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17 The impact of oxidation chemistry on the emission characteristics and spatial structure of laser-
18 e produced Ce metal plasmas was investigated using laser-induced breakdown spectroscopy (LIBS) and
19 time-resolved fast-gated imaging employing narrowband optical filters. Images of the plasma emission
20 show that CeO coexists with atomic species in the periphery and vortex ring of the plasma plume.
21 Image processing was also applied to combine independent monochromatic images of the plasma
22 emission into a single merged image, culminating in a timelapse on the spatiotemporal evolution of
23 atomic and molecular species within the plasma plume. The formation of CeO species was observed
24 to proceed faster for plasmas generated in atmospheres containing larger concentrations of oxygen
25 based on ratios of CeO-to-atomic emission intensities. These same ratios were shown to plateau and
26 decrease at later times (>25 ps), potentially indicating the depletion of CeO number densities in the
27 plasma as the monoxide undergoes reactions to form higher polyatomic oxides. Altogether, these
28 results provide fundamental insights into the chemical dynamics and intermixing between plasma-
29 gas species in laser ablation cerium plasmas, advancing our understanding on optical signatures of
30 nuclear-relevant materials to enable in-field measurement capabilities.

31

;g 1 Introduction shifts to determine isotopic compositions23/6-8, while others have
34 The development of real-time standoff detection methods and focused on studying the chemical properties of laser ablation (LA)
35 optical signatures of nuclear-relevant materials is of great inter- plasmas to predict fallout formation in nuclear fireballs2*12,

36 est to the nuclear nonproliferation and forensics communities, Chemical reactions in LA plasmas are determined by complex
37 where current research motivations encompass the wide area  ppygicochemical interactions between the plasma and surround-
38 environmental sampling of actinides to detect undeclared nu- ing ambient gas. Experimental and quantum chemical investi-
39 clear fuel cycle activities as well as the rapid characterization gations (e.g., DFT calculations, second order perturbation the-
40 of post-detonation nuclear environments. Optical spectroscopy ory methods such as CASPT2) on high-temperature gas-phase
41 techniques using laser-produced micro-plasmas including laser actinide chemistry suggest that uranium and plutonium react
42 absorption spectroscopy (LAS), laser-induced fluorescence (LIF) rapidly in oxidizing environments to form simple UxOy and PuyOy
43 spectroscopy, and laser-induced breakdown spectroscopy (LIBS) oxidesT320, which precede condensation reactions as well as the
44 are viable methods applied towards the standoff characterization formation of nanoparticles and larger particulates. The amount
45 of radiological and nuclear materials!. Applications range from of oxygen present in the atmosphere alters the chemical kinetics
46 the spectrochemical assay of gaseous UFs for safeguards verifi- ¢ the actinide-oxygen system, where the formation of monoxide
47 cation of uranium enrichment levels®~' to the monitoring of fis-  ¢picsion signals has been shown to occur at a faster rate for ura-
48 sion products generated during operations for molten salt reac- nium and plutonium surrogate (cerium) plasmas in atmospheres
49 tors®. Interactions between aerosols and laser filaments are stud- containing larger mass fractions of oxygen™21. Furthermore,
50 ied to develop optical signals towards the atmospheric sensing of oxygen fugacity impacts chemical reaction pathways and solid-
51 releases of radiological material®. Furthermore, various papers phase end states, leading to the formation of crystalline UO, in
52 have presented measurements of uranium and plutonium isotope oxygen deficient atmospheres while the amorphous UOy (where
;31 3<x<4) phase is favored at higher oxygen concentrationsL,

