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We report results and analysis from a series of laser ablation experiments conducted to study high-temperature plutonium

(Pu) spectroscopy and gas-phase oxidation. Time-resolved emission spectra were compared to a Pu | spectral model to infer

plasma temperature. At later times in the laser-produced plasma evolution, temperatures are lower, and resonant emission

bands indicative of molecular species are observed. We tentatively assign these bands to plutonium oxides (Pu,O,).

Introduction

Optical spectroscopy of plutonium (Pu) and its gas-phase
chemistry is an important area of actinide research that is
sparsely studied owing to the complexities of material handling
and analysis. The atomic spectrum of Pu is similar to all actinides
in that it has tens of thousands of spectral lines in the
ultraviolet-visible spectral range arising from thousands of
known energy levels belonging to the neutral atom and ions.1*
Historical reports on the atomic Pu spectrum are
comprehensive, although the excitation methods of
electrodeless discharge lamps (EDL) and hollow cathode lamps
(HCL) provide relatively low temperatures compared to what
can be achieved with a laser-produced plasma (LPP) system.
Prior work in Pu spectroscopy has focused on the precise
isotopic shifts and hyperfine splitting. > ¢ Until recently,
quantitative spectral analysis using any method was limited by
the dearth of available transition probabilities.

Studies related to Pu spectral features, as well as gas-phase
oxidation, are critical to nuclear proliferation detection and
safeguard applications.” Pu inventories worldwide for civilian
applications (i.e. nuclear energy) are in the form of Pu oxide,
however, for certain military applications, Pu metal is used.
Safe management and monitoring of Pu inventories is essential
for protecting workers, the public, and the environment from
accident scenarios. Currently, mass-spectrometry (a laboratory-
based technique) is used for Pu detection and analysis which
requires extensive sample preparation and is thus time-
consuming. Hence, rapid, real-time and in-field tools are crucial
for Pu detection considering its high activity and toxicity and
implications to several nuclear verification activities. Optical
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spectroscopy of laser ablation plumes is a potential method for
rapid, in-field detection of actinides and its isotopes.®

In comparison to Pu spectroscopy and gas-phase oxidation,
significant progress has recently been made on understanding
the gas-phase chemistry of uranium (U). For example, extensive
efforts were recently made on understanding chemical reaction
pathways and physical conditions leading to gas-phase oxide
formation in U plumes generated by lasers.®16 Optical emission
spectroscopy (OES) of laser ablation plumes, commonly called
laser-induced breakdown spectroscopy (LIBS), has been used
for these investigations and has proven to be a useful tool for
tracking the progression of atoms to molecules in a high-
temperature LPP.17-2% Several bands of U,O, (UO, UO,, UO3, etc.)
were identified in the ultraviolet, visible, and IR spectral
regions.'3 21. 22 Qur previous studies also highlighted that gas-
phase oxidation primarily happens at the outer edges of the
plume where lower-temperature conditions exist.> 23 Although
extensive research efforts are made on understanding Pu
corrosion (solid-phase),?* the studies related to spectral
dynamics of high-temperature Pu plumes are nearly non-
existent. Additionally, to the best of the authors' knowledge,
the gas-phase chemistry of Pu and spectral features of Pu
molecular compounds are not reported in the literature.

In this article, we report time-resolved spectral features of
laser-produced Pu plasmas. The measured time-resolved
spectral features are compared with model fits for obtaining
approximate temperatures. We also evaluated the oxide bands
in Pu plumes that are present in the spectral features due to
gas-phase oxidation at later times of plasma evolution when
temperatures of the plumes are favourable for molecular
formation. We identified potential Pu oxide bands and assigned
them to Pu,O,.

Experimental Materials and Methods

Laser ablation experiments were conducted to characterize
the spatial, spectral, and temporal variations in Pu plasmas. The
analyte used in these experiments was a 23°Pu metal foil (2 um
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thick) with a total mass of 6.207 mg.?> A summary of the isotopic
purity of the sample and radioactivity of various isotopes and
impurities are given in Table 1. The thickness of the foil limited
the number of laser pulses that could be used in a single
location. The Pu sample was mounted in a modular vacuum
chamber pumped down to 9 mTorr and then backfilled with
Argon to 75 Torr.

Table 1: Isotopic purity of Pu foil analyte. The foil used for the present study was 2 um
thick and had a total mass of 6.207 mg.

