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Improving technologies related to the wide area environmental sampling of nuclear materials supports the nu-
clear nonproliferation mission of preventing the proliferation of nuclear weapons by monitoring nuclear weapons
tests and detecting undeclared nuclear fuel cycle activities. Standoff, laser-based detection techniques such as
laser-induced breakdown spectroscopy have the potential to offer robust, field-deployable methods that provide
rapid element-specific and phase identifiable measurements over a wide range of materials. This work aims to
elucidate the effects of atmospheric conditions and oxidation reactions on the highly complex and transient
spectroscopic signatures of laser-induced plutonium surrogate plasmas. Time-resolved spectra of nanosecond
laser ablation cerium plasmas were measured using laser-induced breakdown spectroscopy in a range of at-
mospheres containing low to high concentrations of oxygen. The growth of strong CeO molecular emission bands
was observed in the visible spectrum, where it was shown that the persistence of CeO is reduced from around 60
ps to 50 ps in oxygen rich atmospheric environments. To further investigate the growth and depletion of CeO in
the laser-produced plasma, ratios of CeO-to-Ce emission were generated using integrated intensities corre-
sponding to the Q-branch of the CeO D;-X; transitions and numerous strong atomic Ce peaks. It was determined
that the fastest rate of formation of CeO in argon occurred for moderate oxygen mass fractions between 0.10 and
0.15 while the ratios were reduced at higher oxygen mass fractions (i.e., Yo, = 0.20) due to competing oxidation
reactions and lower plasma temperatures.

1. Introduction originate from the ablated sample and incorporated material from the

surrounding environment. The ions and neutral atoms are typically

The ability to detect nuclear materials in the environment is essential
to the nuclear nonproliferation mission of preventing the spread of nu-
clear weapons and responding to nuclear explosion events. Laser abla-
tion coupled with optical spectroscopy provides the capability to
perform rapid spectrochemical analyses with no sample preparation at
standoff distances in-the-field [1]. Through the process of laser ablation
(LA), a high-powered pulsed laser pulse is used to vaporize a small mass
(~pg-ng) of a solid sample to produce a highly luminous micro-plasma,
which is typically characterized by initial temperatures and electron
densities of ~2 eV and 10%! em3[2-4]. Laser-induced plasmas (LIP), or
laser-produced plasmas (LPP), are highly transient and within less than a
microsecond quickly decay to temperatures less than 1 eV and densities
in the range of 10'*-10'® cm~3[5,6]. It is during this regime that optical
spectroscopy techniques are applied to identify and characterize the
vapor-phase atoms, ions, and molecules present in the plasma that
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observed to dominate the composition of the plasma at early times (<1
ps) while molecules form at later times as a result of the lower plasma
temperatures and mixing of the plasma with the environment [7]. The
thermodynamics of these chemical reactions play an important role in
driving the plasma temperature. Additionally, chemical reactions may
also considerably impact particle formation and debris distribution in
post-detonation fireballs, where laser plasmas have repeatedly been
used as surrogates for chemical detonations of energetic materials to
study the physical and chemical processes governing the growth and
evolution of the detonation [7-10]. Laser-produced plasmas have also
been used as surrogates for uranium nuclear fireballs to study the
physical and chemical processes of nuclear explosions [11-16].
Experimental research on these nuclear fireball surrogates has
focused largely on the high-temperature gas-phase oxidation chemistry
of uranium LPPs in the past decade, where a single uranium monoxide
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(UO) band situated around 593.55 nm is targeted to explain the complex
chemical reactions driving the evolution of the laser-produced plasma
plume [17-21]. It has been shown repeatedly that the temporal evolu-
tion of uranium plasmas is sensitive to the presence of reactive species
(e.g., oxygen) in the environment, where the associated chemical re-
actions are known to strongly depend on temperature. The formation of
UO is believed to be favored between ~:3,000-6,000 K [22]. During the
formation of UO, atomic uranium is consumed resulting in a measured
decrease in the persistence, or lifetime, of spectral signals for atomic
uranium. This behavior has been demonstrated consistently for uranium
plasmas using inert environments compared to atmospheres containing
oxygen [19,21]. Additionally, a reduction in the persistence of UO has
been reported in oxygen-rich environments, such as for standard at-
mospheric conditions in air [20,22]. This reduction in the monoxide
persistence is believed to be due to the depletion of UO during the for-
mation of polyatomic uranium oxides (UxOy), although resolved mo-
lecular signatures for the higher uranium oxides are not typically studied
alongside UO and specific assignments for these oxide phases are
frequently left undetermined [14,17,21,22]. Within the last few years,
there has been an effort to extend this work to select polyatomic ura-
nium oxides (UO3, UO3, U3Og, etc.) as well as to study uranium plasma
chemistry with silicon to provide further insights into nuclear fallout
formation [16,23-26]. Yet, while a significant effort continues to be
focused on the high-temperature gas-phase combustion chemistry of
uranium, important investigations into debris formation pathways of the
other actinides are largely untouched. The detection of both uranium
and plutonium in the environment is essential to prevent the prolifera-
tion nuclear weapons and to characterize post-detonation nuclear en-
vironments. However, equivalent research on the high-temperature gas-
phase chemistry of plutonium LPPs is severely lacking in the literature
despite marked differences in chemistry between the elements. To
address these current knowledge gaps, this work aims to explain the
physical and chemical behavior of plutonium plasmas using laser spec-
troscopy techniques.