55 @ Nuclear Engineering Program, Department of Materials Science and Engineering, Uni- Plz.isrna Chen?lcal dynamlcs are strong.l v influenced by hYdroc.ly-
56 versity of Florida, Gainesville, FL. 32611, USA. E-mail: ekwapis@ufl.edu namic mechanisms that affect the spatial structures and species
57 T Electronic Supplementary Information (ESI) available. See DOI: distributions of the plasma plume. In the presence of an ambient
58 00.0000,/00000000. gas, physical processes such as plume confinement, sharpening,
59
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splitting, formation of internal plume structures, and the develop-
ment of fluid instabilities (e.g., Rayleigh-Taylor) affect the proper-
ties of the plasma, consequently altering line emission intensities
and lifetimes22-29, To explain the plasma emission response to
this wide range of interconnected factors, the spatial structure
and expansion dynamics of the plasma plume (i.e., shape, size,
propagation velocity) are frequently studied using time-resolved
fast-gated imaging (or fast photography)2Z3Y, In addition, imag-
ing of plasma emission using narrowband filters integrated over
a limited spectral range provides information on spatial distri-
butions of various species (i.e., atomic, ionic, and molecular) in
the plasma plume that can be applied to track molecular forma-
tion and chemical interactions between the plasma plume and
ambient atmosphere. This approach has been applied to demon-
strate that monoxides such as AlO and SrO first form in the cooler
periphery of the plasma plume, while other species such as ZrO
and UO are more centrally located within the plasma core 3134,
The spatial distribution of chemical species within laser ablation
plasmas is believed to be driven by plasma-gas intermixing pro-
cesses as well as properties of the molecules themselves, where
molecules characterized by higher dissociation energies are able
to form in the presence of hotter temperature conditions=222136/

However, while imaging of UO emission and the expansion dy-
namics of uranium laser-produced plasmas (LPPs) has been per-
formed, equivalent investigations into the oxidation of plutonium
LPPs has not yet been conducted despite known differences in
chemistry between the two actinide elements. Therefore, this
work aims to address this literature gap by explaining the chem-
ical dynamics of plutonium LPPs as a function of varying atmo-
spheric conditions. A common surrogate material for plutonium
(i.e., cerium) is used here due to restrictive regulations involving
access to and safe handling of plutonium. Laser-induced break-
down spectroscopy is performed to visually demonstrate the sig-
nificant impact of oxidation reactions on the chemical composi-
tion of the plasma plume and its associated spectroscopic sig-
natures, while time-resolved fast-gated imaging is conducted to
further investigate the spatial structure of the plasma and spa-
tiotemporal distribution of neutral, ionic, and chemical species
within the plume. The results of this work provide insights into
the complex gas-phase chemistry and hydrodynamics of pluto-
nium LPPs, supporting the development of nuclear-relevant opti-
cal signatures for in-field detection applications in nuclear non-
proliferation, safeguards, and forensics.

2 Methodology

2.1 Experimental setup

Cerium ns-LA plasmas are generated using the fundamental
wavelength of a Q-switched Nd:YAG laser (Continuum Surelite
11-10, 1064 nm, 7 ns pulse duration) with an ablation energy
of 60+0.4 mJ. A 100 mm focal-length plano-convex lens is used
to focus the laser pulses on the surface of a cerium metal tar-
get (MSE Supplies, 99.9% purity) with a crater size of around
500 um. Laser ablation is performed within a vacuum chamber at
atmospheric pressure, where the fill gas is varied between air and
argon with various mass fractions of oxygen (Ar for Yo, = 0, 0.05,
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Fig. 1 Experimental setup for laser-induced breakdown spectroscopy and
time-resolved fast-gated imaging with ns-LA.

0.10, and 0.20) to control the amount of oxygen available to react
with the cerium plasma. To monitor the oxidation chemistry and
expansion dynamics of the plasma plume, laser-induced break-
down spectroscopy and time-resolved fast-gated imaging are per-
formed.

For LIBS, plasma emission light is collected using a pair of un-
coated fused silica lenses and directed onto the slit of a Czerny-
Turner spectrometer (Princeton Instruments Acton SpectraPro SP-
2500) using a 400 um optical fiber. Broadband measurements are
collected between 380 and 670 nm using a 2400 g mm~! grat-
ing with a slit width of 50 um, where instrumental broadening
is measured to be 50 pm FWHM at 435.83 nm using a mercury
calibration lamp. When collecting spectra for atomic emission
(i.e., measurements performed in argon), three shots are aver-
aged to produce each of the individual 44 spectral windows that
are stitched together to encompass the entire wavelength range.
Measurements targeting molecular emission used ten shots with
a higher gain to better resolve CeO bands in the spectrum.