Isotope Activity (Ci) Mass (mg) Mass (%)
Pu-239 3.81E-04 6.15E+00 99.095%
Pu-240 1.24E-05 5.46E-02 0.880%
Pu-241 6.42E-05 6.21E-04 0.010%
Am-241 1.77E-06 5.17E-04 0.008%
Pu-242 1.23E-09 3.10E-04 0.005%
Pu-238 2.13E-06 1.24E-04 0.002%

The schematic of the experimental setup is given in Figure
1. The Pu was ablated with a 6 ns full-width half maximum
(FWHM), 34 mJ pulse from an unseeded Nd:YAG (1064 nm,
~300 um spot size). A combination of a half waveplate and a
polarizing cube was used to control the laser pulse energy.
Emission spectra were collected in a variety of configurations to
obtain different The first spectrometer
(detector 1 in Figure 1) was a 500 mm focal length with a 2400
lines/mm grating equipped with an intensified charged coupled
device (ICCD, Princeton Instruments PI-MAX4) having an
approximate spectral resolution of ~ 35 pm. This spectrometer
was fiber-coupled (NA=0.39, core diameter = 1500 um) to a
collection lens and positioned such that the emission spectra
are spatially integrated. The second spectrometer also had a
500 mm focal length with a 2400 lines/mm (detector 2 in Figure
1), but the detector was an Andor iStar ICCD. This spectrometer
was oriented orthogonal to the plasma expansion direction to

measurements.

Detector 2

ICCD

ICCD

Figure 1. Schematic of the laser ablation and optical emission diagnostics. WP-
Wave Plate, C-Cube Polarizer, BD-Beam Dump, M-Mirror, L-Lens, FC- Fiber Cable.
The experimental system consists of two emission spectroscopy detection
systems. Detector 1 was used for collecting spatially integrated plume emission
features and detector 2 was used for spatially resolved analysis.

2| J. Name., 2012, 00, 1-3

allow for the collection of spatially resolved emission spectra to
evaluate positional dependence of spectral features. Both
spectrograph-ICCD systems were corrected for collection
efficiency using a deuterium-tungsten halogen UV-VIS light
source (Ocean Optics, DH-2000-DUV). Over the duration of the
experiments, approximately 10 Torr of air leaked into the
chamber which enabled the characterization of Pu oxidation.

Results and Discussion

PLUTONIUM SPECTRAL FEATURES

The spectral measurements of Pu plume were carried out at
75 Torr Argon (Ar) pressure. An inert (Ar) gas environment was
used here to minimize Pu plasma oxidation. The background
pressure of 75 Torr was selected based on prior work that
demonstrated the signal to noise ratio (SNR) of ns laser ablation
plumes are highest when the ambient pressure was ~ 50-100
Torr.'% 26 Py gas-phase oxidation can take place through the
interaction of Pu species with ambient oxygen and/or impurity
oxygen from the sample. The Pu metal foil was loaded into the
vacuum chamber in atmospheric conditions, and therefore the
Pu metal oxidized. Thus, a laser cleaning shot was applied
before measuring Pu spectral features.

The spectral features of Pu plasmas were collected using
both detectors detailed in the Experimental Materials and
Methods section and schematically shown in Figure 1. Figure 2
gives the typical emission spectrum in the spectral range of 425-
600 nm, showing highly congested features. The measurement
was made using detector 1 (spatially integrated) with a delay
time of 5 us and a gate width of 1 ps. Laser ablation plumes are
hotter and denser at the very early times of its evolution (< 100
ns) and the spectral features are dominated by continuum
emission. As time after plasma onset increases, the plasma
becomes cooler and less dense due to its rapid expansion in the
ambient environment, and atomic lines dominate at times >
1us.8  Select strong Pu emission lines are marked in the Figure
2 spectrum for reference.! The lines noted at 589 nm, and 589.6
nm results from Na contamination.

Temporally and thermally resolved emission spectra are
particularly informative for studying the thermodynamics of
recombination and oxidation processes during plasma cooling.
Time-resolved spectral features were measured at three
spectral range with central wavelengths 437 nm, 596 nm, and
603 nm (bandwidth ~ 7 nm) to characterize the temporal
variation in emission. These measurements were performed
using detector 2 (see Figure 1) at a distance of 2.5 mm from the
target. Neutral Pu lines (Pu I) were fit to an approximate
excitation temperature using transition probabilities and an
optically thin emission model.?”

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Intensity calibrated LIBS emission spectrum of Pu sample following ns laser ablation in the spectral range (a) 425-500 nm and (b) 525-600 nm. The gate delay
and width used were 5 ps and 1 ps respectively. The spectral resolution of the detector system is ~35 pm. The measurement was carried out using detector 1 and hence

spatially integrated. Select strong lines corresponding to Pu | are labelled.

