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a b s t r a c t

Thermal ionization mass spectrometry (TIMS) is a well established instrumental technique for providing
accurate and precise isotope ratio measurements of elements with reasonably low first ionization poten-
tial. In nuclear safeguards and in environmental research, it is often required to measure the isotope
ratios in small samples of uranium. Empirical studies had shown that the ionization yield of uranium and
plutonium in a TIMS ion source can be significantly increased in the presence of a carbon source. But,
even though carbon appeared crucial in providing high ionization yields, processes taking place on the
ionization surface were still not well understood. This paper describes the experimental results obtained
from an extended study on the evaporation and ionization mechanisms of uranium occurring on a rhe-
nium mass spectrometry filament in the presence of carbon. Solid state reactions were investigated using
X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM). Additionally, vapor-
ization measurements were performed with a modified-Knudsen cell mass spectrometer for providing

information on the neutral uranium species in the vapor phase. Upon heating, under vacuum, the uranyl
nitrate sample was found to turn into a uranium carbide compound, independent of the type of carbon
used as ionization enhancer. With further heating, uranium carbide leads to formation of single charged
uranium metal ions and a small amount of uranium carbide ions. The results are relevant for a thorough
understanding of the ion source chemistry of a uranyl nitrate sample under reducing conditions. The
significant increase in ionization yield described by many authors on the basis of empirical results can

d un
be now fully explained an

. Introduction

During the last years, much effort has been put into the develop-
ent of competences and equipment enabling the analysis of very

mall quantities of material. A specific application of trace amounts
nalysis refers to the measurement of isotope abundance ratios of
lutonium and uranium, including the minor isotopes, which are
ey signatures of the nuclear-related activities in a State. In the
ontext of a strengthened safeguards system, environmental sam-
ling has proven to be a powerful tool, introduced for discovering
ndeclared nuclear activities [1–6]. One of the major analytical
hallenges, however, is related to the small amounts of uranium
nd plutonium present in such samples. Hence, the measurements

re often carried out very close to the instrumental detection lim-
ts. Thermal ionization mass spectrometry (TIMS) with samples
oaded on metallic filaments (e.g., rhenium) is a well established
echnique for providing accurate and precise isotope ratio mea-
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surements [7]. Moreover, TIMS has profited during the last years
from significant instrumental improvements on the detection side
(i.e., the multiple ion counting devices) that allowed a down-scaling
of the sample size [8–15]. However, the ionization efficiency (ratio
of U+ ions detected vs U atoms loaded on the filament) is very low.
In fact, best reported TIMS efficiencies for Pu and U are 1–2% and
0.1%, respectively. Thus, any increase in ionization efficiency will
result in a higher analytical sensitivity allowing the sample size to
be reduced. Moreover, as the major uncertainty component in the
final result originates from counting statistics, improved ioniza-
tion efficiency results also in a reduced measurement uncertainty.
Over the past decades, different empirically developed procedures
that help increasing the ionization efficiency of uranium have been
extensively described and revealed the positive effect of carbon as
ionization enhancer [16–21]. This effect has been ascribed to the
reduction of the sample to a chemical form in which metal ions
U+ are easily produced at the expense of the volatile oxide species

(e.g., UO+ and UO2

+)—a large fraction of the sample molecules are
lost before the filament surface ionization is hot enough to dis-
sociate the molecules and ionize the atoms. Besides its reducing
properties, carbon was also found to dissolve into rhenium to form
a metal–carbon solid solution [22,23] with an enhanced electron

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:monia.kraiem@ec.europa.eu
dx.doi.org/10.1016/j.ijms.2009.10.001
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ments. Sample heating (in intervals of 60–90 s) was carried out in
the preparation chamber of the instrument by resistive heating of
the filament. For that purpose, the free end of the filament was
contacted via an internal electrode to a low voltage power-supply
(about 20 V/10 A). The sample temperature was determined using
M. Kraiem et al. / International Journa

ork function, which resulted in a more efficient ion production
ompared to that of pure rhenium [24–26]. This expectation is not
urprising in view of the exponential dependence of the ion yield
n the electron work function of the filament material, the ioniza-
ion potential of the element and the temperature expressed by the
aha–Langmuir equation [27,28].

From the beginning of the 1960s, important works have the-
rized the formation of a uranium carbide species to explain the
nhanced emission of the U+ metal ions associated with the use
f carbon as a reducing agent [16,19,20,29–31]. Although this the-
ry has commonly been accepted, evidence of such a species on
he filament surface has not been experimentally proven. The
resent study aimed at clarifying the evaporation and ionization
echanisms involved in a TIMS measurement of uranium under

educing conditions. To this end, surface analysis techniques such
s X-ray photoelectron spectroscopy (XPS) and scanning electron
icroscopy (SEM) and the modified-Knudsen cell mass spectrome-

ry (KCMS) were employed for characterising the sample behaviour
nder the same conditions than those occurring in a TIMS ion
ource. Goals focus respectively on (i) identifying U-compounds
ormed on the filament surface, (ii) observing changes in the sample

orphology during thermal heating, and (iii) studying the neu-
ral and charged U-species evaporating from the filament surface.
rom the collected data, the main species involved in the thermal
vaporation and ionization processes of uranium were identified,
iving thus a contribution for a better understanding of the physico-
hemical phenomena governing the filament chemistry. The results
f the experimental investigations are presented hereafter.