Fast-gated imaging is performed by placing the intensified
emICCD camera (Princeton Instruments PI-MAX4: 1024 EMB)
orthogonal to the plume expansion direction. A 150 mm focal-
length plano-convex lens is used to collect the plasma emis-
sion and focus the image onto the camera, providing a magni-
fication of ~1.2. To obtain spectrally-integrated images of the
plasma emission, narrowband optical filters are used indepen-
dently to target Ce I (560.23 nm/0.323 nm FWHM), Ce II (418.61
nm/0.822 nm FWHM), and CeO emission (467.73 nm/0.30 nm
FWHM). Five shots are averaged to produce each image. The
experimental setup for both methods is provided in Fig.
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Fig. 2 Process for creating merged images of the plasma emission from individual monochromatic images collected using narrowband optical filters

to target Ce |, Ce Il, and CeO emission.

2.2 Data analysis and image processing

The fast-gated, spectrally-resolved images of the plasma emission
are post-processed by scaling the pixel intensities for each individ-
ual image in a set (i.e., atmospheric parameter such as 760 Torr
Ar with Yo, = 0.05) to the same scale to enable a direct com-
parison between images collected at the same time delay using
different monochrome filters. During this process, the measured
pixel intensities are adjusted according to Eq.

3
I(x,y) = Y. G(A:)GW (A4)F (A) QE (A1 (x,y, A;) D
i=1

where G(4;), GW (4;), F(;), and QE(A;) represent the scaling fac-
tors to correct for differences in gain, gate width, filter transmis-
sivity and bandwidth, and quantum efficiency of the emICCD for
each of the three filters used during imaging. The scaling fac-
tor for the gain, G(4;), is based an empirical equation obtained
by measuring the spectral response of the camera using a tung-
sten light source. A scaling factor, F(4;), is defined for the optical
filters because filters with larger bandwidths and higher transmis-
sions pass a greater quantity of light to the camera. The measured
pixel intensities are corrected for differences in filter properties by
dividing by the integrated filter transmission, which is determined
from the measured bandwidth and peak transmission provided by
the manufacturer. Subsequent to correcting the pixel intensities,
false color is assigned to each filter (Ce I — blue, Ce II — yellow,
CeO — red) and the spectrally-resolved images at each time de-
lay are overlaid and combined into a single image. This process
is repeated for each time delay measured, resulting in a visual
representation of the dynamic populations of neutral, ionic, and
molecular species in the plasma over time. A flowchart further
explaining this image processing approach is shown in Fig.
Beyond the analysis of LA plasmas, this image processing tech-
nique of combining individual monochromatic images into a sin-
gle merged image is frequently applied towards applications in
astronomy, remote sensing, and microscopy=2-4L,

3 Results and discussion

The measurement of optical signatures in the field requires an
informed understanding of the impact of oxidation chemistry on

recorded signatures of LA plasmas. In relation to laser-produced
cerium plasmas, high-temperature gas-phase oxidation pathways
involve the reaction of atomic Ce with oxygen to initially form
CeO followed by the formation of polyatomic cerium oxides and
nanoparticles as the plasma cools. The early-time chemistry and
formation of CeO is investigated in this work using emission spec-
troscopy, where CeO signals are recorded and observed to persist
until around 75 us. The affect of CeO formation on spectroscopic
signatures is first demonstrated by performing broadband LIBS
measurements under inert and oxidizing conditions (i.e., argon
versus air), where a comparison of these measurements empha-
sizing significant changes to the spectrum in the presence of oxy-
gen is shown in Fig. 3] The spectrum recorded in argon consists
of narrow Voigt-shaped peaks corresponding to Ce I and Ce II
emission lines, while the measurement collected in air is domi-
nated by broader triangular lineshapes associated with molecular
signatures of cerium oxide. These molecular signatures overlap
with atomic emission lines, complicating the deconvolution of
the spectrum and obscuring most atomic lines by a time delay
of 20 us.