The spectral model was constructed as follows: The Lorentz
FWHM was calculated from an approximate collisional
frequency at 75 Torr using a hard-sphere model. The Gaussian
FWHM was calculated from the temperature. The Voigt line
shape was calculated from those two components and taken as
the real part of the Faddeeva function. The physically modelled
spectrum was then convolved with a 35 pm Gaussian function
of the spectrometer to reproduce the approximate instrument
resolution.

The model excludes higher-order line shape effects such as
Stark broadening or asymmetry due to the hyperfine splitting in
239py (1=1/2).28 The isotopic shifts and splitting of 22°Pu are
significantly finer than the resolution of these measurements.
The spectral model was fit to the data using a Nelder-Mead
optimization algorithm. The modelling and regression
algorithms were custom written in Python version 3.7.
Experimental data and model-fits of 593-599 nm spectral range
are shown in Figure 3. A summary of plasma temperature
determined from fitting the model with experimental data is
shown in Figure 4.

Although there are several assumptions and simplifications
in the modelled spectra, the spectral fits showed good
agreement with measured spectral features, especially at later
times where Pu | atomic emission dominates. The disagreement
between the measured and modelled spectra are due to several

This journal is © The Royal Society of Chemistry 20xx

factors. The collection geometry can influence the observed
emission temperatures.?> 30 This is due to the implicit path-
integrated signal spanning the temperature gradient
throughout the plume. More complicated physics can further
distort the spectrum by introducing effects such as self-
absorption of transitions falling to metastable states where the
lower state has a significant population. These factors generate
observed emission spectra that may be inadequately
represented with a 1-dimensional model not accounting for the
spatial anisotropy of temperature. In reality, the observed ion
emission is probably emanating from a region of the plasma at
a much higher temperature and the neutral atom emission
originates from cooler regions.?° From this, it can be assumed
that the excitation temperature of the neutral atom is likely a
lower bound for the excitation temperature of the ion
contribution to the measured spectrum. Hence the term
temperature in this analysis is, therefore, referring to the
excitation temperature of neutral Pu. Neither the excitation
temperature of the ion nor the electron temperature was
separately measured at this time and therefore local thermal
equilibrium (LTE) cannot be verified.

Particularly with actinide spectra, the extraordinary line
density, presence of gas-phase oxides that provide a broader
spectral feature compared to atomic transitions 13 21, and
instrument broadening lead to pseudo-continuum that has to

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Time-resolved emission spectra from laser ablation (black) model-fit to
temperature (red) using Pu | emission. Delay time, gate duration, and fitted
temperatures are shown in legend for each spectrum. The top frame shows the
known Pu Il emission lines with vertical blue bars. Data was taken at 2.5 mm from
the target surface using Detector 2 (Figure 1).
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Figure 4. Summary of time-resolved Pu | excitation temperatures fit to
spectra at the three spectral ranges taken at (i) green data points are fit to
the spectra with 433-441 nm, (ii) red data points are fit to the 593-599 nm,
and (iii) blue data points are fit to the 600-606 nm. 30us delayed spectra had
a 5us gate width while all others had 1us gate width. Temperature estimates
are fit with an exponential decay curve as a guide for the eye. Wavelengths
reported in the figure legend are for the central wavelength of ranges
analysed.

be subtracted off before fitting the isolated resonant emission.
Therefore, the preparation of the spectra prior to fitting will also
influence the perceived temperature. These combined effects
lead to relatively large uncertainties in the temperatures
compared to other optical methods (e.g., laser absorption
spectroscopy). Model regressions will typically provide superior
analytical results compared to numerical integration because it
is more robust against the extreme line density of actinide
spectra. However, it has to be mentioned that this remains
heavily limited by the completeness of the model. High-
temperature spectra are heavily congested with Pu Il emission
which is not included in the model at this time and can lead to
erroneous fitting especially at early times of plasma evolution.
The accuracy can be qualitatively assessed by observing the
model fits and seeing where known Pu Il emission may be
distorting the Pu | lines in the fit. In the case of the 596 nm
spectral region, we excluded the strong line near 598.3nm as it
was found to erroneously distort the fit. We believe this
behaviour to arise from radiative trapping and report only
temperatures where the model appeared representative of the
Pu I lines in the data.

