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A B S T R A C T   

The use of plasmas for chemical analysis is prevalent and new sorts are continually being explored for potential 
applications in this field. However, the underlying mechanisms of characteristic processes that occur in plasmas 
are not completely understood. Free electrons drive chemical reactions, are essential to many plasma inherent 
processes, and are responsible for sustaining the discharge while governing the kinetic energy transfer between 
other species. Thomson scattering (TS) is a powerful plasma diagnostic technique for elucidating the funda
mental electron parameters of number density, kinetic temperature, and energy distribution function. TS ad
vantages include providing the direct, radially and temporally resolved probing of free electrons, with little-to-no 
perturbation of the plasma, with no prior assumptions of local thermodynamic equilibrium conditions, and 
simultaneous electron density/temperature measurements. The aim of this review is to provide a brief expla
nation of the TS theory and the experimental requirements, as well as highlight selected novel instrumentation 
advances and insights about chemical analysis plasmas discovered in the most recent TS publications, not pre
viously covered in other reviews.   

1. Introduction 

Plasmas are currently one of the most commonly used optical 
emission/ion sources for chemical analysis and are inclusive to a wide 
variety of sample types [1–9]. Therefore, novel plasma geometries are 
being rapidly developed for the improvement of qualitative and quan
titative chemical measurements. On the other hand, the underlying 
mechanisms of these new plasma geometries are poorly understood and 
even some of the plasmas that have been around for a while still have 
some fundamental aspects that need better insights. It is imperative to 
understand the spatiotemporal evolution of the plasma species and the 
corresponding fundamental parameters in order to rationally improve 
their analytical performance, rather than through trial-and-error ap
proaches. The distribution of species is unique to each type of plasma 
geometry and method of formation, specifically relating to the differ
ences in kinetic energy and number density. These in turn affect char
acteristic processes including excitation, ionization, sputtering, and 
ambipolar diffusion through a multitude of mechanisms, such as elec
tron impact and radiative recombination [1,10,11]. 

One such plasma species of interest are free electrons. Free electrons 
play a critical role pertaining to the chemical and physical interactions 
within plasmas used for chemical analysis. They also affect many 
equilibria processes with one of the most important being successive 
ionization states of the plasma species [12–14]. The primary driving 
force of kinetic energy transfer is free electron interactions between 
sample, surface, and gas [11]. The mechanisms of energy transfer can be 
elucidated by studying the spatial and temporal behavior of the electron 
number density (ne), temperature (Te), and energy distribution function 
(EEDF) for a more inclusive picture into understudied plasma 
geometries. 

1.1. Techniques for measuring electron parameters 

There are several techniques commonly implemented for insight into 
the fundamental properties of plasmas used for chemical analysis 
[11,15–17]. Optical emission spectroscopy (OES) methods, such as Stark 
broadening or Boltzmann plots, are regularly used to extract ne and Te, 
given the relatively simple experimental setup requirements. However, 
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OES techniques may suffer from self-absorption and offer only inher
ently integrated measurements along the line-of-sight (LOS) [18–20]. 
More complicated experimental setups are required if radially resolved 
information is to be obtained from the measurement, e.g. computer 
aided tomography [21]. On the other hand, image processing tech
niques, such as Abel’s inversion (mathematic transformation) can be 
implemented to extricate radially resolved values from LOS integrated 
images [22–24]. Nevertheless, Abel’s inversion inherently introduces 
error that may accumulate towards the center of the plasma (typically 
the most analytically useful region) and requires the assumption of a 
radial symmetry across the plume [22,23,25]. Furthermore, OES 
methods typically require an assumption that the plasma is in local 
thermodynamic equilibrium (LTE) to obtain ne and Te, which is not 
reasonable for many plasmas used for chemical analysis [26–31]. 

Conversely, Langmuir probes are frequently used as an alternative to 
OES for measuring plasma electron fundamental parameters 
[27,31–34]. Advantages of Langmuir probes include being more cost- 
effective than some OES components, providing spatial resolution 
limited only by the size of the probe, having better sensitivity than the 
methods previously mentioned, and being a relatively simple experi
mental procedure. The main drawbacks to this technique are the likely 
perturbation of the plasma by the probe, material deposition on the 
probe, temperature thresholds which can result in damage of the probe, 
and the complicated nature of data analysis [31,35]. 

1.2. Thomson scattering 

A more reliable approach to measuring the fundamental plasma 
parameters is through laser-induced scattering techniques, such as 
Thomson scattering (TS) [15]. Thomson scattered radiation, produced 
by elastic interactions of photons with free electrons in the plasma, al
lows for the direct, highly resolved spatial, spectral, and temporal 
probing necessary to obtain electron maps and the electron energy dis
tribution function (EEDF), without assuming LTE or performing math
ematical transformations to obtain radially resolved values 
[10,17,36–39]. TS also offers the advantage of allowing the ne and Te to 
be measured simultaneously, without the compounding of error from 
one calculation to the next [40]. In addition, the instrumental re
quirements for TS allow complementary scattering techniques such as 
Raman or Rayleigh scattering to be implemented with minimal/no 
changes to the existing experimental setups [41,42]. Perturbation of the 
plasma can also be avoided by this technique if the laser intensity is 
strictly controlled, as will be discussed below. Nevertheless, the imple
mentation of plasma diagnostics by TS follows a stringent set of exper
imental requirements, which often require specialized instrumentation 
to accurately probe the fundamental parameters of plasmas. 

1.3. Aim of review 

The aim of this review is to present how TS measurements have 
contributed to the better understanding of the underlying mechanisms 
in plasmas used for chemical analysis. Herein, a short overview of the 
theory, experimental requirements, advances in instrumentation, and 
selected applications (most recent and not previously reviewed) with 
various plasma types within the last couple of decades will be discussed. 

2. Thomson scattering 

2.1. Theory basics 

When laser light is passed through a plasma, the individual species 
present will scatter a portion of the incident radiation. The measured 
scattered power per unit of wavelength Pλ

i (λ) by an individual species i 
within a plasma is modeled by the given Eq. [43], 

Pi
λ(λ) = P0nif

(
dσi

dΩ

)

ΔΩSi
λ(λ)L (1)  

where P0 is the incident laser power, ni is the density of the particle i 
responsible for the scattering, f is a constant that is determined by the 
efficiency of the optics and the detector, dσi/dΩ is the differential cross- 
section of the scattering from a species i, L is the detection volume length 
along the laser line, ΔΩSλ

i (λ) represents the spectral density of scattered 
photons on species i as a function of wavelength over a solid angle ΔΩ 
(Fig. 1A). 

Through the interaction with incident radiation, the elastic scat
tering of protons and electrons bound to heavy particles occurs, called 
Rayleigh scattering [43]. The Rayleigh differential cross-section is the 
largest, compared with the other types of scattering cross-sections, and 
is effectively due to the most abundant species in the plasma being 
neutral gas atoms (for the plasmas reviewed herein), defined by the 
expression [45], 

dσR

dΩ
=

16π4ai

λ4
i

(
1 − sin2θcos2φ

)
(2)  

where ai is the specific gas species’ i volume polarizability, λi is the 
incident laser wavelength, θ is the scattering collection angle (angle 
between the incident laser and the scattered wave), and φ is the angle 

between the polarization of the incident beam (Ei
⃑

) and the plane of 
scattering (Fig. 1A). 

As previously mentioned, TS is the scattering of radiation, with no 
kinetic energy transfer, caused by oscillations of unbound charges 
interacting with an incident electromagnetic wave. Electrons are the 
main species probed by this technique since they have low masses in 
comparison with the other species present, therefore allowing them to 
quickly react to changes in the incident radiation’s electric field. The 
total Thomson scattered differential cross-section dσT/dΩ is given by the 
Eq. [46], 

dσT

dΩ
= r2

e

(
1 − sin2θcos2φ

)
(3)  

where re is the classic electron radius (2.818 × 10−15 m). The frequency 
of scattered photons is noticeably Doppler shifted due to the motion of 
the free electrons with respect to the incident laser beam and the de
tector [47,48]. This movement is influenced by a micro-scale fluctuating 
electric field that is further excited through electron thermal motion. 
The modulating electron distribution that results can be decomposed via 
Fourier methods to define the distribution as a superposition of ne plane 

waves with a characteristic frequency and directional vector Kf
⃑ 

(Fig. 1A) 
[43]. When a narrow bandwidth source, most effectively a laser, is used 
to probe a small region of the plasma, the resulting spectrum is broad
ened around the source’s center wavelength. The collected scattered 
light carries inherent spatially resolved information along the laser axis 
where the incident photons have interacted with plasma species at 
different radial positions. In addition, the collected scattered light also 
carries inherent temporally resolved information because it is only 
produced when the pulsed laser beam interacts with the plasma species. 
Therefore, time resolved information is obtained only during the time 
the laser light probes the plasma species and the temporal resolution is 
limited only by the laser pulse duration. 