Plutonium is known to be characterized by a very complex electronic
structure and chemical behavior encompassing a high number of
oxidation states, multiple allotropic forms, and high sensitivity to
external influences, such as pressure changes and alloying [27,28].
Atomic emission lines for 2>°Pu and 2*°Pu are known and published in
various reports [29,30]. Laser-induced breakdown spectroscopy (LIBS)
experiments leveraging these atomic emission lines have historically
focused on identifying main components and impurities in mixed acti-
nide oxide fuel pellet surrogates [31,32], and have also been applied to
measure isotope shifts [33]. Other spectroscopy techniques such as
photoelectron spectroscopy (PES) have been applied to study the surface
oxidation of a- and §-phase plutonium metals [34,35]. M.T. Butterfield
et al. (Ref. 35) showed that in oxygen deficient atmospheres that the
sesquioxide phase is favored, while otherwise the dioxide phase is
favored. As for investigations into the gas-phase oxidation chemistry of
plutonium at high temperatures (>2,000 K), the literature is extremely
limited. To the best of the authors’ knowledge, there has been only a
single attempt at studying the plasma chemistry of plutonium LPPs,
where LIBS was performed with ns-LA on a plutonium metal sample and
potential plutonium oxide bands were visually identified based on the
temporal behavior and shape of the emission signatures [36]. However,
specific PuyOy transitions could not be determined due to the lack of any
database containing molecular plutonium oxide bands in the visible
spectrum. Kaledin and Heaven et al. have conducted a significant effort
towards labeling the ro-vibrational absorption, fluorescence, and emis-
sion signatures of UO and CeO using high-resolution laser spectroscopy,
yet have not presently extended this work to plutonium [37-44].
Therefore, an alternative approach must be taken to study the compli-
cated plutonium-oxygen system to provide insights into debris forma-
tion pathways for plutonium nuclear fireballs.

Historically, surrogates have frequently been used to investigate
plutonium systems, where cerium is chosen due to similarities in
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electronic, physical, chemical, and thermodynamic properties [45-51].
Both elements are characterized by complex, yet comparable chemistry
and surface oxidation pathways due to the degree of localization of their
f-electrons [52-55]. Fundamental optical properties of cerium are
known and have been studied for a range of applications including thin
film synthesis through pulsed laser deposition [56], semiconductor de-
vice design [57,58], nuclear fuel materials analysis [59-61], and the
detection of cerium in mixed samples [60,62-64]. Databases containing
optical transitions and associated spectroscopic constants for neutral
and ionized atomic cerium are available [65,66]. In contrast to pluto-
nium, molecular constants for cerium oxide transitions have been
measured and are provided in various publications in the literature
[40-44]. This availability of labeled CeO transitions enables in-
vestigations into the vapor-phase oxidation chemistry of cerium
plasmas; yet few studies regarding the influences of environmental
factors (e.g., pressure, oxygen concentration) on the optical spectrum of
cerium have been conducted. Of these limited studies, a Langmuir probe
has been used to measure ion and electron densities in a cerium plasma
at low bulk pressures (<0.133 Pa), where the ion density of cerium and
oxygen was reported to decrease as oxygen partial pressures increased
indicating the formation of cerium oxides [56].