Despite the identified limitations of the spectral model and
measurement, first-order thermochemical insight can still be
gleaned from modelling and simulation analysis of the data.
Inspection of the experimental data and model-fits in Figure 3
shows that at early times while the temperatures are above
8,000 K the emission spectrum is heavily congested with both
neutral and ion emission at approximately equal intensities. The
known Pu Il ion emission persists until the plasma cools to 5,000
K when it appears that most of the emission then belongs to the
neutral atom.

The intensity of a spectral line in emission from a transition
between an upper level (u) and a lower level (l) is proportional
to upper state number density. This also assumes the excited
level is equilibrated which may not be valid in all cases. If the

This journal is © The Royal Society of Chemistry 20xx
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3 excited state is equilibrated the population fraction (n;/nr) in a
4 given energy level has temperature dependence through the
5 Boltzmann factor as well as the partition function. Particularly
6 for actinides, the partition sum is a strong function of
7 temperature due to the presence of a large number of low-lying
8 energy levels. The equilibrium population fraction as a function
9 of temperature is calculated for the upper state energy levels
10 for five strong transitions of Pu | in the 596 nm range (Figure 3)
11 and results are given in Figure 5. We show both the absolute
12 values, as well as the same value normalized at 4000 K to
13 highlight the relative change in upper state number density
14 across the range of temperatures measured in our experiment.
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47 At a fixed total number density (nr) of Pu I, the upper state
48 population (ny) can easily change by a factor 10 across the
49 temperatures seen in the LPP. The relative change in the upper
50 state population density between the various levels as shown in
51 Figure 5 is an indicator of the dynamic range of temperatures
52 that can be accurately measured with the transitions in that
53 spectral range. However, the emission intensity of individual
54 lines can be corrected with knowledge of material temperature
55 by dividing intensity by the population fraction at that
56 temperature. The corrected intensity is then proportional to the
57 total number density instead of solely the upper state density.
58 This correction would require the temperature for each
59
60
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material to be known, and even then, the intensity changes are
only relative within the given material. Comparing intensities
between materials to back out relative concentrations would
further require the inclusion of the weighted transition
probability (giAur). These factors must be considered when
interpreting temporal data with such strong thermal gradients,
and even then, assumptions of path length will be influenced by
hydrodynamic phenomena in the plasma expansion.
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Figure 6. Survey spectra taken at 15 us delay and 30 ps gate width showing
potential molecular emission bands tentatively assigned to oxides of Pu (Pu,O,).
For comparison, the spectral features recorded at 5us delay and 1 us gate width'is
also given. Marked regions correspond to potential molecular band emission.
Spectra were collected using Detector 1 and are spatially integrated.

Gas-Phase Plutonium Oxidation

The oxidation of Pu metal surface is similar to U metal and
it reacts rapidly with the oxygen in ambient air to form PuO,
and Pu,0331. The Pu surface corrosion in the presence of air or
water vapor has been extensively investigated, and the
thickness of the oxide layer on the Pu base metal is found to
depend on oxygen concentration.23 strongly While Pu metal
oxidation is well studied, oxidation in the gas-phase has not yet
been explored. The molecular formation in a laser-produced
plasma system occurs at later times of plumes’ lifetime when
the plasma temperatures are cooler (< 5000 K).1> 23. 32 We
collected the spectral features from Pu plasma at early and late
times to explore the molecular features due to an
undetermined oxide of plutonium, which we label Pu,O,. The
source of oxygen for Pu gas-phase oxidation is from the ablation
of the oxide layer formed on the Pu metal and/or the oxygen
impurity present in the ambient environment.

We noticed that the Ar-back filled vacuum chamber used for
the experiment was leaking with air intake of ~1 Torr/day. The
survey spectra taken at 5 pus and 15 ps are given in Figure 6 and
the spectrum measured at delayed times showed an
appearance of broad spectral features, an indication of the
presence of molecular bands. The spectral measurements were
taken at a chamber pressure of ~85 Torr (75 Torr Ar and 10 Torr

J. Name., 2013, 00, 1-3 | 5
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air). To the best of authors’ knowledge, this is the first published
experimental data on the electronic spectrum of Pu,O,. This
spectrum shown in Figure 6 is directly compared to the same
spectral range measured at shorter delay times when
temperatures are too high for molecular formation. We assign
the broad spectral features highlighted around 593.2 nm, 606
nm, 624.5 nm, 634.4 nm, and 648.6 nm to Pu,O,.