When the incident laser light having an electric wave vector Ki
⃑ 

in
teracts with a group of fluctuating electrons as described previously, the 
light sees a sinusoidal grating formed by the ne wave and diffraction of 

the incident light occurs in the direction of the scattering wave vector Ks
⃑

. 
Through Newton’s third law, the conservation of momentum must occur 

and thus Ks
⃑ 

can be defined as the resultant vector, after the addition of Ki
⃑ 
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and Kf
⃑ 

(Fig. 1A) [43]. Inside a Debye sphere, of which the volume is 
defined by the Debye length (λD), all electrons undergo coupled oscil
lations within the wavelength λf. Furthermore, the λf can be calculated 

from the magnitude of the vector as follows 
⃒
⃒
⃑

Kf
⃒
⃒ = 2π/λf and its in

fluence on the scattering (Salpeter) parameter α is shown in Fig. 1A [43]. 
Depending on the Te and ne of the plasma, laser wavelength, and the 
experimental geometry, laser light can be scattered coherently (λf ≫ λD) 
or incoherently (λf ≪ λD) which is defined by the scattering parameter α 
given by the relationship [49], 

α =
λi

4πsin θ
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4πnee2

kBTe

√

(4)  

where e is the electron charge and kB the Boltzmann constant. Coher
ently, also called collectively, scattered radiation stems from plasma 
waves of the electron (satellite peaks) and ion-acoustic (central portion) 
origin and is observed when α ≫1, however when incoherently scat
tered, the source is mostly from independent free electrons and is 
observed when α ≪ 1. In the transition range of ~0.1< α <1.5 there are 
contributions from both coherent and incoherent scattering which 
greatly affect the shape of the scattered spectrum. The shape of the 
scattering spectrum reveals two satellite peaks symmetrically distrib
uted in the frequency domain and centered at the laser’s frequency, 
when the scattering is of a collective nature. Fig. 1B shows example TS 
spectra, of the electron contributions only, for different values of α and is 
further supplemented with a table at the top that shows a range of 
characteristic ne and Te for the plasmas described herein, and how α and 
λD change as a function of the angle θ. Furthermore, a narrow ion feature 
(nearly 2 orders-of-magnitude narrower than the electron contributions) 
is formed near the laser frequency, has a power that scales directly to the 
number density of ions squared (nion

2 ), and overlaps with the Rayleigh 
and stray-light signals. The ne and Te can be extracted by fitting the 
spectral density function without any need for calibration of the scat
tered power, assuming the EEDF follows a Maxwellian distribution 

[11,44]. The power of the satellite peaks scales directly to the ne/(1 +
α2) and the Te, while the combined shape and distance from the laser 
central frequency is representative of both the Te and ne by the Salpeter 
approximation [11,44,46,49–51]. Coherent TS studies have less strict 
instrumental requirements (lower spectral resolution and contrast) to 
accurately probe the free electrons due to the satellite peaks’ (scattered 
signal from the electron contribution) intensity being directly related to 
the ne, their significantly greater frequency shifts, and the often much- 
higher ne of the plasmas investigated. If the EEDF is of Maxwellian na
ture and the laser light is incoherently scattered, then a single Gaussian 
fit to the doubly Doppler shifted (red and blue shift) TS spectrum relates 
to the Te by the equation [43], 

Te =

(
mec2

8kBλ2
i sin2θ

2

)

Δλ2
1/e (5)  

where me is the resting electron mass, c is the speed of light in a vacuum, 
and λ1/e is the 1/e half-width of the Gaussian fit spectrum. The Te can 
also be extracted by plotting the natural logarithm of the spectral in
tensity vs. the wavelength shift squared, if a linear response is observed, 
then it is proportional to the inverse of the line’s slope through the 
following relationship [40,51,52]. 

Slope =
−6.39 x 104

λ2
i

(
sin2

(θ
2

)
Te

)−1
(6) 

Following the same assumptions (Maxwellian EEDF and incoherent 
scattering) as when extracting the Te, the ne in the probed volume can be 
determined by integrating the spectral response area and absolutely 
calibrating the response to the Rayleigh scattering intensity IR at a 
known gas density nR via the following equation [52], 

ne =

∫
IT dλ
IR

(
σR

σT

)

nR
(
1 + a2)

(7)  

where σR/σTis the ratio between Rayleigh and Thomson cross-sections. 

Fig. 1. (A) Shows the geometry of a typical TS experiment and the relationship of the Debye length (λD) to the scattering (Salpeter) parameter (α). (B) Example TS 
spectra, where the z-axis is the spectral density of scattered photons from the electron contribution (Sλ

e(λ)), shown for α ≪ 1 (incoherent), α ~ 1 (transition range), α 
≫ 1 (coherent) [44]. The corresponding table shows the effect of differences in scattering geometry, ne, Te, and the resulting α. 
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Unfortunately, deviations of the EEDF from Maxwellian equilibrium are 
seen in low-temperature and low-pressure plasmas due to non-LTE 
conditions, and thus a Gaussian profile no longer accurately represents 
the relationship between the spectral response and the EEDF shape. A 
simple method to relate the Thomson scattered spectrum directly to the 
EEDF shape has been previously reported by Huang et al. [39] which 
involves plotting the change in intensity of neighboring spectral chan
nels as a function of the observed wavelength shift squared. 

2.2. Experimental requirements 

TS measurements are difficult to perform based on the inherently 
small cross-section for Thomson radiation, the many orders-of- 
magnitude higher Rayleigh scattering signal intensity centered at the 
peak laser wavelength, the presence of large amounts of stray light, and 
the need to maintain the plasma integrity without perturbation when 
probing the species present. The Thomson scattered differential cross- 
section across a solid angle typically has values ranging between 
10−29 and 10−31 m2 sr−1 as seen by Eq. (3). In comparison, the Rayleigh 
scattered differential cross-section can be many orders-of-magnitude 
higher, commonly 107 times or greater in difference, shown by Eq. 
(2), which places a large burden on spectral contrast (ratio between the 
intensities at various wavelength shifts in relation to the central Ray
leigh peak) close to the laser wavelength. Extremely close wavelength 
shifts are seen in many plasmas used for chemical analysis due to the 
majority of probed electrons being thermalized thus having relatively 
low Te, commonly less than 1 eV [11,16,17,29,37]. It is imperative that 
the Rayleigh scattering signal is minimized to permit implementation of 
appropriate detector gain levels to realize Thomson measurements and 
prevent detector saturation. Stray light, often originating from the high- 
powered laser light reflecting/scattering off various surfaces, effectively 
increases noise across the entire resulting spectrum and can problem
atically lower the signal-to-noise ratio to unacceptable levels. 

Based on the expanded upon criteria for TS measurements, a wave
length selection instrument must be utilized that has the ability to 
maximize optical throughput, have high spectral contrast at wavelength 
shifts close to the laser wavelength and minimize stray light levels 
simultaneously. Moreover, the plasma of interest must be considered 
when designing an experimental setup. Triple grating spectrographs 
(TGS) are well suited for measurements on low-density plasmas (ne ≤

1014 cm−3) of which there have been a few designs reported to date 
[37,53]. For example, Finch et al. very recently described a TGS that 
features an f-number of F/2, spectral resolution of ~0.6 nm, contrast 
≤10−6 at 532 ± 0.5 nm and stray light rejection (~1.8 × 10−8 at 22 nm 
− 32 nm above and below 532 nm), with the lowest limit-of-detection in 
terms of ne reported to date of ~109 cm−3 when measuring chemical 
analysis plasmas at ~1 eV Te [54]. On the other hand, single mono
chromator setups (many of which are commercially available) are more 
suited to higher-density plasma measurements (ne ≥ 1014 cm−3) and a 
couple have been described recently [42,55]. For example, Zhang et al. 
recently used a commercial spectrometer (Andor, Shamrock 500i) 
equipped with an iCCD camera (Andor, DH334T-E3) that has an f- 
number of F/6.5 and a spectral resolution <0.1 nm [56], while being 
able to detect ne of ~3 × 1016 cm−3 at ~1 eV Te [42]. Furthermore, in 
observation of the extremely small TS cross-sectional area, a relatively 
high laser intensity must be used to obtain a large enough photon flux 
for measurement purposes. Nevertheless, plasma perturbations due to 
heating effects involving interactions between high energy lasers and 
plasmas have been problematic for deterministic energy studies [44,57]. 
Multiple studies have been performed in which the primary in
termediaries contributing to plasma heating are shown to be electron- 
ion collisions after inverse bremsstrahlung processes within thermal 
plasmas and electron-atom collisions in non-thermal plasmas 
[12,58–62]. The criteria to avoid plasma heating effects was revisited in 
a paper by Carbone et al. in 2012 that defines the relative increase in 
electron temperature, assuming the refractive index of the plasma is 1 

and the square of the lasers’ angular frequency ωlaser
2 is greater than the 

square of the collision frequency, for electrons with heavy particles veh
2 

by the following expression [63], 

∆Te

Te
=

2E1vehω2
pl

3Acω2
laser

(
1

nekBTe

)