Altogether, the work presented in this paper encompasses the early
gas-phase oxidation chemistry of cerium LPPs as a chemical surrogate
for the plutonium-oxygen system. While the discrete energies of the
atomic and molecular signatures between cerium and plutonium will
differ, the chemical and thermodynamic properties of the cerium-
oxygen system are expected to be characterized by analogous behav-
iors to that of the plutonium-oxygen system. To investigate these be-
haviors and the temporal evolution of oxide growth in cerium LPPs,
nanosecond-LA will be implemented with laser-induced breakdown
spectroscopy to analyze the progression of atomic and molecular cerium
signatures over time.

2. Experimental setup and methods

LIBS was applied to measure spectroscopic signatures for atomic and
molecular cerium species to study the high-temperature gas-phase
oxidation chemistry of cerium LPPs. Experiments were performed
within a controlled environment using a custom vacuum chamber,
where measurements were collected at atmospheric pressure in air as
well as in an inert argon atmosphere at a bulk pressure of 13.3 kPa. To
elucidate the effect of chemical reactions with oxygen on the spatio-
temporal evolution and spectroscopic signatures of cerium plasmas,
various mass fractions of oxygen ranging from 0.01 and 0.20 are
introduced to the inert argon gas to simulate oxygen deficient and ox-
ygen rich atmospheric conditions.

LIBS was performed using the fundamental wavelength (1064 nm) of
a Nd:YAG laser with a pulse width of ~6 ns and beam energy of 60.5 +
0.5 mJ to ablate a cerium metal sputtering target (MSE Supplies, 99.9%
purity). The laser beam was focused on the target using a 100 mm focal
length plano-convex convex lens and spot size of ~400 pm in diameter.
Cleaning shots were applied prior to collecting emission spectra to
remove the thick oxide layer that coats the cerium metal sample.
However, influences due to oxygen entrained in this oxide layer could
not be completely eliminated and the consequential plasma oxidation
chemistry was observed to be comparable to oxygen deficient environ-
ments (i.e., Yo, = 0.01). The light emitted from the cerium plasma was
collected using a 100 mm focal length plano-convex lens paired with a
second 50 mm focal length plano-convex lens oriented approximately
30° to the target surface. This collection system was then coupled to a
200 pm optical fiber and directed into a 0.5 m focal length triple grating
spectrograph (Princeton Instruments Acton SpectraPro SP-2500) and
intensified EMCCD camera (Princeton Instruments PI-MAX4 emICCD).
The spectrometer was calibrated at a slit width of 30 pm and 2400 g/mm
grating using a mercury lamp, where instrumental broadening was
measured to be 47.5 pm FWHM at 435.83 nm. For measurements
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Fig. 1. Experimental setup for laser-induced breakdown spectroscopy of a
cerium metal sample using nanosecond laser ablation.

recorded at wavelengths greater than 700 nm, a lower resolution 1200
g/mm grating was used. The experimental setup for this work is shown
in Fig. 1.
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3. Results and discussion
3.1. Elucidating CeO molecular emission signatures