CeO signals have previously been recorded over limited spec-
tral regions (e.g., 466-472, 484-490, and 723-735 nm) using LIBS
to study the oxidation chemistry of Ce LA plasmas®42l., Among
the band assignments provided in these publications include the
B,>X», D;-X;, and D3-X3 CeO transitions122l, A wider spectral
region between 380-670 nm is covered in this work in an ef-
fort to identify additional strong CeO bands in the LIBS spec-
trum that may potentially be useful towards studying the chemi-
cal dynamics of Ce LA plasmas. Transition labels are assigned to
recorded molecular features for the Ce LIBS spectrum collected
in air based on previous reports provided in the literature“246.
Rudimentary theoretical simulations of the molecular spectra are
also performed using PGopher for the transitions where molecu-
lar constants were available. However, it should be understood
that these simulations are very limited and only provide general
insights into the energies and shapes of the CeO bands, where
more advanced and accurate models were unable to be produced
due to errors associated with the reported constants as well as the
lack of data on additional parameters such as coupling constants
and line-strength factors.

Journal Name, [year], [vol.], 1 |3
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Fig. 3 Comparison between broadband spectroscopic signatures for atomic cerium and cerium oxide recorded at atmospheric pressure in argon and
air atmospheres, respectively. Time delays and gate widths for the measurements are indicated in the figure caption as delay/width.

Ro-vibronic transition assignments are provided in Fig.
where the head-forming branches are indicated when they are
known. CeO bands identified in the spectrum include the B;-X;,
C3-X3, D]-Xl, D3-X3, El-Xl, Ez-Xz, E3-X3, F2-X2, gz-Xz, and Gz-
X, transitions. Generally, the R and Q branches of these bands
are recognizable as distinctive sawtooth patterns in the spectrum,
while the P branches are present as broader signals characterized
by lower intensities that present themselves by contributing base-
line to the spectrum. Unlabeled molecular transitions between
480 — 486 nm are believed to correspond to several CeO bands
originating from different energies levels ([22.5]1-V,07, m4-m)1ﬂ
Hot bands associated with the F,-X, transition are also present
over this spectral window, further complicating the deconvolution
of the molecular spectrum. Typically, several hot bands for each
ro-vibronic transition are observed, which is expected because the
plasma temperature is realistically at least a few thousand Kelvin
based on LA plasma properties typically reported in the literature
for comparable experimental conditions 224748, pGopher is used
to assist in the identification of several of these band sequences
involving excited states, such as the D3-X3 Av=+1 fundamental
band and hot bands. The 1-1 and 2-2 band sequences of the E;-X
transition and 2-2 band of the E3-X3 transition are also identified
through this method. Overtones may also be present in the spec-
trum, although none are formally assigned here.

CeO bands of the greatest interest for studying oxidation chem-
istry in LA plasmas are those with at least one head-forming
branch that does not overlap with strong neutral or ionic emission
lines. Candidates that satisfy this requirement are the R branch
of the B{-X; 0-0 transition, the Q branch of the D{-X; 0-0 transi-
tion, the R branch of the G,-X; 0-0 transition, where only elec-
tronic transitions between the lowest vibrational levels (i.e., 0-0)
are considered here because they are characterized by larger in-
tensities than the other molecular transitions present in the spec-
trum. The G,-X; transition is consistently measured to be weaker

T The notation used for the excited state [22.5]1 follows that used by both Lin-
ton et al. and Kaledin et al., and represents a term energy around 22,500 cm™' and
O =14548,
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in intensity than the B;-X; and D;-X; transitions that are tied to
the ground state, while the D;-X; band is the strongest molecular
transition recorded in the spectrum. Therefore, the Q branch of
the D,-X; transition was targeted to image CeO emission in the
LA plasma plume using a custom narrowband filter centered on
the branch head.