(8)  

where E1/A is the incident laser fluence and ωpl is the angular electron 
plasma frequency. Preventing plasma heating is necessary as the frac
tional increase in the Te is directly proportional to increasing the laser 
fluence, as seen by Eq. 8, and is the only controllable external parameter 
other than the laser wavelength, which is typically non-tunable. In 
addition, it has also been recently shown that when using high laser 
fluences (1016–1017 W x m−2) and a laser pulse duration >1 ns, the error 
in measuring the ne can significantly increase (~10–20%) when 
analyzing plasmas with Te = 1 eV and ne < 1010 cm−3 [57]. In a low- 
pressure plasma, the electron’s mean-free path is often on the same 
order of magnitude as the laser beam radius used in TS studies (< 1 mm). 
This gives a displacement time of <1 ns for electrons near the laser beam 
to move out of the detection volume by ponderomotive forces [64]. 
Therefore, the increase in error at laser pulse widths >1 ns is due to the 
number of electrons in the detection volume effectively decreasing 
during the scattering measurement while displacement by ponder
omotive forces occurs. 

3. Insights gained through selected Thomson scattering studies 

3.1. Inductively coupled plasmas 

Inductively coupled plasmas (ICPs) are an effective analytical tool, 
specifically pertaining to elemental analysis [65]. ICP diagnostics per
formed via TS studies for spectrochemical analysis were pioneered by 
Hieftje and co-workers (Sesi et al. [66], Marshall et al. [67,68], Huang 
et al. [39,40,69]), furthered by van der Mullen and de Regt [70–72], and 
have been covered in previous reviews [11,15]. It is important to note 
that relatively high ne (~1014–1015 cm−3) are typically encountered in 
ICPs implemented for elemental analysis, thus less stringent instru
mentation such as single monochromators can be successfully used for 
TS diagnostics. A couple of selected TS studies that have not been pre
viously reviewed will be briefly discussed to illustrate. 

Coupling the ICP with mass spectrometry (MS) offers several ad
vantages including simultaneous multi-elemental analysis (with appro
priate mass analyzer e.g. time-of-flight), low limits of detection, a wide 
dynamic range, and the ability to perform isotopic analysis [65,73]. 
However, ICPMS is known to suffer from matrix effects that are not well 
understood in the upstream region of the MS interface. Gamez et al. 
implemented Thomson and Rayleigh scattering plasma diagnostics to 
assess the effect of exposing the tail of the ICP to a MS sampler, as a 
function of varying operating conditions, including ICP radiofrequency 
(RF) power and central-gas flow rate, as well as MS sampler pressure and 
sampling depth [74,75]. The fundamental electron characteristics were 
measured in the presence and absence of the MS sampling interface, 
which allowed for a more representative picture of the underlying 
changes seen during ICPMS analyses. The authors used a single mono
chromator setup, previously described by Sesi et al. in 1997 [66], where 
the spectral image was shifted to focus the laser wavelength just outside 
the iCCD detector’s active area. This allowed half the Doppler broad
ened TS spectrum to be measured on one side, without the Rayleigh 
signal causing saturation. 

Fig. 2 displays the effects of varying levels of RF power on ne and Te 
at various radial positions. It is apparent that ne and Te both increase 
with increments of applied RF power. These radial profiles display a low 
ne and Te at the axis, which subsequently increases with radial distance. 
Furthermore, the ne is lower with the MS sampling interface than 
without it at 0.75 kW (Fig. 2A). However, the reverse trend is observed 
at 1.5 kW (Fig. 2B). It was postulated that the MS interface was 
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intercepting some of the applied power via eddy current creation, thus 
the effect is more noticeable at lower applied RF powers [75]. The 
overall Te at 1.00 kW (Fig. 2D) is higher than that at 0.75 kW (Fig. 2C) 
which can be seen in both the central channel and the outer regions, 
though it is more drastic at the axial position. The introduction of the 
sampling interface generally causes a decrease in Te, which can be seen 
in Fig. 2C-D. This effect can also be explained by the interception of 
applied power by the MS interface previously mentioned. Another hy
pothesis to explain the lower Te is that the interface can behave as a heat 
sink [74]. 

Fig. 3A-B display the effects of varying sampling depths on the ne as a 
function of radial position. The effects of central-gas flow rate were also 
measured, at the axial position and in the outer region of the plasma 
(4.9 mm), with and without the MS sampling interface (Fig. 3C). 
Overall, the ne drops with an increase of central-gas flow rate, though it 
is much more pronounced around the axis of the plasma. The effects of 
sampling depth were then observed at 6 mm below the sampling cone. 
At a sampling depth of 13 mm above the load coil (ALC), with a corre
sponding observation height of 7 mm ALC (Fig. 3A), the ne has higher 

maxima at the outer regions of the plasma while being lower in the axial 
position when compared with a sampling depth of 17 mm ALC (Fig. 3B) 
and a corresponding observation height of 11 mm ALC. Furthermore, the 
effects of the sampling interface on the electron distributions are more 
pronounced at a 17 mm ALC (11 mm ALC observation height) sampling 
depth. 

Overall, changing the ICP operating conditions was shown to have 
varying effects on the plasma’s electron parameters. Significant changes 
were also observed in the presence of the MS sampling interface. 
Generally, the Te and ne in the upstream region of the ICP were seen to 
increase with increasing RF power (Fig. 2A-D). The increased ne in the 
outer regions of the plasma when the interface is present, together with 
lowered Te and Tg, indicates that the rate of ambipolar diffusion was 
reduced, leading to a slower decay of the plasma. Additionally, the 
interface also produced an increasing disparity between the Te and Tg 
with increments of applied RF power, which is an indication that the 
interface detracts the ICP further from LTE [75]. The authors also 
observed that increased RF power leads to increased lateral diffusion, as 
shown by changes in measured Ca+ number densities, while addition of 

Fig. 2. Radial profiles displaying ne values at (A) 0.75 kW and (B) 1.5 kW of RF power applied and Te values at (C) 0.75 kW and (D) 1.00 kW of RF power applied 
during the introduction of a 0.1 mM Ca solution observed from 7 mm above the load coil (ALC) with (■) and without (○) the MS sampling interface [75]. Adapted by 
permission of Elsevier. 
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Li as a matrix further lowered the Ca+ at the axial position, possibly due 
to earlier vaporization coupled with a shift in ionization equilibrium. In 
addition, evacuating the region behind the MS sampler was shown to 
increase ne 1–2 mm upstream from the sampler tip towards the axial 
location [75]. 

A decrease in ne was observed at higher central-gas flow rates 
(Fig. 3C). These effects are more prominent in the axial position of the 
plasma. Also, it was determined that at central-gas flow rates below 1.0 
L/min, the presence of the MS interface would lower ne values. Tg were 
also shown to be lowered in the presence of the MS interface [74]. The 
authors conclude that care should be taken when using MS-based 
diagnostic techniques to obtain insights into mechanisms of an ICP not 
perturbed by an MS sampler. 

Other authors have also recognized the importance of understanding 
the effects of the MS interface on the upstream ICP. For example, 
Farnsworth and co-workers used laser-induced fluorescence to monitor 
metastable ion and ground state ion number densities and showed, 
among other insights, that their ratio is lowered in the presence of the 
MS interface, which indicates lower excitation temperature (Texc). [76]. 
Aghaei et al. studied the effects of an MS sampling cone via computa
tional methods and observed increasing ne values in the central region of 
the plasma with increments in the distance of the sampler cone from the 
load coil [77], in agreement with experimental studies performed by 
Gamez et al. [74]. 

3.2. Glow discharges 

Glow discharges (GDs) have been widely used for the direct 
elemental analysis of solids, throughout a wide variety of applications 
[5,78]. These plasmas offer many advantages, including high- 
throughput (fast sputtering rates) simultaneous multi-elemental anal
ysis, low operating costs, depth-profiling capabilities, and the ability to 
perform accurate analysis on low mass elements while the majority of 
other techniques fall short [2,4,6,8,79–82]. Several plasma diagnostic 
studies have been performed on GDs under conditions relevant for 
chemical analysis, in an effort to better understand the underlying 
mechanisms [27,83]. Some of those studies include measurements of Tg 
and ne via Doppler and Stark broadening [84], respectively. Other 
studies measured Te, ne, and EEDF via Langmuir-probes [27,31,32,85]. 