. Experimental

Solid state reactions on the filament surface were investigated
sing SEM and XPS techniques. The molecular and atomic species
vaporated from the filament surface were identified by means
f the modified-Knudsen cell mass spectrometry. All the exper-
mental parameters were selected to simulate the thermal and
on-equilibrium conditions occurring in a TIMS ion source. In the
resent work, the modified-KCMS technique has proven to be a
owerful tool for making a comprehensive study of the vapor phase
omposition above the U–C–Re ternary system. A detailed descrip-
ion of all the experimental procedures is given hereafter.

. Sample loading procedure

The sample loading procedure represents a fundamental stage
or maximisation of ionization efficiency in the ion source of
he mass spectrometer. Zone-refined rhenium filaments were
rstly pre-degassed for 20 min at some 2100 K and a pressure of
10−6 mbar. For filament carburisation, three different types of
arbon sources were studied: (i) collodion solution mixed with
bsolute ethanol in the 1/10 ratio, depositing 2 �l of solution on the
lament surface allowed to dry in air at room temperature under a

aminar flow bench, (ii) colloidal suspension of graphite (aquadag),
epositing 2 �l of suspension on the filament, drying at 350 K in
ir under a laminar flow bench, and (iii) graphite film sputtered
nto the degassed rhenium filament using an E5200 vacuum sput-
er deposition unit (Polaron Equipment LTD). As any variation of
he graphite film thickness might affect the ionization efficiency –
nd thus the emission of U+ metal ions – sputtering conditions were
ept under control by fixing parameters such as deposition time,

urrent, voltage and pressure. After carburisation, 100 pg of ura-
ium were loaded on the filament as nitrate solution (1 M HNO3).

n the present work, uranium standard reference solutions were
repared by dissolution of EC-101 high purity uranium metal (Insti-
ute for Reference Materials and Measurements, Geel, Belgium)
ss Spectrometry 289 (2010) 108–118 109

in nitric acid 8 M (Merck, Germany). The uranium concentration
was adjusted to the desired value by dilution with ultrapure water
UHQPS (Millipore, Eschborn, Germany). All the reagents used in our
investigations were of Suprapure grade. After U sample loading, the
filaments were gently heated in air at 0.8 A, and then taken for a few
seconds near red heat.

4. Scanning electron microscopy

The surface of the various samples was investigated by scanning
electron microscopy at different magnifications. The samples were
prepared according to the loading procedure previously described.
The rhenium ribbons were then carefully removed from the fil-
ament holders and fixed on carbon planchets for SEM analysis.
As needed for SEM analysis, rhenium surfaces were electrically
conductive and did not require any further treatment. The SEM
(Tescan Vega, Model TS5130 LS), equipped with both secondary
electron (SE) and backscattered electron (BSE) detectors, was oper-
ated at 30 kV electron beam accelerating potential and 50 �A
beam current under an ultra-high vacuum of 10−8 mbar. Ther-
mal structural changes were deduced by observing the sample
before and after heating (T > 1000 ◦C). The heating was performed
in the preparation chamber of the XPS Omicron machine described
below. The filaments were subsequently transferred into the SEM
and systematically scanned to locate uranium-rich regions for
phase identification. Semi-quantitative information on the elemen-
tal composition was obtained from energy dispersive X-ray (EDX)
microanalysis.

5. X-ray photoelectron spectroscopy

In this work, the XPS technique was used to provide informa-
tion on the chemical composition of the TIMS filament surface,
comprising the graphite coating, the uranium deposit and the rhe-
nium filament material. The analyses were carried out with an
Omicron EA125 X-ray photoelectron spectrometer operated under
ultra-high vacuum conditions of 10−10 mbar. Approximately 2 �g
of uranium were loaded on the pre-degassed rhenium filaments
according to the procedure described above. The filament carry-
ing the sample was removed from the filament holder (as reported
for SEM sample preparation) and then spot-welded by one end
onto the XPS sample holder made of tantalum (Fig. 1). The mea-
surement area, below the filament, was covered by a silicon plate.
Silicon was chosen because its photoemission lines do not interfere
with the photoemission lines of the elements under investigation.
During sample handling, care was taken to avoid any filament
distortion susceptible to compromise the outcome of the experi-
Fig. 1. Shield plate setup to remove the U parasite signal (sight from above): (a.)
steel cover; (b.) XPS sample holder made of tantalum; (c.) area exposed to the XPS
source; (d.) rhenium filament; (e.) U deposit; and (f.) analysed sample area during
an XPS experiment, when the shield plate (a.) is slit below the rhenium filament (f.).
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ig. 2. Separation of the signal contributions arising from cover and filament
hrough the application of a discriminating potential V on the cover surface.

