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Abstract:

Discharges in liquids have been the subject of intensive investigations for a broad range of applications
and involve highly coupled and complex phenomena with timescales ranging from picoseconds to
seconds and length scales from micrometers to centimeters. This review focuses on some of the
challenges pertaining optical diagnostics of plasmas in and in contact with liquids this includes
interpretation of optical emission spectra, the inherent stochastic nature of many discharge
phenomena including the initial stages of plasma ignition and the large gradients in species and plasma
properties interfacing with a dynamic liquid interface. We report recent notable advances,
controversies in interpretations of diagnostics and remaining opportunities.

1. Introduction:

Discharges in liquids have been the subject of intensive investigations, as they involve highly coupled
and complex phenomena with timescales ranging from picoseconds to seconds and length scales from
micrometers to centimeters [1], [2], [3]. Determining the key plasma properties and species densities
of such discharge phenomena can be a real challenge as available diagnostics are often limited, or their
results are difficult to interpret. Optical emission spectroscopy is one of the simplest methods to
implement and can provide essential information about the behavior of these ionized media. However,
it is difficult to accurately interpret emission spectra because the spectra are made more complex by



the appearance of optically thick media, the dynamic changes of the plasma-liquid interface, the highly
spatiotemporal dynamic ranges of the phenomena of interest and often resulting huge spatial
gradients in species densities [1], [4], [5]. This is why having access to localized and dynamic
information is crucial for comprehending evolving phenomena and elucidating underlying hypotheses.

Before interpreting emission spectra, it is generally necessary to grasp the primary mechanisms
influencing the behavior of the surveyed environment, paradoxically mirroring what researchers
endeavor to identify [6]. It is therefore important to have safeguards in place to define the limits of
validity of a hypothesis likely to affect the general interpretation of an observation. It is also tricky to
use concepts of equilibrium in non-equilibrium media or to postulate the existence of several
phenomena when one can only describe the observable.

These limitations have recently led to significant efforts in complementing passive optical emission
spectroscopy measurements with laser diagnostics, particularly for the measurement of reactive
species densities [1], [7]. While laser diagnostics require often less assumptions and pre-knowledge of
key plasma conditions and can allow for detailed spatiotemporal resolved measurements, laser
diagnostics are typically no single shot measurements hence requiring the accumulation of signal over
multiple reproducible discharge events. In the context of liquid discharges, obtaining such dynamic
information is particularly complex due to inherent time lags during initiation and the ubiquitous
formation of filaments which leads to inherent stochastic behavior that can only be statistically
assessed.

This review focuses on some of the challenges pertaining optical diagnostics of plasmas in and in
contact with liquids, reports related recent notable advances in the field and controversies in
interpretations of diagnostics and remaining opportunities.

2. Discharge non-homogeneity, stochastic nature and plasma stabilization

In the field of plasmas in liquids, it is nearly always assumed that we are dealing with optical thin
plasmas, nonetheless line broadening measurements suggest that the plasma densities are sometimes
so high ([8] see also further) that this is not necessarily always the case and reabsorption of the
emission can occur. In the case of an optical thick plasma, one might not only lose information from
the high-density core of the plasma, but the interpretation of the emission becomes exceedingly
complex and can only be in specific cases be achieved with easy techniques such as the Bartels method
to analyze self-reversed emission lines [9]. While chemical models have assumed a two-zone plasma:
a hot core and a colder surrounding plasma to be able to predict the plasma-induced chemistry by
streamers in liquid water [10], such a first order approximation has not been implemented to analyze
emission spectra to our knowledge.

In many applications-oriented studies, discharge intensities will significantly vary in space and time and
typically studies are focused on optical emission spectroscopy which is an inherent line-integrated
measurement technique and measurements will inherently be spatially or temporally averaged to
some extent. Nonetheless, the information produced can be of significant value to obtain an overall
idea of the plasma and process conditions, a detailed understanding of specific aspects of the
underpinning plasma physics or plasma-liquid interactions often requires detailed spatially and
temporally resolved measurements to resolve for example species gradients near the plasma-liquid
interface. One of the very few reported examples of spatially resolved OES measurements in a
streamer discharge in a liquid is shown in Fig. 1. While single shot laser diagnostics might become
within reach for techniques such as electric field induced second harmonic generation (EFISH) and



Rayleigh scattering-based methods, in general emission and laser-based methods will require a highly
reproducible discharge allowing for signal accumulation.

1. Order
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Figure 1 : - Spatially resolved line emission from a single secondary streamer in liquid water about 100 ns after
streamer initiation obtained with an exposure time of 3 ns. The upper image shows changes in the emission
profile along the streamer length. The bottom image shows a horizontal cut through the spectrum showing the
ubiquitous Hq and Hg lines, and significantly higher order lines of the hydrogen Balmer series. Reproduced with
permission from An etal. [11].