There are also some studies that report Texc which gives an indication 
of the energy distribution pathways [27,86–88]. However, it should be 
noted that typical GD operating conditions for OES and MS analysis 
include low pressures, which leads to further deviations from LTE and a 
lower ne, as a consequence of the reduced number of collisions [89]. On 
one hand, the more pronounced deviations from LTE mean that Texc and 
ionization temperatures (Tion) are not very reliable for deducing Te. On 
the other hand, the lower ne in GD requires instrumentation with better 
contrast, stray light rejection and light throughput to achieve accurate 
TS measurements.  

In 2003, Gamez et al. first reported an instrument to perform laser- 
scattering fundamental studies on GD under typical conditions used 
during chemical analysis (Fig. 4A) [36]; the Te, ne and EEDF were ob
tained via TS and Tg was obtained via Rayleigh scattering [36]. A Nd: 
YAG laser (probe beam) at 532 nm was directed to a GD chamber 
equipped with several features for restricting stray light, such as 
entrance and exit windows set at Brewster angle placed far from the 
observation region, a series of baffles inside the extended arms, a pair of 
irises to cut the divergent light around the beam, and black paint lining 
the inside of the GD chamber to reduce the reflectivity of the walls. All 
these practices resulted in a low stray light level of ~350 mTorr of Ar 
gas. This is an excellent example of the stray-light minimization when 
compared to a previous ICP plasma diagnostic system used by Sesi et al. 
which achieved a level of ~11 Torr [66]. The double monochromator 
(SPEX 1403, f/6.9) used was also able to provide a high contrast of 
~10−6 at 1.4 nm wavelength shifts. The sensitive, PMT-based, gated 

Fig. 3. Effects of varying sampling depths at (A) 13 mm ALC and (B) 17 mm 
ALC on the ne with a central-gas flow rate of 1.1 L/min and observed from 6 
mm below the sampling cone with (■) and without (○) the MS sampling 
interface. (C) Displays the effects of central-gas flow rate on the ne from an 
observation height of 7 mm ALC in the outer regions of the plasma at 4.9 mm 
and in the axial position with and without the MS sampling interface [74]. 
Adapted by permission of Elsevier. 
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photon-counting system allowed weak signal detection, while lowering 
the overlapping plasma background radiation measured. The planar- 
cathode GD geometry consisted of a 1.2 cm diameter Cu cathode and 
a 5.0 cm diameter stainless steel anode, with an interelectrode distance 
of 5 cm. 

As aforementioned, GD is not in LTE, which results in different 
species having different temperatures. Fig. 4B shows that when a TS 
spectra from the GD is plotted as ln(scattered signal) vs Δλ2, it does not 
yield a single linear relationship which, as explained previously (Section 
2.1), would be the case when a single Maxwellian distribution describes 
the EEDF. Instead, the wavelength shifts closer to the laser line fit one 
line, corresponding to a low-energy electron group, and the further 
wavelength shifts fit a second line, corresponding to a high-energy 
group. The Te (0.42 ± 0.03 eV, r2 = 0.99) from the low-energy elec
tron group was observed to be comparable to other studies using 
different techniques [27,90]. On the other hand, the corresponding ne 
(1.75 ± 0.21 × 1013 cm−3) was different from the literature values and 
this was assigned to disparities between operating conditions (Grimm 

type vs planar-cathode) or drawbacks from the particular diagnostic 
technique utilized (e.g. Langmuir probe perturbations) [27]. The capa
bility to obtain EEDFs from the TS spectra was also shown, determined 
by the method developed by Huang et al. [39] described in section 2. 

Gamez et al. used the instrument described above to perform a sys
tematic fundamental study on a direct current (DC) GD [28]. The study 
focused on the axial profiles (4 mm to 23 mm from the cathode) of Tg, Te, 
ne and EEDF obtained under a variety of operating conditions (pressure: 
1 Torr vs 3 Torr, voltage: 515 V vs 880 V, and current: 2.5 mA vs 10 mA). 
Another parallel study by Bogaerts et al. compares these experimental 
results to those obtained with theoretical computational models [26], 
including Monte Carlo methods, fluid dynamics, heat conduction 
models, and others, selected due to their direct relevance for the Ar gas 
and electron characteristics. In this section, more efforts will be focused 
on the experimental part of the study. 

It is reported that at any given set of operating conditions, Tg de
creases, in the range of 1000 K to 273 K, as the probing distance from the 
cathode surface increases. Also, at any given pressure, Tg is directly 
proportional to the applied current and voltage. When the current is kept 
constant at 10 mA, the Tg is lower at the higher pressure (3 Torr) 
compared with 1 Torr. Meanwhile, the voltage is reported to be lower at 
3 Torr, indicating less resistance in the plasma through Ohm’s law, 
which was considered as the reason for the decreased Tg. Similar trends 
that these parameters have on Tg are also reported in other studies 
[30,84,89,91,92], despite the differences in operating conditions. It is 
noteworthy to mention that the authors could not measure Tg closer than 
4 mm to the cathode due to the high levels of stray light generated. 

The experimental results also agree with theoretical values based on 
computer modeling developed by Bogaerts et al. [26]. The calculated Tg 
is nearly linear with the assumed cathode temperature, which may be a 
weakness of the model since it is very difficult to directly measure the 
actual temperature of the cathode. Thus, the cathode temperature is 
corrected with the Tg distribution, which results in a better fit of current- 
voltage-pressure. Overall, the study shows that the experimental data 
and the computational data are in reasonable agreement after taking 
into account operational differences. 

Te results show that at a particular set of operating conditions, 
greater deviations from a single-Maxwellian behavior are observed 
closer to the cathode surface. At closer distances (4 mm, 6 mm and 8 
mm), it is obvious that two distinct groups (high-energy electrons and 
low-energy electrons) are present. The measured EEDF results (Fig. 5A) 
show the distribution of low-electron energies is relatively constant at 
increasing cathode distances, while the population of high-energy 
electrons drops below the ne detection limit. When the current and 
power are reduced (from 55 mA to 35 mA, 1 kV to 520 V), fewer low- 
energy electrons are observed at further distances, which the authors 
suggest may be due to the increased collisional frequency between Ar 
and electrons, given the higher Ar number density related to the lower 
Tg measured. Modeling results by Bogaerts et al. [26] shows that the 
comparison between the experimental data and the calculated data 
cannot be directly made. This is because the model calculated EEDF is 
more suitable for high-energy rather than low-energy electron groups, 
and as mentioned before, experimental TS was unable to record the 
high-energy electron groups due to the ne detection limit. 

The measured ne of the thermalized (low-energy) electrons (Fig. 5B) 
decreases as the distance to cathode increases, while high-energy elec
trons can only be observed when the distance to the cathode is <8 mm. 
The ne from both the computational model and TS, at 3 Torr, 55 mA, and 
1000 V, present much smaller values when near the cathode [26]. A 
maximum ne was observed in the computational model where the 
negative glow begins (1 mm from the cathode) and deceases signifi
cantly until 20 mm from the cathode, giving a ‘peak’ shape. However, 
under 3 Torr, 55 mA, and 1000 V conditions, the experimental results do 
not show this ‘peak’ shape, which can be contributed to the inability to 
measure closer than 4 mm to the cathode surface as mentioned 
previously. 

Fig. 4. (A) Schematic of the laser-scattering instrument for characterizing GDs. 
(B) Linearized TS spectrum showing 2 distinct groups of electrons (thermalized 
and high-energy) [36]. Adapted with permission from The Royal Society 
of Chemistry. 
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In 2006, Gamez et al. conducted a systematic investigation on the 
fundamental parameters (Tg, ne, EEDF, and Te) for ms-pulsed DC GDs, 
taking advantage of the inherent spatiotemporal resolution of TS [29]. 
Pulsed GD has been found to lower cathode heating effects, which allows 
the application of higher instantaneous powers, resulting in strength
ening the excitation and emission processes [93]. Different pulse time- 
regimes can offer unique advantages [94], such as measuring lower 
background during the afterglow or accessing different ionization 
pathways in the prepeak (electron impact) and afterglow (Penning 
ionization) to yield elemental, structural and molecular information. 
Nevertheless, the underlying mechanisms under pulsed GD conditions 
are not completely understood. In this work, the aforementioned TS 
instrument design [36] was upgraded with an iCCD, instead of a PMT, 
for simultaneous signal detection from multiple spatial positions. Mea
surements were performed using a 5 ms GD pulse duration at 1 Torr (13 
mA plateau, 820 V plateau) and 3 Torr (75 mA plateau, 920 V plateau). 
The Tg observed during the prepeak was related back to the temporal 
profiles of the current, while Tg measurements during the plateau agreed 
with the two previous DC GD studies using the same instrumentation 
after normalizing the current and voltage [26,28]. 

