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Abstract

First step in molybdenum isotope separation for medical purposes project, based in
laser ablation followed by electromagnetic separation methods, is the characterization
of ablated plasma plume. In this work, a depth profile emission spectroscopy study
of laser-ablated molybdenum plasma expanding on air at atmospheric pressure was
performed, considering Local Thermodynamic Equilibrium and one-dimensional
uniform expanding models. Plasma temperature, electron density, electron population
distribution and electron impact width parameter were evaluated along plasma
expansion axis and reach average values of 15000K, 1018cm-3, 1% of electron
population at 4d45s6s state and (0.017+0.008) nm, respectively. Furthermore, mean
velocity of (5.0+0.7) km/s and the plasma lifetime that was (160+14) ns for length
equal to (1.80+£0.05) mm were measured. So, this work includes a description of
mainly plasma plume parameters, which permits a discussion for isotope separation
methods related to laser ablation.
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Introduction

In Nuclear Medicine, the 99m technetium isotope, *™Tc, is used as
tracer in CT diagnosis exams, and the only source of ™ Tc is beta-decay
of 99 molybdenum isotope, *Mo. The problem is that a few aging
reactors are working for attending world’s needs of ®Mo, besides the
fact that these processes involve highly enriched uranium (HEU).!
Intending to solve this problem, new methods for Mo production
are being proposed, such as neutron activation of *Mo. To improve
this method, it is suggested isotope separation methods to enhance the
abundance of Mo on the sample. A preliminary step to implement
the suggested method is the generation and characterization of a
laser-ablated plasma plume. Laser induced breakdown spectroscopy
of molybdenum can determine expansion speed and lifetime* after
laser pulse of plasma jet, the portion of neutral and ionized species
which constitutes the plasma, electronic population distribution,’
dynamics of plume expansion,* electron density, temperature and
electron impact width parameter.® This work consists on laser ablation
of molybdenum solid target and the characterization of the resulting
plasma plume, aiming to analyze the possibility of application of
isotope separation methods. So, the characterization of molybdenum
by laser induced breakdown spectroscopy contributes not only for
Mo production but also with understanding fundamental concepts
on laser-ablated plasmas.

Experimental setup

For molybdenum plasma plume generation, a Coherent AVIA
355-X Nd:YAG laser emitting pulses with 0.205 mJ energy and 25ns
duration (FWHM) in third harmonic (355 nm) was focused on a
molybdenum solid sample with a laser fluence of 6J/cm? and repetition
rate equal to 1.2kHz. The solid sample was placed on a XYtable,
which movement is controlled by EMC2 software, intending to avoid
sample cratering and plasma extinguishing. Figure 1 indicates a
schematic experimental setup diagram. The plasma emitted light was

collected by lenses set and focused on an optical fiber supported on a
XYZ micrometer, which permits to execute a space-resolved study of
plasma light distribution. Emitted light was analyzed through HR4000
and LIBS 2500+ spectrometers, both from Ocean Optics.
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Figure | Experimental set-up.*

Results and discussions

The acquired spectra from plasma emitted light were investigated
through direct comparison with theoretical spectra (Figure 2)
constructed from NIST database for molybdenum neutral and singly
ionized emission line.” Based on assignment of emission lines for all
emission wavelength range, it can be concluded that the light emitted
from the plasma near the surface of the target is, mainly, due de-
excitation of molybdenum ionized atoms and, as the plasma expands,
it is due to transitions of neutral atoms to the ground state. Assigned
experimental lines were used to determine electron temperature,
electron density and electron population distribution, considering
Local Thermodynamic Equilibrium Model. In this case, Saha equation

Phys Astron Int J. 2017;1(2):49-52.

”IIII Submit Manuscript | http://medcraveonline.com

49

©2014 Sternberg et al. This is an open access article distributed under the terms of the Creative Commons Attribution License,
BY NC

which permits unrestricted use, distribution, and build upon your work non-commercially.


https://creativecommons.org/licenses/by-nc/4.0/
https://crossmark.crossref.org/dialog/?doi=10.15406/paij.2017.01.00008&domain=pdf