n optical pyrometer, deducing the temperature from the filament
rightness. A temperature gradient of 373 K over the TIMS filament
ccurred due to local heat losses at the filament/sample holder and
he filament/electrode contact points. Consecutive heating steps
ere carried out during a single experiment, bringing the filament

emperature gradually up to 2073 K – corresponding to the thermal
onization temperature of uranium – to reveal the gradual changes
n surface chemistry and composition. Each step was followed by
n XPS analysis. Due to varying filament geometry and slight dis-
ortions during heating, the sample position had to be adjusted
efore each XPS run, to ensure that the uranium deposit was well
entred in the analysis area, thus producing intense uranium sig-
als. One major experimental difficulty arose from the deposition
f volatile uranium species, emitted during heating, on the silicon
late below the TIMS filament. The XPS signal from these deposits
ad to be removed from the spectrum to ensure a correct interpre-
ation of the solid state reactions occurring on the filament surface.
or this purpose, the analysis chamber was equipped with a steel
late, which could be slit between the filament and the Si base plate
see Fig. 1). This plate is free of uranium deposit, because it is not
xposed to the filament during heating. It suffers, however, from
he drawback that some of the elements under investigation, such
s carbon or oxygen, are also found in the plate, thus interfering
ith the respective photoemission lines of the sample. The lines

ould still be removed, by simply floating the plate to a potential V,

esulting in a shift of e × V of all photoemission lines from the plate.
n contrast, the photoemission lines originating from the filament
re unaffected by V and thus exhibit peaks with unmodified bind-
ng energy values (see Fig. 2). This steel plate played a fundamental
ole for revealing the uranium carbide formation on the filament

Fig. 3. Sequence of sample heating and irradiation perfor
ss Spectrometry 289 (2010) 108–118

surface. An overview of the different steps preceding a single XPS
analysis is shown in the pictures below (Fig. 3).

6. “Modified” Knudsen cell mass spectrometry (KCMS)

6.1. Experimental setup

In thermal ionization mass spectrometry of uranium, different
atomic and molecular species are evaporated from the filament
surface. The molecular species may dissociate or decompose and
the atomic species may be ionized, depending on the thermody-
namic conditions. As mentioned above, the best results in thermal
ionization mass spectrometry can be obtained with ion currents,
i.e., at high ionization yield of the desired species, in the present
case U+. It is therefore essential to minimise competing reactions
and the formation of molecular ions or neutral species. To this end,
we studied the different species evaporated from the filament sur-
face. The vaporization measurements were carried out combining
a quadrupole mass spectrometer (Balzers QMG 420) with a tung-
sten crucible, which is in fact the bottom of a Knudsen cell placed in
a high temperature furnace maintained under ultra-high vacuum.
The essential condition to be preserved was allowing the sample to
vaporize under Langmuir conditions (i.e., free-molecular regime),
which are those occurring in a TIMS ion source. The entire setup,
including the high vacuum pumps, is installed in a glove-box under
purified nitrogen. Upon heating, the vaporized species of the molec-
ular beam reaching the ion source of the mass spectrometer were
bombardment by electrons (with an energy of 40 eV) in order to
ionize the neutral species and thus enable their identification. The
temperature was measured with an optical pyrometer sighting in
a black-body cavity drilled at the bottom of the cell. At 2700 K, the
sample (ca. 1 mg) was found to totally vaporize.

6.2. Sample preparation

In order to reproduce the reducing conditions of the TIMS ion
source, uranium species evaporating from the surface were inves-
tigated using a disk of graphite as sample holder. Small aliquots
(5 �l) of a uranyl nitrate solution were successively taken with a
push-button micropipette and loaded on top of the disk. Each of
the U aliquots was gently dried with an infra-red lamp, which kept
the temperature constantly below 300 ◦C. The whole sample was
then carefully placed into the cell and introduced in the modified-
Knudsen cell for analysis.