The Te and ne from the observed higher energy electrons, are shown 
in Fig. 6. It is evident that Te in the prepeak (0.2 ms) is lower than at the 
plateau (4.9 ms), while the opposite trend was reported for the Te of the 
low-energy electron group. The ne of the high-energy electron group 
(Fig. 6B) is higher at the prepeak than the plateau, while the opposite 
trend was also reported for the ne of the low-energy electron group. The 
authors attributed these trends to the voltage effects on Te. For example, 
when the pulse starts (prepeak), the voltage will slowly rise and the 
relatively lower Te of the high-energy electron group (found earlier in 
the pulse before the plateau) will result in more favorable collision cross- 
sections, thus improving energy transfer and resulting in higher Te for 
the thermalized electron group. 

During the pulse plateau, it was shown that ne decreases at farther 
distances from the cathode. On the contrary, in the afterglow region 
(5.2 ms), the ne value increases from 4 to 6 mm from the cathode. In 
addition, the ratio of ne in the afterglow to the plateau (4.9 ms) is lower, 
closer to the cathode. The authors propose that this is due to the increase 
in the Ar metastable number density at certain positions in the after
glow, leading to a higher degree of Penning ionization. Furthermore, the 
low ne measured in the afterglow puts in question the significance of the 
collisional-radiative recombination mechanism (Ar+ + e−+ e− ➔ Ar* +
e−) for the formation of Ar metastables, because the reaction rates 
associated with that pathway require a considerable increase in ne. Thus, 
the authors propose that dissociative recombination of Ar dimer ions 
(Ar2

+ +e− ➔ Ar* + Ar) will play a more significant role than previously 
considered [95]. Moreover, a follow-up study conducted by Bogaerts 
[96] considering which mechanisms contributes the most for the for
mation of Ar metastables in the afterglow in pulsed GD, further sup
ported the significance of dissociative recombination of Ar dimer ions. 

3.3. Laser induced plasmas 

Laser induced plasmas (LIPs), especially those used for laser-induced 
breakdown spectroscopy (LIBS) have become very popular in recent 
years due to their inclusiveness to a wide variety of samples types 
(organic and inorganic) that can be analyzed, little-to-no sample prep
aration, stand-off/remote sensing and elemental mapping capabilities 
[25,97–101]. However, the quantitative nature of LIPs (especially 
calibration-free techniques) can only be accurately realized if an 
extensive knowledge of the fundamental species densities and temper
atures is available. The need for this underlying knowledge comes from 
the highly complex laser-sample-plasma interactions that are known to 
have drastic spatiotemporal changes. Nevertheless, there are significant 
discrepancies seen between different theoretical modeling approaches 
and experimental observations of LIPs, thus providing a need for more 
accurate and reproducible plasma diagnostics techniques [42,55,102]. 

Fig. 5. (A) The EEDF at various axial positions, where regardless of cathode 
distance, the low-energy electrons have a higher population than the high- 
energy electrons. (B) The ne at different distances from cathode, also showing 
that the population of the lowest energy electron group is higher than the 
higher energy electron groups. Results shown were obtained with the GD at 3 
Torr, 55 mA and 1 kV [28]. Adapted with permission from Elsevier. 
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TS has already provided many insights into the fundamental species 
parameters and underlying mechanisms as a function of space and time 
for LIPs, which have been highlighted in a 2014 review published by 
Dzierżȩga et al. [25]. It is noteworthy to mention that relatively high ne 
values are found in LIPs and thus the instrumental requirements are less 
stringent than when analyzing plasmas with much lower degrees of 
ionization. Studies have been successfully performed using only single 
monochromators as wavelength selection instruments, rather than 

double or triple spectrometers [42,55]. Some selected TS studies on LIPs 
that have taken place since the 2014 review will be presented here to 
show the newly gained insights. 

In 2015, Nedanovska et al. performed a spatiotemporally resolved 
study of the expansion dynamics of a LIP operated in atmospheric He 
[103]. Plasma creation was performed in 1 atm of He using 9 ns, 140 mJ 
laser pulses focused to 1011 W × cm−2, from a 1064 nm Nd:YAG laser 
operating at a 10 Hz repetition frequency. Scattering measurements 
were performed using a second Nd:YAG laser to probe the LIP orthog
onally (parallel to entrance slit of double spectrometer for radial infor
mation) at 532 nm using 7 ns, 80 mJ pulses focused to ~400 μm at 10 
Hz, while the scattered light was collected via a double spectrometer. 
Thomson and Rayleigh scattering images were collected for time delays 
of 400 ns to 22.5 μs after the breakdown occurs and absolute calibration 
was performed using Rayleigh scattering on Ar as described by Sneep 
et al. [45]. The overall plasma behaviors observed were similar to pre
vious studies performed in N2 and Ar, with the exception of the toroidal 
structure forming at a significantly shorter time from the breakdown 
when sustained in He [104,105]. The authors note that this torus is 
formed between ~7.5 to 10 μs after the breakdown occurs and is due to 
the much smaller mass of He in relation to the other two gases previously 
studied for LIPs. In the center of the LIP starting at 2 μs the values for ne 
are found to monotonically decay from 3.3 × 1023 m−3 to ~1 × 1020 

m−3, with a change in Te of nearly 3 eV over the first 15 μs with two 
distinct trends; first a rapid decay from 400 ns to 1 μs and then a slower 
transient decay until about 7.5 μs when a second rapid decay is seen 
until 15 μs. The second rapid decay corresponds to the time when the 
toroidal structure is seen to form and an influx of cool gas molecules can 
quickly quench the ne and Te values. These results are in good agreement 
with simulations performed by Ghosh et al. that show the flow will 
reverse direction along the LIP axis, bring cooler molecules from the 
ambient air into the central portion of the LIP, and create complex 
vortexes that result in the toroidal shape observed [106]. The torus 
expansion rate can be modeled by R ~ t0.4 which is consistent with the 
behavior of a non-radiative spherical blast wave [107]. 

In 2019, Zhang et al. studied the late evolution characteristics of a 
LIP after the breakdown in air, especially the formation of a complex 
toroidal structure [42]. To create the plasma, a pulsed Nd:YAG laser 
operating at its fundamental wavelength (1064 nm) was focused to 
breakdown the ambient air using a 7 ns pulse width at 200 mJ. A second 
frequency-doubled pulsed Nd:YAG laser operating at 532 nm was used 
to probe the LIP via 6 ns, 50 mJ pulses focused to ~500 μm in an 
orthogonal orientation to the breakdown laser (c.f. Fig. 7A). The laser 
fluence of approximately 20 J/cm2 was chosen to minimize the plasma 
perturbation effects that are seen through the process of electron heating 
as discussed previously (c.f. Eq. 8). The scattered radiation was collected 
perpendicular in relation to the breakdown and probe beams using a 
pair of achromatic lenses. The image was rotated 90◦ for alignment of 
the horizontal probe laser with the vertical entrance slit (allowing 
multiple radial positions to be probed simultaneously) of a commercial 
spectrograph that was equipped with an iCCD (Fig. 7A). 

The Rayleigh signal was not attenuated but allowed to pass through 
the spectrograph and saturate the central part of the detector. It is 
important to note that the inherently high ne and collective scattering 
nature (described previously) of LIPs make possible implementing an 
experimental setup with high stray light and low contrast around the 
central wavelength for TS measurements. TS images (normalized to the 
maximum signal) were obtained as a function of time from 1 μs to 20 μs 
after the breakdown of the air and are shown in Fig. 7B. There are very 
high Te (~4.4 eV) near the axial position of the LIP at 1 μs delay, seen by 
the symmetric crescents, observed from the collectively scattered radi
ation, at approximately 7 nm wavelength shifts. These temperatures 
rapidly decay to ~2.4 eV at 2 μs delay and then more slowly decay to ~1 
eV for the next 16 μs. The ne follows a similar trend as a function of delay 
time with some notable differences. First, the ne maximum (~2.75 ×
1023 m−3) is found at the axial position, 2 μs after the LIP breakdown and 

Fig. 6. (A) Shows the relationship between the high Te group at different pulse 
times vs. the radial position. (B) Shows the relationship between the high- 
energy groups’ ne at different pulse times vs. the radial position. Results 
shown were obtained with the GD at 1 Torr, 13 mA and 920 V with the error 
bars representing one standard deviation [29]. Adapted with permission from 
The Royal Society of Chemistry. 
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decreases by more than half in the next 3 μs. Furthermore, the ne 
significantly changes as a function of radial position (seen by the lower 
intensities further from the axial position) whereas the Te stays rela
tively constant radially for the first 17 μs. At 20 μs some interesting 
trends are seen in the scattering signal; two distinct peaks form off-axis 
symmetrically in the radial direction contributing to the almost com
plete formation of a complex toroidal structure (Fig. 7B). The Te and ne 
both reach their minimum at the axial position and their local maximum 

move radially outward to about ±2 mm. These results are in good 
agreement with those by Ghosh et al. described previously [106]. The 
trends in ne and Te are well modeled by decay curves using power laws 
up until 17 μs after the LIP breakdown, which corresponds to the initial 
formation of the toroidal structure.  