Spectroscopic signatures of atomic cerium are characterized by a
complex spectrum consisting of more than 30,000 emission lines
resulting from more than 1,000 energy levels [67-70]. This yields a very
crowded spectrum, which is complicated further by the formation of
molecular species in oxidizing environments. Cerium readily reacts with
oxygen to form cerium oxides such as cerium monoxide (CeO), cerium
dioxide (Ce0O3), and cerium sesquioxide (Ce203), where CeO is charac-
terized by ro-vibrational emission lines that fall within the visible
spectrum and overlap with atomic Ce transitions. To study the oxidation
chemistry and formation of CeO in laser-produced cerium plasmas,
strong CeO bands that fall within the visible spectrum must first be
determined and CeO features that do not overlap significantly with
atomic emission lines must be identified. To address this, laser-induced
breakdown spectroscopy was performed on a cerium metal target at
atmospheric pressure in air. Molecular transitions were then visually
identified based on their characteristic shape and labeled using available
reports on CeO transitions in the literature.

During this process, several strong CeO emission bands were iden-
tified in the spectra including the D;-X;, D3-X3, B2-X, and [14.7]3-Wy
transitions (see Fig. 2) using references [40-42]. Naming conventions
used here follow those given by Kaledin and Heaven et al. in their
numerous laser spectroscopy publications [37,38,41], where [14.713
refers to an energy state with a vibronic term value of ~14700 cm ™ and
quantum number Q = 3. Additional CeO bands beyond those labeled in
this work are present in the visible spectrum, yet were observed to be
obscured by background and line broadening and were not well
resolved. In contrast, the D;-X; transition is clearly detectable, where
each individual branch (P, Q, and R) contained within the band is
identifiable. More importantly, the head of the Q-branch does not
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Fig. 2. Strong CeO bands identified in the visible spectrum using LIBS at atmospheric pressure in air. Molecular spectral features are identified as the transitions (1)
D;-X; 0-0 R-branch, (2) D;-X; 0-0 Q-branch, (3) D;-X; 0-0 P-branch, (4) D3-X3 0-0 R-branch, (5) D3-X3 0-0 Q/P-branch, (6) D3-X3 1-1 (hot band), (7) B»-X, 0-0 R/
Q-branch and [14.7]5-W; 0-0 R-branch, (8) [14.7]3-W, 0-0 Q-branch, (9) B»-X; 1-1 P-branch (hot band), and (10) B,-X5 2-2 R-branch (hot band), where branch
assignments correspond to the head-forming branch. Times provided represent the delay times and gate widths of the measurements.
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Fig. 3. Temporal evolution of spectroscopic signatures of ns-LA cerium plasmas for the spectral range of 466.1-471.9 nm at 13.3 kPa in argon for oxygen mass
fractions of (a) 0.01, (b) 0.05, (c) 0.10, and (d) 0.20. The Q-branch of the CeO D;-X; transitions is situated around 467.7 nm. Times provided represent the delay

times and gate widths of the measurements.

overlap significantly with strong atomic emission lines, which makes
this molecular feature a great candidate for investigating the oxidation
chemistry of Ce LPPs.

The remaining molecular features identified in the spectra include
the By-X» transitions, which also exhibit band heads that do not overlap
with strong atomic emission lines yet are characterized by lower in-
tensities than the D;-X; band. Additionally, the vibrational ground state
transitions for the By-Xo and [14.7]3-W» bands overlap, although it is
believed that the By-X5 band provides a stronger contribution to the
sawtooth peak situated around 724.3 nm (see the seventh feature in
Fig. 2). Transitions between excited vibrational states, or hot bands, are
also observed in the spectrum for the D3-X3 and By-X, transitions.
Additional sawtooth peaks beyond those labeled in Fig. 2 are also
recognized at 723.7, 727.7, and 727.9 nm. It is believed that these
molecular features correspond to CeO, yet to the best of our knowledge
these features currently remain unlabeled in the literature.