A brief overview about laser-ablated molybdenum plasma properties

(Equation 1) relates the electron density of the states with electron
temperature for different ionization stages.’
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In which N is electron density of the state, g is degeneracy, m
is electron mass, E is energy of the level, E is ionization energy. ft
is possible to establish a connection of emission line intensity and its
electronic transition, so Equation 2 relates intensity / and wavelength
A of emission line with electron temperature and total electron density,
where A4 is spontaneous emission coefficient (and can be related to the
probability of spontaneous emission), kB is Boltzmann's constant,
h is Planck’s constant, and sub-indexes +, 0 and e are related to the
ionized atoms, neutral atoms and electrons, respectively.
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Electron temperature along plasma expansion axis was
determined through Boltzmann plot (or its simplification called
two lines method), when only information of emission lines
related to transitions of atoms at the same ionization degree, and
Saha-Boltzmann plot for the ratio of emission lines from different
ionization degrees. So, electron temperature is inversely proportional
to angular coefficient of linear fitting. Figure 3 presents a typical
behavior of electron temperature, with a maximum value at the plume
core, with mean value nearly 15000 K. Replacing the calculated
values for electron temperature in Equation 2, electron density N,
was direct determined. A representative behavior of electron density
along plasma expansion axis is depicted in Figure 4(A) and permits to
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evaluate that, at central portion of the plume, electron density reaches
values around 10" particles/cm?. Once electron temperature values
were measured, it also can be estimated a proportion of electron
distribution population of each electronic level by means of Saha
equation (Equation 1). Figure 4(B) reveals the time evolution of
electron population of 4d*5s6s state, where, at the second moment,
only spontaneous emission was taken into account.

Usually plasma electron density is determined by Stark broadening
(a2 Stark ), which expression depends of electron impact width

parameter (@) , according to Equation 3.

— 2 Ne
MStark =co 16
10 (3)

However, database for molybdenum in literature is scarce, and
this electron parameter is unknown. If it can be reputable that the
experimental line broadening is mainly due Stark and instrumental
broadening mechanisms fitted by lorentzian profile and, once
electron density was determined by Saha-Boltzmann equation, Stark
broadening expression permits to determine the electron impact
width parameter. For 273.339 nm molybdenum plasma emission line
expanding on air at atmospheric pressure and temperature nearly
8000 K, the electron impact width parameter was measured equal to
(0.017+0.008) nm.® Plasma expanding velocity can be determined as
the ratio between length of laser scattered light equal to (0.35+0.05)
mm and laser pulse duration equal to (75+5) ns, considering that the
plasma expansion is uniform. So, the calculated plasma expansion
velocity is (5.0+0.7) km/s and, with measured plume length equal to
(1.80+0.05) mm, plasma lifetime is determined equal to (160£14) ns.
Table 1 summarizes molybdenum plasma properties of laser-ablated
plume expanding on air at atmospheric pressure and it presents a
comparison with reference data.®'?
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Figure 2 Assignment of the molybdenum emission lines for neutral atoms (Mo I).

Dashed line represents experimental data and solid line is theoretical spectrum.*
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Figure 3 Electron temperature evolution along plume expansion axis.®
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Figure 4 Electron density distribution. 4a Total electron density of plume along expansion axis,6 and 4b time evolution of electron population of 4d45s6s state.5

Table I Molybdenum plasma properties

Atmospheric pressure

Mo references References for other metals

Expansion velocity 5.0km/s
Plume length 1.8mm
Electron temperature 15000K
Electron density 2.2x10%cm?3
Electron impact width parameter 0.017 nm

10.0km/s

2.0mm
10500K-13000K
10%*cm=-10*%cm™

0.015nm

10000K
5.0x10%cm3

Conclusion

Emission spectroscopy study of laser-ablated Mo plasma along
plume expansion axis was performed. Plasma parameters as plasma
expansion speed value around 5.0km/s and plasma lifetime nearly
150ns was calculated using uniform and one-dimensional expanding
model. Due direct comparison between experimental and theoretical
spectra and emission lines assignment, it was demonstrated that the
plume evolves from the atoms mainly at ionized states, near target
surface, to the atoms at ground state at the end of plume emission, so
that the plasma becomes a neutral, monatomic and at ground state Mo
jet. Considering Local Thermodynamic Equilibrium Model and Saha-
Boltzmann equation, electron temperature was calculated around
15000K, reaches its maximum value at central portion of the plume

and decays at the boundaries. Also, electron density reaches values
of 10"%cm™ and electron impact width parameter was determined
by Stark broadening expression equal to (0.017+0.008) nm for
temperature of 8000K. The obtained results reveal laser ablation as
an auxiliary method for isotope separation methods and that laser-
ablated Mo plasma plume could be used for Mo production.
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