In 2019, Dzierżȩga et al. performed a comparative study using TS and 
two different Stark broadening models via the 696.5 nm Ar atomic line, 

Fig. 7. (A) Experimental layout for TS measurements and self-emission studies on a LIP in air. (B) TS images taken at the center of the LIP at different time delays 
after the breakdown occurs. Spectral information is contained on the x-axis and spatial information along the probe laser beam on the y-axis. The saturated Rayleigh 
signal is seen by the strong line found in the center of the image and by lowering the gain can be clearly seen at the far left (B) [42]. Note the spectral scale is given in 
both frequency and wavelength for (B). Adapted with permission from Elsevier. 
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for a LIP in a purely Ar environment [55]. The experimental setup used 
was similar to that by Zhang et al. that was previously described with the 
major difference being the reverse orientation of probe to breakdown 
laser geometry, thus eliminating the need for image rotation (Figs. 7A 
and 8A). A LIP was created by focusing a pulsed Nd:YAG laser operating 
at its second harmonic (532 nm) in the center of a vacuum chamber 
purged at 400 mbar with Ar. The breakdown laser utilized 4.5 ns, 15 mJ 
pulses at a repetition rate of 10 Hz focused to a beam diameter of 44 μm 
(Fig. 8A). A second Nd:YAG laser operating at 532 nm was employed to 
orthogonally probe the LIP plume using 6 ns, 10 mJ pulses focused to a 
beam diameter of 200 μm giving a fluence of 15 J/cm2 (Fig. 8A). The 
scattered radiation was collected by a pair of lenses and focused onto the 
entrance slit of a commercial spectrograph equipped with an iCCD 
without the need for image rotation due to the probe laser’s vertical 
orientation. A back-reflecting mirror was also implemented for per
forming self-absorption studies via the method described by Cvejić et al. 
in 2013 [108]. Fig. 8B shows the TS spectra (satellite peaks) at the 
central axial and radial position of the LIP as a function of delay time 
after the breakdown occurred. The central portion at 532 nm shows the 
Rayleigh signal that was not minimized and was allowed to pass through 
the spectrograph to the detector, once again showing the less stringent 
instrumental requirements for TS diagnostics implemented on LIPs. The 
ne was observed to have a maxima of 3.67 × 1023 m−3 at 270 ns after the 

LIP breakdown and then decreases relatively consistently to 4.67 × 1022 

m−3 over the next 7.23 μs. Te values drastically decrease from ~4.95 eV 
at a 270 ns delay to ~2.39 eV just 280 ns later before slowly decaying to 
~1 eV over the next 6.95 μs. Large discrepancies were found upon 
comparing the TS results to a computer simulated model performed 
based on the method by Gigosos and Cardeñoso [109]. These discrep
ancies are shown to increase as the ne decreases and the authors propose 
this is most likely the cause of van der Waals broadening being neglected 
in their calculation, which contributes much more to the total line width 
than the Stark broadening due to the rapid rise in atomic species 
densities. 

3.4. Microwave induced plasmas 

Microwave induced plasmas (MIPs) have become attractive for use 
as ionization/emission sources in chemical analysis due to the wide 
diversity of geometries (surfatrons, Beenakker cavities, torches), cost- 
effective operation (especially when N2 is used as the support gas), 
and the ability to tune the power based on the type/modality imple
mented [10,41,53,110]. The wide diversity of MIPs and the potential 
applications spanning many fields of interest leaves a desire for TS 
fundamental studies to be performed. Recently, TS was applied to two 
MIPs; one that is a surfatron operating in the ambient air and the second 

Fig. 8. (A) Experimental layout for TS 
measurements and self-absorption studies 
via the back-reflecting mirror method on a 
LIP in air. (B) TS spectra taken at different 
time delays, from 270 ns (bottom left) to 7.5 
μs (top right) after the breakdown occurs. 
The Rayleigh peak is seen centered at 532 
nm with coherent TS satellite peaks seen 
symmetrically shifted in in the wavelength 
dimension from center. The red line shows 
the fit with the spectral density function 
[55]. Adapted with permission from Elsev
ier. (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   
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designed as a torch sustained in N2 [41,53]. 
In 2012, van Gessel et al. investigated a microwave surfatron 

launcher created in a ceramic tube, operating at an applied power of 50 
W and a frequency of 2.45 GHz [41]. The end of the tube was exposed to 
ambient air and Ar was used to create a laminar flow inside. A previously 
constructed reflection-type TGS was used to optically filter the much 
stronger Rayleigh signal from the Thomson/Raman scattering and was 
described in 2002 by M. J. van de Sande and J. J. A. M. van der Mullen 
[37]. Further information about the TGS design considerations can be 
found in M. J. van de Sande’s Ph.D. thesis [17]. Fig. 9A shows the 
schematic of the TGS which briefly consists of a notch filter created by 
two stages being set in subtractive mode with a physical mask placed in 
between, the image is rotated 90◦ prior to being imaged onto the vertical 
entrance slit for alignment with the laser axis, and finally the resulting 
spectrum is recorded by an iCCD. Due to the MIP being operated in 
ambient air, there are overlapping contributions of Raman from N2 and 
O2 and TS (c.f. Fig. 9B). The Raman spectra can be differentiated by 
calculating the total theoretical spectrum as a function of both 
contributing species. The fitting was performed in Matlab® and required 
knowledge of the partial air pressures and mixing ratios which was 
deduced by absolute calibration using Raman scattering on the ambient 

air without plasma. Fig. 9B shows the overlapping scattering contribu
tions measured simultaneously at an axial position of 4.75 mm from the 
end of the plasma jet tube and the differentiation based on the previ
ously described fitting procedure. Fig. 9C shows a 2D profile of the Te 
that clearly shows a trend of increasing temperatures towards the 
“edges” of the plasma jet which can be explained by the laminar flow of 
cooling Ar in the center and the higher partial pressures of the ambient 
species at the “edges”. Fig. 9D implies there is a maximum ne at 2 mm 
axially from the tube’s end, but the authors propose this is more likely an 
artifact that can be explained by the instability of the plasma jet seen 
visually near the tube’s end. The 2D ne profiles show an opposite trend to 
that of the Te by decreasing towards the “edges” of the plasma jet. This 
could be explained by a higher degree of recombination when mixing 
with the ambient air and a lower degree of ionization. It is also note
worthy to mention that the 2D profiles of both Te (Fig. 9C) and ne 
(Fig. 9D) are shown to have increasing error with increasing radial 
position. 

In 2017, Chalyavi et al. performed fundamental Thomson analyses 
on the plasma torch used in the Agilent 4200 MP-AES through the use of 
a custom high-throughput TGS, built in the Agilent laboratory [53]. The 
conditions used for the electron parameter analysis were 1 kW of applied 

Fig. 9. (A) Experimental layout showing the microwave surfatron launcher and the scattered radiation collected at 90◦ via a reflection-type TGS. The surfatron jet is 
drawn horizontally, but is actually vertically oriented. (B) Spectrum showing overlapping contributions from Raman and TS taken at the plasma axis, 4.75 mm from 
the tube’s. The red line shows the fit to both the Raman and the Thomson signal, while the green dashed line shows the extracted Gaussian fit profile that is used to 
calculate Te and ne. 2D profiles of the Te (C) and ne (D). The 0 mm axial position corresponds to the tube’s end and 0 mm radial position is the center of the plasma jet 
[41]. Adapted with permission from The Institute of Physics. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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microwave power on a dry N2 plasma that was probed using a Nd:YAG 
laser operating at 532 nm with 150–250 mJ, 7 ns pulses focused to 175 
μm, at a repetition frequency of 30 Hz. The TGS (Fig. 10A) features a low 
f-number (F/2) collection efficiency with a transmission greater than 
70% at 532 nm that is s-polarized. The first two stages are set in sub
tractive mode with a physical mask placed in between that minimizes 
the transmission for 532 ± 0.5 nm, effectively creating an efficient notch 
filter. The notch filter has an extinction efficiency on the order of 10−6 in 
the region mentioned previously, thus allowing close wavelength shifts 
to be measured from the incoherent Thomson signal. The scattered ra
diation is collected perpendicular to the incident laser via an aspheric 
collection lens pair and is rotated 90◦ by a pair of mirrors to align the 
horizontal laser beam with the vertical TGS entrance slit (c.f. Fig. 10A). 

The MIP uses N2 as the plasma gas which results in the spectral overlap 
of the rotational Raman signal of N2 with the TS (Fig. 10B). 