7. Results and discussion
7.1. XPS results

Vacuum carbothermic reduction of the solid uranyl nitrate sam-
ple was first investigated in the presence of collodion, and the
chemical behaviour derived from the uranium (4f), carbon (1s), rhe-

med on a TIMS filament during an XPS experiment.
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Fig. 4. U4f spectra recorded before sample heating.
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Fig. 6. U4f spectra recorded after sample heating performed at T = 1400 ◦C.
Fig. 5. U4f spectra recorded after sample heating performed at T = 1150 ◦C.

ium (4f) and O (1s) spectra recorded for various heating stages. The
nitial U4f core level spectrum, obtained prior to sample heating, is
eported in Fig. 4. In our sample, consisting in UO2(NO3)2·xH2O (x
ecreases with the release of hydration water during sample heat-

ng), the U4f7/2 and U4f5/2 photoelectron peaks were observed at
bnormally higher binding energies (BE) than those reported by
roideval et al. [32] for similar compounds. These binding energies
annot be explained, even by presence of U6+. They are attributed
o surface charging due to the photo-ionization process. In fact, our
xperimental findings agree quite well with the values obtained
y Dash et al. [33] before they applied a correction for charging
ffects. After heating to 1150 ◦C, the U4f core levels split into two
istinguishable lines, suggesting formation of two different species

oexisting on the filament surface (Fig. 5). The first species, with
eaks located at higher BE (380.3 and 391.1 eV, respectively), was

dentified as stoichiometric uranium dioxide, in agreement with
iterature data. In fact, spectral changes undergoing from UO2 to
O2+x have been extensively studied and reviewed in the litera-

Table 1
Comparison between the experimental values and reference data.

Species U4f7/2, BE (eV) U4

U0 377.2 38
377.6 38
377.3 38

UC0.8 377.9 38
UC 377.9 38
UxCyOz

a 377.9 38

a Such a structure can correspond to a uranium carbide or oxycarbide species.
Fig. 7. U4f spectra recorded after sample heating performed at T = 1550 ◦C.

ture [34–54], confirming that the U4f7/2 and U4f5/2 peaks for UO2
are sharp and symmetrical, and accompanied by a characteris-
tic shake-up satellite located at +7 eV higher binding energy, i.e.,
appearing at 397 and 386.7 eV. The U4f peaks at lower BE (388.7
and 377.9 eV, respectively) are attributed to uranium oxycarbide
(UxCyOz) formed during heating. The experimental values agree
well with the reference data reported in Table 1.

After heating to about 1400 ◦C (Fig. 6), the oxycarbide peaks at
lower BE (377.9 and 388.7 eV, respectively) grow at the expense
of the uranium dioxide lines and develop an asymmetrical shape,
characteristic of uranium carbide. A residual UO2 component still
remains in the U4f core level spectrum. Finally, when filament
temperature is thoroughly increased (T ∼ 1550 ◦C), carbothermic

reduction reaches near completion (Fig. 7). Additional heating does
not change the spectrum any further, except for a lowering of the
peak intensities due to evaporation of uranium species. The N1s
peak at 405 eV, observable in all U4f spectra (Figs. 4–7), is due to
nitrogen contained in the loading reagent (uranyl nitrate, nitric acid

f5/2, BE (eV) References

8.0 Van den Berghe et al. [53]
8.4 Winer et al. [45]
8.0 Eckle et al. [55]

8.7 Eckle et al. [55]
8.7 Dillard et al. [56]; Ejima et al. [57]
8.7 This work
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Fig. 9. Evidence of the carbide peak at BE = 282.6 eV in the C1s spectra after sample
heating at 1450 ◦C.

Table 2
Reference values for the C1s carbide peak at BE 282 eV.

Species Binding energy of the
electrons 1s for carbon (eV)

References

UxCyOz 282.47 Paul and Sherwood [66]

This probably depends on the fact that those filaments carburized
ig. 8. Comparison of the spectral features for the U carbide and the U metal forms.

nd collodion). This sample impurity was also observed by Pireaux
t al. in the XPS studies they conducted on uranyl nitrate powders
39]. But the N1s line resulting from the nitrogen contamination
oes not perturb the UO2 shake-up satellites, which are clearly

dentified.
The U4f binding energies allow attributing the filament sur-

ace reactions to the transformation of UO2 into some uranium
arbide species rather than reduction to U metal. The resulting
pectrum was found to substantially differ from that of U metal
Fig. 8). U metal peaks, in fact, are sharp and very asymmetrical
58–60], which is in contrast to the spectrum collected from the
eat-treated sample. Moreover, the U4f lines show an additional
hake-up satellite peak at higher BE, also observed in UC but not in
metal [45,61–63].
Further evidence of the carbide is derived from the C1s core level

pectra, which reveal considerable changes in the chemical struc-
ure of the carbon present on the filament surface. As extensively
escribed in literature, carbide formation leads to the appearance
f a characteristic C1s line around 282 eV BE [55,56,60,64–67]. This
ine was indeed observed in UC [60]. The C1s spectrum reported
n Fig. 9 is, however, dominated by an intense and single broad
eak at 285.0 eV (probably due to the convolution of more peaks),
nd only the presence of a slight shoulder observed in the tail
egion of this peak might be considered as indication for carbide
ormation. At this stage of the experiment, great advantage was
aken from the use of the cover, allowing to distinguish the fila-
ent signal from that of the sample holder, and thus to obtain a
arbide line free from interferences. When a potential of +5 V was
pplied to the shield plate, the main C1s line shifted to 290.2 eV
E. It was then possible to observe a minor but well-defined car-

Fig. 10. Evidence of the U sample behaviour at various temperature stages: (a
UCx 281.52 Paul and Sherwood [66]
UCx (x = 0.8) 282.00 Eckle et al. [55]
UCx (x > 0.8) 282.60 Eckle et al. [55]

bide peak, at 282.6 eV that well, agrees with the reference values
reported in Table 2. The second peak, at 284.5 eV, corresponds to
the “free” carbon [67–69] resulting from the carbon source intro-
duced on the rhenium filament as ionization enhancer. From these
results, it clearly appears that the uranium carbide is formed by the
carbothermic reaction between uranium dioxide and carbon being
simultaneously present on the filament surface.