3.1 Plasma plume structure

Laser ablation plasmas can be described as high-temperature gas-
dynamic flows that initially expand outwards very rapidly. In the
presence of an ambient gas, this rapid expansion is analogous to a
fast-moving mass of dense fluid traveling into a less dense and sta-
tionary fluid. During this process, a viscous friction force is expe-
rienced at the interface between these two fluids (i.e., the plume
front) that works to slow down the outer layers of the fast-moving
fluid relative to its core?. These outer layers then slide behind
the faster-moving inner layers to the base of the flow where they
are pulled back up into (or rolled into) the core of the plume,
ultimately leading to the formation of a torus and mushroom-
like head that is more formally known as a vortex ring220, In
this work, plasma plumes are first observed to be marked by a
mushroom-like morphology around 500 ns, while the torus con-
tinues to develop over a timescale of several microseconds (see
Fig.[5). Various publications in the literature have also reported
images on vortex formation in laser ablation plasmas over various
timescales (<500 ns or as late as >50 us) depending on ablation
conditions and target material properties%>17>%  Fundamental
studies on fluid dynamics and vortex formation also suggest that
when a fluid is impulsively ejected through a narrow aperture that
the fluid will interact with the edges of the opening by curling in
on itself, ultimately leading to the formation of a vortex ring42>2,
Therefore, it is valuable to consider the crater generated during
laser ablation as an analog to this aperture and second factor im-
pacting vortex formation in LA plasmas. While the imaging setup
used in this work is unable to resolve details on the spatial struc-
ture of the plasma plume at very early times post-LA, simulations
provided by Kwapis et al. in a previous publication support the
existence of this phenomenon in the expansion dynamics of LA
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Fig. 4 CeO bands identified in the visible spectrum using LIBS. The
head-forming branch is indicated when it is known.

plasmas/32,

The spatial distribution of atomic and molecular species in
the plasma plume is also shown in Fig. [5, where based on the
spectrally-resolved images of the plasma emission ionic species
are observed to be confined predominately within the head of
the plasma plume, while Ce I is more prevalent within the stem,
vortices, and top of the plume head. Images of CeO emission
show that the formation of molecular species is favored at the
top of the plume head for the first 2.5 us before advancing to
the vortices of the plume around 5 - 15 us. Vortex formation is

Journal of Analytical Atomic Spectrometry

believed to result in enhanced intermixing between the plasma
and its surrounding atmosphere, augmenting chemical reactions
within the plasma plume=®57, Cerium monoxide is also be-
lieved to coexist in the periphery of the plume with atomic Ce
as well based on the images provided in Fig. Monoxide for-
mation is frequently reported to occur at the interface between
the plume and background gas for laser ablation plasmas, where
this chemical process is driven by concentration gradients, dif-
fusion processes, and lower plasma temperatures in the plume
periphery31i32058559  Molecular formation in the vortices of the
plasma plume resulting from fluid hydrodynamics is less com-
monly reported on in the literature due to difficulties in resolving
the torus in fast-gated, spectrally-resolved images of the plasma
emission. Instead, molecular species may be described as form-
ing volumetrically within the plasma or closer to the core of the
plasma plume334, Multiphysics modeling using a reactive com-
putational fluid dynamics (CFD) code has demonstrated the for-
mation of several gas-phase oxide phases within the vortices of
aluminum vapor plumes in air®2,

As the plasma plume continues to evolve over time, heat
is transferred from the plasma to the surrounding atmosphere
through conduction and the entrainment of ambient gas into the
plume until the plume ultimately collapses and diffuses into the
surrounding atmosphere©?, In this work, this process is visually
observed to begin around 20 us when the plume size starts de-
creasing and the vortex ring recombines into a single non-toroidal
structure. Over this timescale, Ce I and CeO species are observed
to occupy the same spatial region within the plume while Ce II
species tend to be located within the upper half of the plume.
Polyatomic oxide formation and condensation reactions will also
proceed at later times, where these species will coexist in the
plasma plume with atomic Ce and CeO.

3.2 Chemical dynamics

To further characterize the spatiotemporal evolution of CeO
formation in laser-induced cerium plasmas, spectrally-resolved
imaging of the plasma emission was performed in argon atmo-
spheres containing different concentrations of oxygen ranging
from oxygen mass fractions of Yo, = 0 — 0.20. The results of
these measurements are presented in Fig. [f] alongside measure-
ments collected in air. Ce II emission is observed to dominate for
the earliest time delays shown in figure (i.e, 1 and 2 us) for all fill
gases used in this work, indicating that the ion number density is
greater than that for neutral and molecular species assuming that
emission signals are proportional to species number densities in
the plasma. Ce I emission is observed to emerge earlier during
the evolution process for plasmas generated in air as compared
to argon, which may be an indication of lower plasma tempera-
tures. Further discussion on this will be included at the end of
this section.