In order to differentiate the Raman from the TS signal, a unique 
polarization scheme was used to take advantage of the fact that TS is 
inherently polarized in the same direction as the incident laser while 
Raman scattering is only partially polarized. The Thomson signal can be 
rejected through the addition of a half-wave plate to the TGS while the 
rotational Raman signal is still transmitted to the iCCD (Fig. 10C). The 
purely Raman spectrum (Fig. 10C) is then subtracted from the over
lapping signal image (Fig. 10B), after a correction factor is applied for 
the depolarization ratio (to minimize the remnant Raman fringes), and 
the resulting image containing only the Thomson signal remains 
(Fig. 10D). The authors make note that this polarization scheme yields 

Fig. 10. (A) Optical layout of a custom−built transmission-type triple grating spectrometer. (B) Image collected at the iCCD (slit height vs. wavelength) with the 
remaining Rayleigh signal in the center and the outer fringes containing overlapping contributions from Raman and TS. (C) Image containing only the Raman signal 
in the outer fringes after removal of the TS by polarization control. (D) Raman-subtracted Thomson image with two profiles taken at different radial positions and 10 
mm downstream from the sample inlet orifice. The blue dots show the experimental values included in the Gaussian fits and the dotted grey profiles are excluded 
from the fit due to the notch filter [53]. Adapted with permission from The Royal Society of Chemistry. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

K. Finch et al.                                                                                                                                                                                                                                   



Spectrochimica Acta Part B: Atomic Spectroscopy 176 (2021) 106045

14

better results that are easier to obtain than traditional Raman simulation 
approaches. Fig. 10D shows four distinct quadrants of measured TS that 
are representative of the higher ne found at the “edges” of the hollow 
plasma. The remaining Rayleigh signal that was not blocked by the TGS 
notch filter is seen by the bright vertical line in the center of the image. It 
is evident that the smile (curvature of the slit image) is a prominent 
feature of this particular TGS and is clearly asymmetric across the spatial 
dimension (c.f. Fig. 10B-D) thus requiring a row-by-row spectral cali
bration. Fig. 10D also shows two Gaussian fitted Thomson spectra taken 
at symmetric radial positions in the plasma torch (in relation to the axial 
position). The fits across multiple datasets showed a peak ne value of 
about 1.3 × 1019 m−3 and peak Te values of approximately 0.5 eV. The 
authors note that the uncertainty/variations (seen clearly in the fitted 

experimental data presented in Fig. 10D) arises mainly from the sys
tematic image distortions and artifacts left after the polarization-based 
Raman subtraction method. Furthermore, it has been proposed that 
the MIP can be close to LTE when sustained in N2 [111,112]. The au
thors investigated the closeness to LTE of this particular MIP by per
forming comparisons between experimental and modeled data. The 
measurement of excitations temperatures (Texc) via Boltzmann plots 
from OES data for Cr I, Fe I, Ti I, and Ti II were used to calculate the ne 
using the “Chemical Equilibrium with Applications” (CEA) model 
developed by NASA [113]. The Texc were calculated to be ~5100 K and 
using the CEA model based on LTE conditions, the predicted ne is ~2 ×
1019 m−3 which is in good agreement with the current TS study (ne =

1.3 × 1019 m−3) and another experimental study performed by Ogura 

Fig. 11. (A) Photograph of the DBD atmo
spheric pressure plasma jet (APPJ) and the 
532 nm probe laser beam. 2D TS spectra are 
shown at z = 11 mm (top) and z = 2 mm 
(bottom). The wavelength scale is roughly 
from 528 to 536 nm. The TS signal can be 
fitted to a single Gaussian distribution 
centered around the laser wavelength. (B) 
Temporal evolution of ne and Te at three 
different axial positions (z = 2 mm, 11 mm, 
and 22 mm) [116]. Adapted with permission 
from The Institute of Physics.   
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et al. in 1997 (ne = 3 × 1019 m−3) [111]. Assuming that Te = Texc, the 
previous values (derived by Boltzmann plots and CEA calculations) were 
substituted into the Saha-Boltzmann equation to determine the ionic-to- 
atomic ratio of Mg lines which showed good agreement with the 
experimentally measured ratios at <10% error. The ne and Te results 
from TS are in excellent agreement with those derived by Texc calcula
tions assuming LTE and the Texc was shown to be almost equal to the Te. 
Therefore, it can be concluded that this specific MIP torch is very close to 
LTE conditions and more broadly it is very likely that near LTE condi
tions can be predicted in MIPs operated in N2 environments. 

3.5. Atmospheric pressure plasma jets 

Atmospheric pressure plasma jets (APPJs) are of growing popularity 
in the fields of MS and OES for chemical analysis due to their ability to 
ionize a variety of sample types, across a wide range of polarities and 
their cost-effective operation [114]. Furthermore, the use of these 
plasmas as ambient ionization sources for MS is of great interest because 
they require little-to-no sample preparation and can provide soft- 
ionization pathways. The production of ionizing species, such as He 
metastables, (H2O)nH+, O2

+ and NO+, is directly related to electron re
actions, thus the spatiotemporally resolved information of ne and Te 
from APPJs can provide insight into reagent species’ production 
mechanisms. However, the recent development of novel APPJs leaves 
much to be understood in terms of the electron properties and how they 
change as a function of geometry/modality [115]. TS has been suc
cessfully used to measure the ne and Te distributions on pulsed He jets 
operated at atmospheric pressure. Given the typically low ne of these 
types of plasmas, because of the low degree of ionization (10−4 to 10−7), 
TGS are implemented, to minimize the much stronger Rayleigh scat
tering and stray light, when performing TS diagnostics.  

Hübner et al. measured the electron properties (ne and Te) of a 
nanosecond-pulsed dielectric barrier discharge (DBD) APPJ with high 
spatial (100 μm) and temporal (2 ns) resolution via TGS TS [116]. The 
plasma device consists of a quartz tube with a coaxial inner capillary 
electrode glued inside and a 1 cm-wide grounded electrode ring wrap
ped around the quartz tube (Fig. 11A). With He gas flowing directly 
through the capillary electrode at 4.5 slpm, the plasma is generated by 
applying 7 kV, 250 ns duration pulses that is driven at 20 kHz to the 
inner capillary electrode. The authors implemented a second harmonic 
Nd:YAG laser at 532 nm with a repetition frequency of 5 kHz, a pulse 
width of 8 ns, and a pulse energy of 4 mJ that provides a laser beam with 
a diameter smaller than 100 μm at the plasma jet. The scattered photons 
are detected at a 90◦ collection angle by a TGS with an iCCD camera that 
is synchronized to the high voltage power supply and the laser pulses. 
The overlapped Raman scattering of N2 and O2 in the air with TS spectra 
are disentangled by calculating the Raman spectra in Matlab® using the 
absolute pressure and densities of N2 and O2, which can be obtained by 
fitting the Raman spectra of ambient air without plasma [41]. At 2 mm 
above the exit of the tube (z = 2 mm), the TS signal is detected near the 
edge, between the jet and the air, while at z = 11 mm the TS signal can 
only be detected around the radial center (Fig. 11A). It was found that 
the ne along the jet axis generally evolves from hollow to axis centered, 
due to the higher breakdown field in the ambient air than in He, thus 
confining the discharge inside the jet. Furthermore, the temporal evo
lution shows the mean electron energy decays in time for all positions 
along the jet axis with the highest up to 2.5 eV at 80 ns close to the 
electrode (z = 2 mm) (Fig. 11B). On the other hand, the ne varies slightly 
during the pulse, but drops steeply as the pulse is terminated. It should 
be noticed that the ne increases along the jet axis and reaches the 
maximum after a propagation of several centimeters. The successive 
study by Douat et al. shows that the density of He (23S1) metastables 
decays along jet propagation, if the repetition rate is less than 5 kHz, 
while it reaches the maximum at around 12 mm away from the DBD tube 
exit [117]. This maximum depends on the applied voltage if the 

repetition rate is higher than 5 kHz which indicates the repetition rate of 
the plasma pulse can significantly affect the spatial distribution of He 
(23S1) metastables along the jet axis and in turn the ne via Penning 
ionization. Furthermore, they proposed that at repetition rate higher 
than 5 kHz, the residual negative ions (O−, O2

−, OH−, O3
− and H2O2

−

[118]) in the He-air boundary collide with the streamer head at the 
following duty cycle, hence inducing electron detachment (via photo or 
collisional processes) and in turn results in a higher ne. These negative 
ions are long-lived (some hundreds of microseconds deduced from the 5 
kHz watershed) at the He-air boundary because of the slow diffusion and 
small positive-ion/negative-ion recombination rate at atmospheric 
pressure. 