3.2. Effect of oxidation chemistry on the temporal evolution of Ce LPPs

The temporal evolution and persistence of multiple CeO bands was
investigated using laser-induced breakdown spectroscopy in an inert
argon atmosphere for various mass fractions of oxygen ranging from
0.01 to 0.20. The bulk pressure in the vacuum chamber was maintained
around 13.3 kPa, where it has been shown with uranium LPPs that the
signal-to-background ratio (SBR) for line emission is maximized at this
pressure due to collisional effects without the cooling effect that occurs
at higher pressures [71]. Time-resolved emission spectra of cerium for
these atmospheric conditions are shown in Figs. 3-5. For all oxygen mass
fractions, atomic emission is observed to dominate at early times while

molecular emission becomes predominant at later times. CeO is
observed as early as 2 ps, yet becomes predominant at earlier times
when higher concentrations of oxygen are present. For a spectral range
of 466.1-471.9 nm (Fig. 3), at an oxygen mass fraction of (Yo, = 0.01)
CeO D;-X; band is observed to dominant the spectra and obscure any
long-lived atomic transitions at times of ~30 ps and later. For Yo, =
0.05, this CeO predominance begins at ~25 ps while for higher oxygen
mass fractions this occurs at times as early as ~20 ps. This same behavior
is observed for the spectral range of 484.2-489.8 nm that encompasses
the D3-X3 band (Fig. 4). In contrast, the CeO dominance over the spectral
range from 723-735 nm is observed to occur up to 5 ps earlier for all
oxygen mass fractions. This may be due to the limited number of atomic
transitions that fall within this wavelength range and contribute to the
spectrum as compared to the lower wavelengths. The rate of CeO for-
mation and depletion of atomic Ce will be the same across all spectral
ranges.

Molecular emission at late times in atmospheres containing low-to-
moderate oxygen mass fractions (Yo, = 0.01 —0.10) is characterized
by ro-vibrational signatures that are observable until ~60 ps or longer
for the Q-branch of the D;-X; band and the combined peak associated
with the R/Q-branch of the By-X5 band and R-branch of the [14.7]3-W,
band. For these same mass fractions, the emission Ds3-X3 band is
observed to persist for less than 60 ps. For oxygen rich environments
(Yo, = 0.20), the persistence of CeO decreases to ~50 s for all transi-
tions. This behavior is believed to be due to competing reactions that
become significant when higher concentrations of oxygen are available
to react. Examples of competing reactions include atomic Ce reacting
directly with oxygen to form CeO-, or CeO reacting with oxygen to form
polyatomic oxides. This observed reduction in monoxide persistence for
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Fig. 4. Temporal evolution of spectroscopic signatures of ns-LA cerium plasmas for the spectral range of 484.2-489.8 nm at 13.3 kPa in argon for oxygen mass
fractions of (a) 0.01, (b) 0.05, (c) 0.10, and (d) 0.20. Times provided represent the delay times and gate widths of the measurements.

oxygen rich environments has also been measured with uranium LPPs
for UO, and is believed to be due to the formation of polyatomic UyOy
oxides [14,17,21,22]. Thermodynamics and the role of temperature
should also be considered as an important factor driving chemical re-
actions and species lifetimes in the plasma. Chemical reactions are
strongly dependent on temperature, where the formation of UO is
believed to be favored between ~3,000-6,000 K while the formation of
higher uranium oxides is believed to occur at lower temperatures
[22,24]. Reactive species are also known to influence the temporal
evolution of the plasma temperature, such as with U LPPs where a
temperature of ~4,000 K was measured at ~20 ps for an oxygen partial
pressure of 1% as compared ~1,500 K for 10% O, PP at the same delay
time [19]. Therefore, due to the lower plasma temperatures polyatomic
oxides can form at earlier times when higher concentrations of oxygen
are present. To further elucidate this behavior for Ce LPPs, intensities
between atomic and molecular transitions over various oxygen con-
centrations are compared.