For the argon atmospheres, Ce I emission becomes more com-
parable in intensity to Ce II emission between 5 — 10 us based on
the image color shifting to a mix between blue (i.e., Ce I) and
yellow (i.e., Ce II). This progression is delayed for the pure ar-
gon atmosphere, where ionic emission remains predominate un-

Journal Name, [year], [vol.], 1 |5
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Fig. 5 Time-resolved fast-gated images of Ce LPP plasma emission in argon with Yo, = 0.20 at atmospheric pressure. Each individual frame is

normalized to its minimum and maximum pixel intensities.

til around 15 us after laser ablation. Longer-lived ionic emission
in the pure argon atmosphere is attributed to the very limited
oxidation of the Ce plasma compared to the argon-oxygen gas
mixtures, where oxidation reactions are still specified as present
due to oxygen contained within the oxide layer on the metal sam-
ple. For the argon atmospheres containing oxygen (i.e., Ar with
Yo, = 0.05, 0.10, and 0.20), CeO emission is visible and com-
parable in strength to atomic Ce emission starting around 25 us
based on the purple-colored plumes observed in Fig.[6] These re-
sults are in agreement with a previous publication covering LIBS
measurements of Ce metal, where CeO signals were observed to
be more prominent than atomic emission lines in the spectrum
starting around 20-25 us2L,

Differences in the plasma shapes at later times (>25 us) be-
tween measurements for Yo, = 0.05 and Yo, = 0.10 are not a re-
sult of oxidation reactions in the Ce plasma. Ablation conditions
were unfortunately altered between these measurements due to
the concave lens in the beam expander shown in Fig. [I| becoming
burned during the middle of the experiment, thereby requiring
the lens to be replaced. The spot size at the sample surface is be-
lieved to be altered as a result of this replacement, consequently
changing the morphology of the plasma plume. The position of
the sample was adjusted to mitigate these changes to the plume
morphology in order to maintain comparable plasma properties
between all measurements, although small differences remain.

A more quantitative analysis may also be performed in addi-
tion to visually comparing the merged images of the Ce plasma
emission. This is done by averaging the pixel intensities over the
plasma plume in each of the monochromatic images followed by
a comparison of the mean pixel intensities. The plasma plume
is defined based on a thresholding procedure, where all pixels
with intensities greater than 10% of the maximum pixel intensity
in the image are assigned to the plasma and all remaining pixels
correspond to background. Fig.[7]shows ratios of mean intensities
for CeO emission compared to Ce I and Ce II emission. CeO-to-
Ce 1II ratios are intrinsically larger than those reported for Ce I
because Ce II emission is consistently weaker than Ce I emission
past 5 us after laser ablation. Ratios are also tied to the specific
transitions selected to produce the curves and will vary between
individual transitions from the same ionization state (e.g., Ce II
418.66 nm versus Ce II 428.99 nm) simply based on the differ-

6 | Journal Name, [year], [vol.], 1

ent decay behaviors for the transitions involved. Overall, the ra-
tio curves represent CeO formation within the plasma, where the
general trends and shapes of the curves are more informative than
the actual ratio values.

All molecular-to-atomic emission intensity ratio curves are ob-
served to increase initially, representing the early growth of CeO
in the plasma as number densities for Ce I and Ce II decrease due
to recombination and chemical reactions. This behavior resem-
bles analogous ratio curves obtained from LIBS measurements of
Ce LPPs reported in Ref. 21} where this publication was only able
to cover around the first 30 us after laser ablation before peaks
for the selected atomic transitions could no longer be resolved in
the recorded spectra. In this same publication, CeO formation
is observed to proceed faster for oxygen mass fractions between
Yo, = 0.10 - 0.15 in argon, which is indicated by larger ratios!.
In this work, chemistry is generally observed to proceed faster for
Yo, = 0.10 - 0.20 for earlier times (<25 us) until these curves
begin to plateau and ratios for Yo, = 0.05 are reported as consis-
tently larger than the other curves. CeO growth trends between
these two separate experiments agree decently with each other,
while minor dissimilarities can be attributed to inherent fluctu-
ations in LA plasma properties measured on different days and
differences in ambient pressure (100 Torr for the LIBS measure-
ments versus 760 Torr for the time-resolved imaging measure-
ments). Consistently larger molecular-to-atomic emission inten-
sity ratios for Yo, = 0.05 at later times (> 25 us) may indicate
that CeO formation proceeds at a slower rate when oxygen is lim-
ited, where this behavior has been reported for both uranium and
cerium LA plasmas!>2l. The plateauing behavior as well as de-
creasing intensity ratios at later times may be an indicator that
the number density of CeO within the plasma is decreasing, which
can be attributed to CeO serving as a reactant for the formation
of polyatomic oxides (CexOy).