To confirm that surface carbon is the sole responsible for the
disappearance of UO2, a similar heat treatment was carried on a
rhenium/graphite substrate replacing the rhenium/collodion. For-
mation of the UO2/oxycarbide mixture was again observed (Fig. 10).
In conclusion, the carbon source (collodion, graphite coating or
aquadag) had no influence on the reaction as the same products
were obtained. However, the carbothermic reduction of UO2 by
aquadag was found to be almost quantitative, i.e., no UO2 was left.
with aquadag contained larger amounts of dissolved carbon that
thus enabled a better sample reduction.

Because of their similar electronic properties, different carbide
species such as UC, UC2 and U2C3, non-stoichiometric carbides

) in the presence of a graphite layer and (b) in the presence of aquadag.
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ing significantly the oxygen content in the sample. These species
are HNO3, collodion and the rhenium oxides produced by surface
oxidation with the nitric acid. Note, also, that H cannot be analysed
by EDX, which prevents the analyst from the possibility to establish

Table 3
Chemical nomenclature for different uranyl oxide hydrates.
Fig. 11. (A) Boat-shaped and (B) tabular crystal morphologies o

nd oxycarbides have a similar C1s spectrum. Numerous works,
n fact, have previously mentioned the difficulty to identify indi-
idual carbide species by examining only the XPS and UPS data
55,60]. Usually, a quantitative determination, which consists of
he integration of the peaks of interest – U, C and O –, is required
or providing the exact stoichiometry of UxCyOz. This procedure,
owever, is affected by the difficult data exploitation due to inho-
ogeneous surfaces. Sample homogeneity over the entire analysed

lament surface is required for obtaining representative elemen-
al (atomic) concentrations. SEM investigations, in fact, revealed
hat the sample annealing does not meet such requisite but leads
o the formation of a non-uniform surface thin layer of oxide and
oxy-)carbide. This is limiting to reliable estimation of the elemen-
al ratios in UxCyOz. A second obstacle for correct quantification
omes from the low C and O photo-peak intensities, which do not
llow a sufficiently accurate evaluation of the corresponding peak
reas. Moreover, extra C and O contributions coming from the fil-
ment and the sample matrix (e.g., solvent, nitric acid, collodion,
tc.) alter the measured area values. Such contributions were found
o be hardly controlled even with the use of a blank correction.

Actually, there is still much controversy about which of the ura-
ium carbide species (UC or UC2) is formed by the carbothermic
eduction of uranium dioxide [62,64,68,70–82]. UC2, however, was
eported to be the major reaction product in the presence of a car-
on excess. The changes in the oxidation state, responsible for a
odified O(1s) photoelectron peak, did not allow revealing the

eal nature of UxCyOz on the filament surface. However, if we take
nto account the U–C–O phase diagram in the investigated tem-
erature range together with our operating conditions (C � U), the
ranium oxycarbide and dicarbide appear as the most likely species
esponsible for the appearance of the carbide peak at 282.6 eV.

.2. Morphological studies

In the secondary electron imaging (SEI) mode, the bright areas
eflect the presence of uranium on the filament surface. From EDX
ata, U, O and Re appeared as being the major elements present on
he filament surface. In all the experiments, the sample behaviour
as found to be very similar, independently from the type of car-

on source loaded on the TIMS filaments. The SEM images shown in
ig. 11A and B reveal that two different crystal morphologies can be
bserved on the filament surface prior to heating, respectively com-
osed of: (A) boat-shaped crystals and (B) bladed to tabular crystals.
n a few samples, both of these morphologies were found to coex-
st on the filament surface. With reference to previous works, these
rystals were identified as schoepite-type minerals [83–86]. Also
alled “UO3 hydrates”, these minerals are represented by the gen-
ral structural formula UO3·(2 ± x)H2O where x < 1 [87]. Chemical
d in the samples before heating, and in the presence of carbon.

nomenclature and crystal morphology for uranyl oxide hydrates of
interest are summarised in Table 3.