Atomic transitions selected for this comparison include Ce II 418.66
nm and Ce I 560.13 nm, which do not overlap significantly with other
nearby transitions (see Fig. 6). These transitions are compared to the Q-
branch of the CeO D;-X; band, where the branch head does not overlap
with other strong atomic and molecular transitions. Integrated in-
tensities are extracted from the measured spectra for these transitions
via two separate spectral fitting algorithms. The first method targets
atomic transitions, where a custom multivariate optimization algorithm
has been developed to fit a Voigt line shape to emission spectra and
output the integrated area of that optimized Voigt line shape. Line
broadening and intensity contributions due to nearby transitions are
included in this analysis. The second algorithm extracts integrated in-
tensities for molecular transitions characterized by triangular or

sawtooth shapes, such as the molecular signatures frequently observed
for CeO. This method does not consider contributions due to other
nearby and overlapping transitions; therefore, this method should only
be applied to strong molecular transitions that do not overlap with other
strong molecular transitions. Otherwise, integrated intensities will be
overestimated. Additionally, both spectral fitting methods estimate an
error associated with the optimized fit to the experimental spectra,
which is reflected in uncertainties reported on the intensities.

Normalized integrated intensities are estimated for Ce II 418.66 nm
for LIBS measurements performed in argon. These results are shown in
Fig. 7 for atmospheres containing different mass fractions of oxygen. The
concentration of oxygen in the atmosphere was varied because the
associated oxidation chemistry with the cerium plasma is expected to
influence the spatiotemporal evolution of atomic cerium species. During
the formation of cerium oxides such as CeO, atomic cerium reacts with
oxygen and is consumed during this process. This action is reflected in
spectroscopic measurements by a faster decay of the atomic signal as the
number of unbonded atomic Ce particles is reduced. This behavior is
observed in Fig. 7, where the integrated intensities for Ce II decay at a
slower rate for oxygen mass fractions of Yp, = 0.05 and below as
compared to argon atmospheres containing higher mass fractions of
oxygen. The fastest decay in the Ce II signal is observed for Yo, = 0.10
while the decay rate is reduced at higher oxygen mass fractions. This
indicates that competing reactions do not become significant until a
larger quantity, or surplus, of oxygen is available to react.

The formation of CeO in the plasma may also be investigated using
ratios between integrated intensities of CeO and atomic Ce species. As
the plasma cools, the molecular signal increases in comparison to the
atomic signal yielding a ratio of CeO-to-Ce emission that is expected to
increase over time. However, it is important to acknowledge that these
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Fig. 6. LIBS spectra highlighting the atomic transitions Ce II 418.66 nm and Ce
1560.13 nm used in producing curves on the temporal evolution of the Ce LPP.

ratios will vary based on the atomic and molecular transitions selected to
produce them because different transitions decay at different rates. This
behavior is evident in Fig. 8, where the values of the ratios and shapes of
the curves differ between Ce I and Ce II. Ratios of CeO-to-Ce emission
produced using Ce II are consistently larger than those produced using
Ce I, which is due to the fact that integrated intensities for Ce I are
consistently larger than those for Ce II at later times when the plasma is
characterized by lower temperatures. Ratio curves also show that for
oxygen mass fractions of 0.05 and below that values tend to be less than
those of the other curves, indicating that oxide formation in these

1.0 % O, Mass Fraction

03 t o 1 o010
i o001: o015

0.6 I 005 ¢ 020
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0 5 10 15 20 25
Delay Time (ps)

Normalized Integrated Intensity (a.u.)

Fig. 7. Normalized integrated intensities for Ce II 418.66 nm for various oxy-
gen mass fractions in 13.3 kPa argon. Curves overlaid on the experimental data
follow the exponential decay formula. Error bars associated with the data are
based on propagated errors associated with the optimization method used to
pull out integrated intensities from the spectra as well as the standard deviation
on the integrated intensities for repeated measurements.

environments is limited by the availability of oxygen. Conversely, the
ratios are maximized at Yo, = 0.10 for Ce II and Yo, = 0.15 for Ce I,
suggesting that the rate of formation of CeO is fastest for oxygen mass
fractions between 0.10 and 0.15. For higher mass fractions (Yo, = 0.20),
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Fig. 8. Ratios between integrated intensities for CeO and atomic cerium over
various delay times for (a) Ce II 418.66 nm and (b) Ce I 560.13 nm. Curves
overlaid on the experimental data are provided for visualization purposes only.
Error bars assigned to the ratio values are based on propagated errors associ-
ated with the optimization methods used to pull out integrated intensities from
the spectra as well as the standard deviation on the integrated intensities for
repeated measurements.