Curves for CeO formation in air are also provided along-
side those for the argon-oxygen atmospheres in Fig. |7} where
molecular-to-atomic emission intensity ratios are consistently
larger in air for earlier times (<20 us) during the evolution of
the plasma. Lower plasma temperatures and electrons densities
are expected for LA plasmas generated in air as compared to ar-
gon because the lower gas density characterizing air (p,ir < pPar)
will provide reduced confinement on the plasma plume®l. Con-
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Fig. 6 Merged images of Ce LPP plasma emission that demonstrate the spatiotemporal evolution of atomic and molecular species within the plasma

plume for different atmospheric conditions. Differences in plume morphology between argon atmospheres with Yo, = 0.05 and Yo, = 0.10 are a
result of a minor alteration to the experimental setup and are not related to plasma chemistry effects.

versely, hotter plasma temperatures will hinder chemical reac-
tions within the plasma until later times when temperature con-
ditions are cooler, thereby explaining the limited CeO formation
in the argon-oxygen gas mixtures at earlier times when compared
to air.

4 Conclusions

The spatiotemporal characterization of CeO in cerium LPPs was
performed to investigate the underlying chemical dynamics that
drive changes to the plasma composition and associated spec-
troscopic signatures over time. Resolved images on the internal
structure of the plasma plume revealed that CeO formation occurs
in both the periphery and vortex ring of the plume, indicating that
the oxidation chemistry of cerium plasmas is driven by both dif-
fusion and hydrodynamic processes. These observations provide
important advancements towards understanding the underlying
mixing dynamics between plasma and ambient gas species that
control molecular formation in LA plasmas.

To further control the interaction of the plasma with oxygen
in its surrounding environment, oxygen mass fractions in argon
gas were varied between 0 — 0.20. Monochromatic images of
the plasma emission for Ce I, Ce II, and CeO were then com-
bined into a single merged image at each time delay to provide
a color-coded representation on the spatiotemporal evolution of
atomic and molecular species in the plasma plume over time.
Ionic emission was shown to dominate the plasma plume at early
times while CeO emission becomes predominate at later times.
Ratios of CeO-to-atomic emission intensities extracted from the
images also showed faster CeO formation for atmospheres con-
taining larger concentrations of oxygen, agreeing with previously
published spectroscopic measurements of laser-produced cerium
plasmas subject to similar experimental parameters and environ-
mental conditions. Furthermore, the ratios reported in this work
were observed to plateau and decrease at later times (>25 us),
possibly indicating the formation of polyatomic cerium oxides
(CexOy) in the plasma plume. Collectively, these measurements

e Air g
101 Arw/Yo, =0.05
¢ Arw/¥o,=0.10

s Arw/Yo,=0.20

Ieeo®y) / Ice1(X.Y)
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Fig. 7 CeO formation curves based on ratios between mean pixel intensi-
ties extracted from spectrally-integrated images for (top) CeO 467.73 nm
and Ce 1 560.13 nm and (bottom) CeO 467.73 nm and Ce Il 418.66 nm.
Spline curves overlaid on the data points are drawn for visualization pur-
poses only. Errorbars are unable to be provided with the data because
the software used to collect the images omitted statistics after exporting
an average of several laser shots. Shot-to-shot variations for the recorded
images range from a few thousand counts for plasmas generated at the
same crater up to 10,000 counts between different craters for raw pixel
intensities. Associated errors are realistically as large as 30%.
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and observations on the high-temperature combustion chemistry
and hydrodynamics of plutonium surrogate (cerium) LA plasmas
provide relevant insights into gas-phase debris formation chem-
istry subsequent to the detonation of a nuclear device as well as
the impact of oxidizing atmospheres on the plasma composition
and its associated optical signatures.
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