Schoepite and metaschoepite structures are closely related and
only differ by the number of structurally bound H2O groups [87,88].
In previous works, schoepite was reported to transform slowly in
air, at room temperature, to metaschoepite [89–91] and the crys-
tals commonly contain an intergrowth of both these minerals [92].
When subjected to external solicitations (e.g., heat, sunlight, vac-
uum or mechanical pressure), the remaining schoepite will rapidly
transform to dehydrated schoepite UO3·0.8H2O, and this dehy-
dration process was found to be irreversible, with dehydrated
schoepite remaining very stable in humid air, even for long periods
[87,93]. In water, UO3·0.8H2O was reported to be stable at near-
ambient temperatures, for turning into UO3·0.9H2O near 100 ◦C,
and then into stoichiometric UO3·H2O above 290 ◦C [94,95]. Ther-
mal stability fields of schoepite, metaschoepite and dehydrated
schoepite were deduced from experimental studies and natural
occurrences [87,92]. In this work, it was found that partial dehy-
dration of the starting material UO2(NO3)2·6H2O, at nearly 100 ◦C,
leads to formation of schoepite-type minerals on the filament sur-
face. In light of the results, the dependence of the uranyl phases
upon the experimental work conditions is not surprising as any
variation of the filament current, temperature or either humidity is
susceptible to affect the dehydration process. EDX analysis, how-
ever, does not enable to solve the stoichiometry of a given phase,
due to the complexity of providing the exact value of the oxygen
to uranium ratio. From the literature, this ratio was reported to be
5.25 and 5.0, respectively for schoepite and metaschoepite [87,88].
A first obstacle for correct evaluation of such a ratio was ascribed
to the fact that the crystals do not consist in a single-phase min-
eral sample but contain a polycrystalline mixture of schoepite and
dehydrated schoepite, which are not distinguishable by EDX anal-
ysis. Additionally, a further dehydration of the minerals may occur,
under vacuum, after the exposure to the SEM electron beam. Deter-
mination of the O to U ratio in the crystal phase is also difficult since
other species present on the substrate are responsible for increas-
Phase Chemical formula Crystal morphology

Schoepite [(UO2)8O2(OH)12](H2O)12 Orthorhombic, tabular
Metaschoepite [(UO2)8O2(OH)12](H2O)10 Orthorhombic, tabular
Dehydrated schoepite [(UO2)4O0.25−x(OH)1.5+2x Boat shaped
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Fig. 12. SEM micrograph showing the UO2 crystal formation occurring

he exact number of water molecules present in the uranyl oxide
ydrate minerals. However, formation of big sized-tabular crystal
locks, as reported in Fig. 11B, may probably be ascribed to the
igh acidity of the uranyl nitrate solution used in our investiga-
ions (HNO3 = 1 M). Earlier studies, in fact, highlighted the crystals
rowth to depend on several physico-chemical parameters such
s pH, solvent, impurities, over-saturation, etc. and especially the
H was reported to affect the geometry of the crystals (i.e., shape
nd sizes) [96,97]. After heating, the sample morphology was found
o change drastically, and displays near-spherical micrograins that
orm aggregated clumps with open grain boundaries, as shown in
ig. 12. The morphology of this new mineral phase matches closely
ith that observed for a UO2 reference powder [98] whereas it was

ound to substantially differ from those associated to the higher
ranium oxides UO3, UO4 and U3O8 [99,100]. During the SEM inves-
igations, however the major experimental difficulty was to reveal
he uranium carbide formation on the filament surface. Only one
ample, in fact, led to a uranium mineral phase characterised by a
uch lower amount of oxygen (Fig. 13). Referring to the XPS results,

his phase was ascribed to a uranium carbide or an oxycarbide. Dif-
culties for observing optically such a compound may probably be
ue to its instability by air contact. Prior to SEM analysis, in fact,

he samples were briefly exposed to air following the heating stage
erformed in the Omicron machine. Hence, the uranium carbide
lm may have re-oxidized to UO2 during transfer from ultra-high
acuum to air. Moreover, such an ultra-thin layer of uranium car-
ide might also be responsible for a fast re-oxidation of the sample

Fig. 13. SEM micrograph showing the uranium carbide formation occurring duri
g thermal treatment and EDX analysis of the indicated filament areas.

surface. Maslennikov et al. [101] indicated, in fact, that UC crystal-
lites in air were coated with a thin film of uranium oxycarbide with
a C/O ratio of 0.85/0.15. Finally, determination of the C/U ratio was
also not helpful as the carbon present on the filament has multiple
origins. These are, for instance, the uranium carbide, the ionization
enhancer and even the filament substrate itself.

7.3. Evaporated species

As outlined above, the atomic and molecular species evaporated
from the filament were investigated using a modified-Knudsen cell.
The ion intensity (Ii) of the species i in the cell, at a given temper-
ature T (K), is related to its partial pressure (pi) by the following
equation:

pi = kiIiT (1)

where ki is a constant depending on design geometry, ionization
conditions and specific properties of the species (i.e., electron ion-
ization cross section and appearance potential). The second law
of thermodynamics together with Eq. (1) leads to the following
equation used for data evaluation:

( ) ◦
∑
i

˛i
d ln(IiT)
d(1/T)

= −�H
i

R
(2)

in which R is the gas constant and ˛i the stoichiometric coefficients
of the species i.

ng thermal treatment and the EDX analysis of the indicated filament areas.
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ig. 14. Logarithmic plot of the evolution of the ion signals for an ionization electron
nergy of 40 eV.