the rate of CeO formation and the ratios of CeO-to-Ce emission are
decreased, once again suggesting that competing oxidation reactions
impact the reactivity of cerium metal plasmas in oxygen rich
environments.
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3.3. Characteristics of Ce LPPs at atmospheric pressure in air

To study the oxidation behavior of cerium LPPs at atmospheric
pressure in air, the process of extracting integrated intensities and
estimating ratios between intensities of CeO and atomic cerium transi-
tions is repeated for this atmospheric condition. Results on the temporal
evolution for the four atomic transitions (Ce II 413.38 nm, Ce I 418.66
nm, Ce I 428.99 nm, and Ce I 560.13 nm) and the Q-branch of the CeO
D;-X; transition are shown in Fig. 9. It is observed that all Ce II transi-
tions decay at a faster rate than the Ce I transition. Theoretically, this
agrees with the Saha equation, which predicts a higher degree of ioni-
zation at early times when the plasma is characterized by higher tem-
peratures. This behavior has also been observed for laser-produced
plasmas composed of various different elements [72,73]. Furthermore,
Ce II 413.38 nm and Ce II 428.99 nm signals are observed to decay at
approximately the same rate with an exponential decay constant of
0.216+0.002 ps~* while the Ce II 418.66 nm signal decays the quickest
with a decay constant of 0.240 ps~*. This results in lower integrated
intensities for the 418.66 nm transition and consequentially yields
higher values for the ratios between molecular and atomic emission (see
Fig. 9¢). Additionally, ratios between the integrated intensities for CeO
and Ce I are once again observed to be characterized by lower values
than those for the Ce II transitions.

The measured intensities for CeO are observed to peak around ~15
ps, after which the monoxide signal decays away at a slower rate than
the ionic signal and is characterized by an exponential decay constant of
0.154 ps~!. This behavior correlates with the spectroscopic results
shown in Fig. 2, where the Q-branch of the D;-X; CeO transition is
clearly identifiable in air at 15 ps yet remains obscured by nearby atomic
peaks at earlier times.

Lastly, the ratio values for measurements collected in air are directly
compared to those measurements collected in argon. It is determined
that both cases in air using Ce II 418.66 nm and Ce I 560.13 nm are
characterized by approximately the same ratio values as for argon mixed
with high concentrations of oxygen (Yo, = 0.20), where this mass
fraction of oxygen is equivalent to the fraction of oxygen in air. There-
fore, the effect of the formation of cerium nitride (CeN) or nitrogen
oxides on the oxidation behavior of Ce LPPs in air is negligible.

4. Conclusion

Laser-induced breakdown spectroscopy was performed on a cerium
metal sample to investigate the spectroscopic signatures and oxidation
characteristics of nanosecond laser-induced plutonium surrogate
plasmas. Time-resolved spectra of various CeO bands were recorded in
the visible spectrum, where the Q-branch of the D;-X; CeO transition
was targeted for further analysis of the oxidation behavior of the plasma
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due to the isolation of the branch head from any strong atomic transi-
tions. Emission spectra were measured under various atmospheric con-
ditions, including for a reduced-pressure inert argon atmosphere for
various concentrations of oxygen as well as at atmospheric pressure in
air. Integrated intensities of strong atomic transitions were extracted
from the spectra and compared to CeO, where it was observed that the
fastest rate of formation of CeO in argon occurred for oxygen mass
fractions between 0.10 and 0.15. It is believed that the reduced persis-
tence and growth rate of CeO at higher mass fractions (Yo, = 0.20) is
due to competing oxidation reactions and lower plasma temperatures.
Lastly, the analysis process was repeated for measurements collected at
atmospheric pressure in air, and it was determined that the rate of for-
mation of CeO in air is approximately equivalent to the rate of formation
in an inert argon environment with an oxygen mass fraction of 0.20.
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