T T T T T T
{ ——Shot 1
—— Shot 2 -
40000 4 —— 24py EDL spectrum
E) I
a 30000+
[
L,
2
g 20000+
_.0_3 L
=
10000+ [
D“I‘ Fore ! 1 A B 74 e J‘ - il

595 600 605 610 615 620
Wavelength (nm)

Figure 7. Molecular emission band head generated from the ablation of the
passivating oxide layer formed on the surface of the Pu metal sample. The
measurements were taken with a delay time of 15 us and 30 us gate width.
The spectra given were each obtained from a single ablation shot with no
averaging. Shot 1 and shot 2 represent the spectral data obtained without
and with cleaninzg‘ The red spectral features given corresponds to the 2*°Pu
EDL spectrum.™

Without resolution to measure the rotational moment of
inertia of the molecule generating these band spectra, we can
only tentatively assign the observed bands to Pu,O,, but we
extended our experiments to study the formation of these
structures to increase confidence in that assignment. We
collected these electronic spectra using two different
experimental methods. The first method collected spectra from
a cleaning shot, where the surface of the analyte is ablated to
remove any contaminants. Despite the chamber being
backfilled with argon (75 Torr), our Pu metal sample oxidized at
an extremely rapid rate, so that an oxide layer formed during
the sample loading. We observed that when using multiple laser
pulses on the same sample location with 15 us delay and 40 ps
gate, the first shot produced the observed oxide structures and
the second shot did not. Spectra from the first and second shots
are shown in Figure 7. We confirmed that we did not ablate
through the entire Pu foil with the first shot, because the
spectrum from the second shot retains the atomic emission of
Pu metal. The spectral features collected during the cleaning
shot showed broad spectral features along with strong
background-like radiation, indicative of molecular emission.

Our second method traced the temporal evolution of these
spectral features with a series of time-resolved measurements
and results are given in Figure 8. The sample was cleaned, and
then spectra were collected at varying delay times. The
chamber pressure contained a partial air pressure of 10 Torr
(total pressure 85 Torr). Time-resolved spectral features are
predominated by atomic transitions at early times. As time

6 | J. Name., 2012, 00, 1-3

progress, broad molecular spectral features appeared. This is
compared to the same spectral feature shown in Figure 7 that
was generated by vaporizing Pu oxide from the surface of the
analyte.

Several distinct bands due to Pu,O, can be seen in both
Figure 6 and Figure 8. In Figure 8 it is clear that as the atomic
emission lines of Pu subside, the molecular structures are
forming at later times. This lends credence to the assignment of
these bands to a lower oxide of Pu such as PuO. Our future
investigations will look to definitively assign these bands with
rotational resolution using more precise laser techniques such
as laser absorption spectroscopy or laser-induced
fluorescence.?® When interpreting the time-gated spectra in
Figure 8 we again must factor in the temperature dependence
of emission. The bands we are tentatively assigning to Pu,O, are
present in the 10-35 ps window, which from our temperature
fits in corresponds to 5,000 to 3,500 K if the molecules and
atoms are in LTE with one another and these temperatures
favour molecular formation in laser ablation plumes.'? 23 The
absence of these bands after 35 ps can be interpreted that
reactions have taken place and have progressed to higher
oxides, or the temperature has sufficiently cooled to the point

15000 . : ; ; .
1us/1us
10000 - el
5000
45000 5us/5us y
30000 F i
— 15000 .
j 1 1 | 1 1 UI-
o R0 10us/10us |
~— 44000 - i
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22000 - b ar
11000 | [
2250 r i 1 " 1 " I " 1 L 1 L ]
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Figure 8. Time-resolved spectra showing the onset and offset of molecular
emission features in the Pu plasma. Delay / Gate times are shown in the
legend of each frame.
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that the same molecules have stopped emitting. Further
experiments will need to actively probe the plasma in
absorption to determine which of those conclusions is more
accurate.

Conclusions

In this article, we report temporal evolution of Pu spectral
features, plasma temperatures, and Pu plasma chemistry
evolution. Pu spectra features obtained via ns laser ablation are
extremely congested due to numerous atomic, ionic, and
molecular species present in the plume. Time-resolved Pu
emission spectra were compared to simulated Pu | spectra,
which allowed us to estimate the temperature in the ablation
plume as a function of time. At later times in plasma evolution,
when temperatures are much lower, we observe resonant
emission bands indicative of molecular species. We tentatively
assigned these structures to an undetermined Pu oxide (Pu,O,).
These spectral features have not previously been identified in
the literature. Further work is needed to conclusively identify
molecular bands to Pu oxide species. This first-ever report of
Pu gas-phase oxidation spectra has implications for in-field
detection of actinide materials where plasma chemistry is
prominent.
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