In the linear region of a ln(Ii × T) vs 1/T plot, the partial heat of
ublimation/evaporation of the species i can be determined from
he slope.

Fig. 14 shows the evolution of the mass spectrometer signals
f the species in the temperature range of 1700–2750 K. Measure-
ents performed below 1700 K yielded no evidence of MS signals.
bove 1800 K, U oxide and carbide ion species were found to grad-
ally increase, and especially U+ that certainly comes from carbide
lectron fragmentation, becomes largely predominant.

In the solid phase, the U oxide stoichiometry was evaluated
rom the oxygen to uranium ratio within the temperature range of
600–2700 K. This ratio was obtained from a procedure described
lsewhere [102], which yields to the following equation:

O
U

= 3[UO3] + 2[UO2] + [UO]
[UO3] + [UO2] + [UO] + [U]

(3)

As shown in Fig. 15, UO2 is found to rapidly turn under heat-
ng into hypo-stoichiometric oxide UO2−x for undergoing complete
eduction, which is nearby 2400 K. At this temperature, the amount
f the U carbide species detected in the vapor phase is also found to
ncrease. It is thus possible to correlate the uranium carbide forma-

ion directly with the carbothermic conversion of uranium dioxide,
s follows:

O2(s) + 4C(gr) → UC2(s) + 2CO(g) (4)

ig. 15. Dependence of the oxygen to uranium ratio on the absolute temperature.
Fig. 16. Arrhenius plot of the measured partial quantity (I × T) against T−1 (K−1) for
the uranium carbide species.

Figs. 16 and 17 refer to the experimental data obtained, respec-
tively, for the uranium oxides and carbides. Except for UO and
UO2, one can see that a straight line can be drawn through all the
experimental data of the investigated temperature range. For such
species, the break of slope at 2350 K suggests that the reaction pro-
cess is probably made of two distinctive steps. As shown in Table 4,
there is a noticeable difference between the experimentally deter-
mined partial enthalpies and the published values available for pure
materials.

Owing to difficulties in obtaining sufficiently accurate ther-
modynamic data under the current non-equilibrium conditions,
it should be emphasized that these data are reliable in the given
interpretation context. In the specific case, the behaviour pattern
increases in complexity as a chemical reaction – involving ura-
nium and graphite arising from the disk – occurs together with
the vaporization process. For explaining the different rates during
the heating procedure, a reaction mechanism including additional
steps ((4a)–(4e)) to the previous one is proposed:

UO2 + C � UO + CO (4a)

UO + C � U + CO (4b)
U + C � UC (4c)

UC + C � UC2 (4d)

C + O � CO (4e)

Fig. 17. Arrhenius plot of the measured partial quantity (I × T) against T−1 (K−1) for
the uranium oxide species.
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Table 4
Experimental and reference partial enthalpies for the carbide species.

Species �T (K) �Hexp. (kcal/mol) �T (K) �Href. (kcal/mol) References

UC2 2360–2710 117.5 ± 1.3 2000–2500 221.5 ± 0.001 [103]
UC 2360–2710 101.2 ± 2.2

U 2015–2710 116.9 ± 0.4 2000–2500 128.1 ± 0.0006 [103]
298 128.1 [104]

C2 2360–2710 148.8 ± 1.6 2000–2500 188.5 ± 0.0008 [103]
2500–3500 194.7 ± 0.085 [105]
2400 199.0 ± 20 [106]

C 2360–2710 100.4 ± 0.9 2000–2500 183.5 ± 0.0008 [103]
2500–3500 170.6 ± 0.1 [105]
2400 178.0 ± 10 [106]

Note: the error represents the standard deviation on the slope.

Table 5
Experimental and reference partial enthalpies for the oxide species.

Species �T (K) �Hexp. (kcal/mol) �T (K) �Href.
a (kcal/mol)

UO3 2360–2710 98.9 ± 4.1 1500–2800 157.4 ± 0.5

UO2 2015–2300 79.7 ± 1.7 1500–2800 140.3 ± 0.5
2360–2710 73.0 ± 1.8

UO 2015–2300 79.3 ± 1.9 1500–2800 155.5 ± 0.5
2360–2710 85.7 ± 2.7

U 2015–2300 112.0 ± 1.0 1500–2800 180.9 ± 0.4
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O 2015–2300 77.8 ± 3.2
2360–2710 85.9 ± 4.3

a Species in equilibrium with hypo-stoichiometric uranium dioxide (from the wo

In this process, conversion of the UO2 into UC2 firstly proceeds
hrough generation of UC as an intermediate product, which later
ets converted into UC2.