Jiang et al. also investigated the electron properties of a DBD 
atmospheric-pressure nanosecond pulsed plasma jets (APNPJs) driven at 
a much lower repetition rate (10 Hz) via TGS TS [119]. The Raman 
scattering spectrum of N2 and O2 is simulated in Igor Pro© assuming 
78% N2 and 21% O2 composition of the air, in order to extract the TS 
signal. The discharge cell consists of a concentric tubular Cu electrode (i. 
d. 3.2 mm, o.d. 6.4 mm) enclosed in a ceramic cylindrical structure and 
the inner diameter reduces to 1 mm at the nozzle exit with a 3 mm-wide 
copper tape wrapped around the ceramic nozzle, which serves as the 
grounded electrode (Fig. 12A). 

With helium gas flowing at 1 slpm, the plasma is generated by 
applying 9 kV, 150 ns duration pulses that are driven at 10 Hz to the 
inner electrode. At an axial distance z = 1 mm from the nozzle surface, 
the TS peak intensity is higher around the edges of the jet than the radial 
center (Fig. 12B), which indicates the ne distribution is in the shape of a 
hollow ring with the peak density of ~9–11 × 1019 m−3 at r = 0.3 mm. 
On the other hand, the ne reaches the detection limit of ~2.0 × 1019 m−3 

within r = 0.2 mm, thus the error associated with the data is relatively 
large. The authors suggested that the ring-shape distribution of electrons 
is attributed to the hollow electrode geometry and the dynamics of the 
He gas flow. Higher ionization rates at the radial boundary are achieved 
due to direct electron impact ionizations of O2 and N2, Penning ioni
zation of O2 and N2, as well as ionization of He, He metastables, and He 
dimers all taking place at the boundary between the jet and the air, while 
the electrons generated in the radial center of the jet are mostly from the 
ionization of He, He metastables and He dimers. Moreover, the spatio
temporal mapping of the ne at z = 1 mm shows two peaks (80 ns and 140 
ns) during the temporal development instead of decaying monotonically 
(Fig. 12C). The observation of the ne peak at 140 ns is due to the jet 
current becoming negative and thus reigniting the discharge. The 
spatiotemporal mapping of the Te at z = 1 mm shows that the Te de
creases with time (Fig. 12D). It is noteworthy to mention that there is no 
laser-induced fluorescence observed in this study near the laser wave
length compared with the study of Hübner et al. discussed above [116]. 
This difference can be contributed to the repetition rate of the high 
voltage pulse being much lower (i.e. 10 Hz) in this study, which results 
in a lower concentration of He metastables, caused by the remaining 
long-lived negative ions from the previous pulse. It is also worth noting 
that the ne decays with the jet propagation along the axial position, 
which is contrary to the study of Hübner et al. [116]. This could also be 
because of the much lower repetition rate of the high voltage pulse 
inducing a much lower concentration of He metastables in the plume 
while the shorter pulse duration (i.e. 150 ns) reduces the propagation 
length of the plasma plume. 

3.6. Conclusions and future directions 

It is evident that TS has found a niche in diagnostics of plasmas used 
for chemical analysis. In addition to the inherent advantages TS has over 
other diagnostic techniques, novel instrumentation development and 
data processing methods have provided the means to accurately mea
sure previously inaccessible electron parameters at relatively quick 
single measurement (1 signal and 1 background image) time scales (≤
10 min for ne ~ 1011 cm−3 [54] and single laser shot measurements for 
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ne ~ 1015 cm−3 [120]). Lower limits-of-detection, better stray light 
rejection, and higher contrast have allowed access to lower density 
plasmas such as MIPs and GDs. Plasmas that are operated in environ
ments where molecular species are present, such as APPJs, have been 
traditionally avoided due to the overlap of Raman scattering. In such 
cases, well-defined differentiation schemes have now become common 
for extraction of the Thomson scattered spectra. As of now, numerous TS 
studies have been performed to deepen the fundamental understanding 
of plasmas used for chemical analysis, but there are still many areas left 
to investigate. 

Recently, ICP has found novel uses in single-cell and nanoparticle 
analysis [121], and has been coupled with micro-droplet generators for 
this purpose [122]. As such, fundamental studies performed under such 
conditions are gaining renewed interest. These include earlier studies, 
for example, Olesik and co-workers have characterized the changes in 
droplet diameter during desolvation via Mie scattering analysis [123], as 
well as the signal fluctuations that occur due to individual droplets, 
vaporizing particles, and incompletely desolvated droplets [124–127]. 
The work of Lazar and Farnsworth is of particular relevance here, 
including their investigations into matrix effects using monodisperse 
droplet via laser-excited atomic fluorescence spectroscopy (LEAFS) and 
OES [128,129]. More recent studies include one by Chan and Hieftje 
where they report thermal pinching in the vicinity of droplets in the ICP 
[130]. It would be of great interest to perform future TS studies under 

these single-droplet operating conditions. Such studies would give 
further insights into the changes in ne and Te during the processes of 
desolvation close to the droplet. Nevertheless, instrumentation with 
higher contrast and stray light rejection would be necessary to prevent 
the light scattered from the droplet from “drowning” the TS signal from 
the lower ne expected in the adjacent regions. 

Regarding GD, while typical GDOES operating conditions result in 
poor lateral resolution (mm), due to the mixing of the atoms in the 
discharge, it has been shown that operating the GD under pulsed-power 
mode and higher-pressure allows elemental mapping [4,131]. Further
more, RF power offers the advantage of being able to analyze noncon
ductive samples in comparison to traditional DC GD. TS experiments 
need to be applied for elucidation of the underlying species behavior and 
mechanisms that govern the plasma-based chemical analysis, especially 
as a function of time along the pulse train, under these new elemental 
mapping conditions. The design/construction of an improved 
transmission-type TGS for low-density plasmas has just been published 
by Finch et al. which also included proof-of-principle measurements on a 
pulsed-power RF GD, thus allowing such future studies to be performed 
[54]. Another interesting area that would benefit from TS studies is the 
application of combined hollow cathode GDs with time-of-flight MS 
[132,133]. An experimental setup as proposed by Vincent et al. in 2018, 
would allow such a study to be performed [38]. 

In the area of LIP, the large discrepancies seen of electron parameters 

Fig. 12. (A) Image of the DBD atmospheric-pressure nanosecond pulsed plasma jet (APNPJ) with a 532 nm laser beam. (B) The 2D TS and Raman scattering spectrum 
at an axial distance z = 1 mm from the nozzle surface. (C) Spatiotemporal development of the ne of the APNPJ at z = 1 mm. (D) Spatiotemporal development of the Te 
of the APNPJ at z = 1 mm [119]. Adapted with permission from The Institute of Physics. 
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between TS experiments, other diagnostic methods, and simulations 
shows that many LIP processes are not well understood and have 
benefited greatly from the implementation of independent TS experi
ments. There are many more studies that need to be performed on LIPs 
before a good understanding of plasma-laser-sample interactions can be 
realized. It would be of great interest to investigate the electron pa
rameters very close to the sample surface during a LIBS experiment as a 
function of plume evolution over time, to elucidate the surface effects. 
Furthermore, there has been great success in using LIBS to perform 
elemental analysis on the Martian planet via the Curiosity rover’s 
ChemCam instrument suite [100]. However, the electron parameters 
under the lower pressure and high CO2 atmospheric conditions on Mars 
are not characterized well, thus leaving an area of great interest where 
TS needs to be applied in future studies. 

With respect to MIP, the distributions of ne and Te have been studied 
spatially and shown to have drastically different values based on the MIP 
geometry and gas used to sustain them. The operation of MIPs in 
ambient air further complicates the electron parameters and TS has 
shown great promise for elucidating these complexities. Further 2D TS 
measurements would be of great value for MIPs used in chemical anal
ysis as very few have been performed to date. Another area that would 
benefit greatly from TS analysis is the fundamental study of the novel 
microwave inductively coupled atmospheric-pressure plasma (MICAP), 
whose performance for chemical analysis has been studied by Hieftje 
et al., and recently by Günther et al., and has been shown to have great 
potential [110,134,135]. 

On the other hand, the rapid demand for novel APPJs and the 
maturing of these plasmas as ambient ionization sources, shows there 
are many TS studies that still need to be performed. Notably, low- 
temperature plasmas (LTP), flowing atmospheric pressure afterglow 
(FAPA), direct analysis in real time (DART), desorption atmospheric- 
pressure chemical ionization (DAPCI), and desorption ionization by 
charge exchange (DICE) [136], etc, would be of great interest to char
acterize due to their implementation for a wide variety of applications 
from analysis of uranium isotope ratios [137] to monitoring of volatiles 
in exhaled breath [9]. However, the TS signal is much weaker compared 
with Rayleigh scattering and Raman scattering signal due to the low ne. 
Possible improvements such as implementing higher numerical aperture 
collection optics and using a probe laser with a longer wavelength need 
to be further investigated to increase the contrast for TS studies. 
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