ ) is not straightforward since
the temperature is not constant during the laser shot. Its end point was
taken as the end of the laser pulse and its beginning as the time at which
the pressure is half of the maximum pressure reached during the shot. This
gives τ =10.6 ms. It was calculated that the mass vaporized during the first
9.4 ms corresponds to only 15% of the total mass loss and is neglected
here.

The obtained results are summarized in Table V that presents the
maximum temperature reached, the corresponding crater depth, and the
calculated total pressure.
These values are around 1.5 to 2 times higher than values given by
IVTANTHERMO thermodynamic tables [8] and by the experimental
equation given by Sheindlin [19]. However, the agreement is still good,
considering the different assumptions made, especially regarding the value
of the effective pulse length, τ and the large uncertainty on the integral
vaporization coefficient.

3.2. Uranium Dioxide

One of the main problems in the study of UO2 sublimation is the
right choice of the electron energy. Indeed, according to Ref. 20, the ion-
ization energies of the main species: UO, UO2, and UO3 are (in con-
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Fig. 6. Experimental thermogram and corresponding
UO and UO2 MS intensities during a 18-ms laser shot
(during the first 8 ms of the laser shot, temperature and
intensity are too low to be measured).

trary to carbon) quite different and amount, respectively, to 5.6, 5.4, and
10.8 eV. The noticeable fragmentation of UO3 into UO2

+ starts at 11.3 eV,
of UO3 in UO+ at 19.3 eV, that of UO2 in UO+ at 13.4 eV, and of UO in
U+ at 13.9 eV. Therefore, the ionizing electron energy of 13 eV is used as it
is sufficient for the ionization of the main species in the vapor and insures
reasonably high ion signals. On the other hand, the degree of molecular
fragmentation at this electron energy is negligible.

The main species experimentally observed was UO2, followed by a
small amount of UO and a tiny amount of UO3 (which is less ionized at
the working electron energy).

An example of a thermogram with the corresponding MS intensities
of UO and UO2 is given in Fig. 6. The chosen experimental conditions
insured a continuous temperature increase during the whole duration of
the laser shot (i.e., 18 ms). On the temperature descending flank of the
thermogram, a short freezing “plateau” can be observed.

Experimental UO2 Arrhenius plots are linear in the temperature
interval of ca. 2500–3040 K. No saturation phenomenon was observed at
these temperatures (this, however, is understandable since the maximum
pressures reached here are much less than over graphite at 3850 K). Sub-
limation enthalpies were determined and compared with the one derived
from UO2 partial pressures measured by Ackermann et al. [21] between
1800 and 3100 K: 578.7 kJ·mol−1. It was found that the present enthalpy
result was close to the literature value [21], giving 571±58 kJ·mol−1 (as a
mean value of four experiments).
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The partial pressure ratios p(UO2)/p(UO) were calculated at 2930±
50 K and at 3040 ± 50 K giving, respectively, 20.1 ± 3.8 and 23.9 ± 4.7.
These values are very far from the ratio calculated using the chemical
equilibrium model [22] at 3000 K: 99.8, but in better agreement with the
values obtained when considering a forced-congruent mode [22] (i.e., a
vapor of average O/U ratio 2.00) at 3000 K: 11.9. The observed differ-
ence probably comes from the fragmentation of some UO3 molecules
into UO2

+ at the used electron energy (fragmentation that increases the
p(UO2)/p(UO) ratio). So, it seems that under these conditions, the vapor-
ization can be considered as close to forced-congruent.

4. CONCLUSION

A new method of high-temperature mass spectrometry (MS) with
laser-induced vaporization (LIV) was developed, in which the MS signals
of various molecular species and the corresponding surface temperature
are measured simultaneously.

The influence of geometrical parameters and of the laser pulse length
on MS measurements was studied; it was found that the best operating
conditions can be achieved at low inclination angles of the surface to the
axis of the TOF MS and with a pulse length of less than 20 ms, because
these conditions minimize saturation of the MS signal.

Carbon sublimation relative partial pressures of C1, C2, and C3 were
measured up to 3810 K. Thermodynamically sound relations between the
partial pressures of the three main carbon vapor species were obtained
using literature values of evaporation coefficients αV (Cn). It confirms that
the conditions of the experiment are very close to Langmuir evaporation.

Sublimation of UO2 was studied at temperatures above 2500 K. In
the vapor over stoichiometric uranium dioxide, mainly UO2 but also UO
and UO3 molecules are seen under the present conditions. The sublima-
tion enthalpy obtained for UO2 from Arrhenius plots is in good agree-
ment with results of conventional mass spectrometry.
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