In literature, the quantity of available carbon was reported to be
he limiting step for the UC2 carbide formation. As a matter of fact,
t is not possible to clearly define the final carbide phase composi-
ion, which is still matter of debate. However, in the presence of a
arge excess of carbon – continuously provided by the substrate

it can be assumed that UO2 converts quantitatively into UC2.
ndeed, the comparable experimental values of the heat of vapor-
zation obtained for UC2, UC and C reveal more on this concern. In
able 4, these values were reported to be 117.5 ± 1.3, 101.2 ± 2.2
nd 100.4 ± 0.9 kcal/mol, respectively. This means that UC+ forms
y electron dissociation of UC2

+ according to the step

C2
+ + e− → UC+ + C+ + 2e−, (5)

nd not directly from UC(s) as it can be expected. On the other hand,
he experimental values of C and C2 are found to substantially differ
rom the recommended values of UC(s) and Cgr, in equilibrium with
he respective vapor phases. This means that the graphite disk does
ot play a role during the evaporation process of the various species.
oreover, the non-linear behaviour observed for UO and UO2 is
ost likely due to a major carburisation of UO2(s), which is consis-

ent with the significant MS signal increase observable in Fig. 14 for
he corresponding UC and CO reaction products. The experimental

ranium partial enthalpy determined from the straight lines – on
oth sides the discontinuity – well agrees with the value recom-
ended by Green and Leibowitz [107] for the phase equilibrium

etween UC(g) and the solid (see Table 5). Note in Fig. 16, that
he experimental data of the U+ ions have been reported over an
reen and Leibowitz [107]).

extended temperature range as the intensity of such ions is already
appreciable at relatively low temperatures.

Depending on temperature, two mechanisms (6a) and (6b) can
be advanced for describing the U metal formation in the vapor
phase:

UO2(s) + 2C(gr) → U(g) + 2CO(g) (6a)

(6b)

Mechanism (6a) was found to take place at relatively low tem-
peratures whereas mechanism (6b) preferably occurs for T > 2300 K.
A mechanism that promotes formation of metal free ions U(vap)
from U(s) can also be considered, as

UO2(s) + 2Cgr → U(s) + 2CO(g). (6c)

But this mechanism is not consistent with our previous XPS
investigations, during which no metal uranium was found. In
fact, they proved uranium dioxide and carbide as being the only
species formed on the filament surface. Furthermore, in case
that mechanism (6c) would take place on the graphite sub-
strate, a significant U+ current signal would have been detected
earlier during the vaporization measurements, before reaching
T = 2000 K. According to Ref. [108], the U metal content orig-
inated from the carbon reduction of UO2 was reported to be
negligible below 2000 ◦C, which is in fully agreement with our

finding.

At this point, the experimental enthalpy values for U and UC2
were found to be 116.9 ± 0.4 and 117.5 ± 1.3 kcal/mol, respectively.
Such values provide further information on the electron dissocia-
tion of UC2, which occurs in the vapor phase through one of the
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ollowing stages:

C2(g)
+ + e− → U+

(g) + 2C+
(g) + 3e− (7a)

C2(g)
+ + e− → U+

(g) + C2
+

(g) + 2e− (7b)

As the intensity of the C+ signal is higher than that of C2
+ (see

ig. 14), the above (7a) mechanism appears to describe the prefer-
ntially occurring mechanism. However, coexistence of step (7b)
ith the step (8) reported below can either be responsible for the

arger amount of C+.

+
2 + e− → 2C+ + 2e− (8)

. Conclusion

The mass spectrometric measurements of small amounts of ura-
ium call for measures that increase the ionization yield and thus

mprove the counting statistics. Reducing agents such as carbon had
een empirically found to increase the production of U+ ions at the
xpense of molecular ions such as UO+ in a thermal ionization mass
pectrometer. In the present investigation we could experimentally
rove the chemical and physico-chemical mechanisms involved
rom the loading of the filament with uranyl nitrate solution to
he formation of uranium ions. The XPS, SEM and modified-KCMS
echniques used for investigating the evaporation and ionization
rocesses of uranium in the presence of a carbon source, revealed
hat upon heating, uranyl nitrate turns into a uranium carbide
pecies which vaporizes from the filament surface mainly as U(vap)
r UC2(vap). Such a result was of primary relevance to confirm unam-
iguously the theory that uranium carbide formation is responsible
or the enhancement of the emission efficiency of U+ ions from the
ingle filament surface ionization source of a mass spectrometer.
oreover, the way in which carbon is made available (coating of

he filament surface, addition of graphite suspension or addition of
rganic solvent) always results in the same mechanisms for ion pro-
uction. Using graphite as ionization enhancer, greatly increases
he ionization yield of uranium and, thus, enables that samples in
he sub-picogram range can be analysed for their isotopic compo-
ition by thermal ionization mass spectrometry.
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