In recent years, several groups have successfully worked on discharge stabilization for plasmas in and
in contact with liquids. This includes the stable generation of bubbles by gas puffing [12], reproducible
(vapor) bubble generation in a Hele-Shaw cell for emission [13] and the first laser induced fluorescence
measurements [14], single droplet [15] or controlled droplet train generation [16] to study plasma-
droplet interaction, a flowing liquid electrode with a steady concave surface enabling for a stable
plasma-liquid surface unaffected by evaporation and allowing for high spatial resolution near
interfacial laser diagnostics [17], [18] or a system of communicating vessels to achieve the same goal
[7]. These stabilized discharges have enabled the measurement of selected plasma properties and
species densities in a growing body of research that provides key insights in for example reactive
species densities that are not easily measured using optical emission spectroscopy. Fig. 2 shows an
example of a stabilized pulsed discharge generated between a needle electrode and a solution
interface generated by an overflowing solution from a tube. The continuously refreshing liquid
combined with the convex interface allows long-duration measurements with a high spatial resolution
up to ~30 um near the plasma-liquid interface. More details of the use of laser diagnostics are
discussed below after we discuss challenges and opportunities for optical emission spectroscopy in the
next section.
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Figure 2. Schematic of setup with a tube with an overflowing solution which enables the generation of a highly
stable plasma-liquid interface for many hours that is continuously refreshed to avoid rapid drift in solution
properties. This approach has been shown to enable 2D planar laser induced fluorescence with a spatial
resolution of 30 um near a stable plasma-liquid interface. The inserted picture shows an image of a nanosecond
pulsed glow discharge plasma impinging onto the flowing solution. Reproduced with permission from [17].

3. Optical Emission Spectroscopy (OES)

In this section we review the use of optical emission spectroscopy with a focus on interrogating
discharges in the dense liquid phase. We have organized this section aligned with the three main
plasma emissions observed in plasmas: atomic line emission, molecular band emission and continuum
radiation. Many works are devoted to this topic and for a review of the approaches the reader is
referred to [19] for the fundamental background and references therein.

a. Atomic line broadening

Line broadening in plasmas is due to the interaction of the emitting atom with their environment and
has been studied in detail. Line broadening has been extensively used to measure the gas temperature
(utilizing Doppler or van der Waals broadening) [20], electron densities (and temperatures at time [21])
and recently even gas composition (Resonance broadening) [22]. The theories are well established for
moderate gas and electron densities, but special treatments are needed at high pressures/neutral
densities and electron densities that are the focus of this review.

i. Interaction potentials

While in many plasma studies, line broadening is analyzed with fitting line profiles with Gaussian,
Lorentzian or Voigt profiles, in many cases this is not valid for plasmas in liquids and more advanced
approaches are needed. In this section we briefly outline the origin of line broadening in the general
context of force field interactions. The radiation emitted by an atom is influenced by the force field
exerted by neighboring species. The pair consisting of the radiator and its perturber behaves as a
molecular system. The force field arises from a potential energy difference, denoted as A®, measured
in Joules. It can be expressed as the difference:

AB() = D, (r) — b, (7) (1)



where e' and e refer to the energy surfaces on which the interacting species approach the initial and
final atomic states of the transition when r — oo. Here, r denotes the internuclear distance between
the radiator and the perturber. Typically, this potential energy conforms to a power law:

hcp _ %

AD(r) =+ 5=+ (2)
where f is the reduced Plank constant and C,’, = Cp/h the potential constant expressed in mP s~ 1.
The parameter p takes the values of 2 for linear Stark, 4 for quadratic Stark, 3 for resonant, 6 for van

der Waals and 6 and 12 for Lennard-Jones interactions.

However, certain interactions undergo more intricate processes that cannot be adequately described
by functions of the previous type. For example, the presence of satellites in line transitions necessitates
more precise potentials to replicate all the characteristics of the spectral lines. In this context,
Anderson [23], [24] and Talman [25] formulated a theory of spectral line pressure broadening, where
the profile is determined by the Fourier transform of an autocorrelation function of a unique dipole,
denoted as @, utilizing the relation:

1(Aw) = %Re (f;oo((p(s))Nei'A“"Sds) (3)

This expression assumes an additive pair-interaction from N perturbers ((p(s))N, thus neglecting the
interperturber correlations. Additionally, it assumes that the electric-dipole moment during a collision
is the same as it is for infinite separation of the emitting atom and its perturber. It is possible to
demonstrate that:

o) = (1-22)" = exp (29 @)
where V is the volume that contains the N perturbers:
V=2n["b-db[ 7 dx, (5)

X is the position of the perturber at the beginning of the time-interval 0 to s along the straight line of
impact parameter b (see Fig. 3a). V' (s) represents the collision volume defined by:

V'(s) = an b- dbf dxo x {1 — exp[l “v([(xo + ut)? + b2 19%)dt]} (6)

where v is the frequency at the considered time and u is the velocity of the perturber. Eqs (3), (4) and
(6) lead to the so-called impact and quasi-static approximations in the proper limits. The assumption
of the impact theory is that the collisions are short compared to the time between them. The quasi-
static theory is valid if the frequency perturbation for a given atom can be written as the sum of that
due to all others in the gas.

Allard et al. [26] proposed a unified theory demonstrating how equation (6) must be modified to
include the effect of the variation of electric-dipole moments on the shape of pressure-broadened
atomic spectral lines. This approach accurately describes the experimental profile from the line center
to the far line wings. For a transition a = (i, f) from an initial state i to a final state f, with the notation
of Eq.(1), one has:

V'a(®) = St B0 [y 2mbd [ die dogr 7)) [exp (35 AP )] ) doe[r ()] = deo br(@1 7

Z(Ul)|
where d,,/[r] = eer(r)eXp( Per )) can be defined as a modulated dipole, d,, (r) being the radiative

dipole transition moment. AIIard et al. [27] were the first to successfully reproduce the He-He
collisional profiles arising from the triplet 2p—3s transitions using a unified line-shape semiclassical



theory. This theory utilizes the ab initio molecular potentials given in Fig. 3¢ (the unperturbed He(3 3S)-
He(2 3P) line lies at 706.69 nm). It's noteworthy that the central part of the line's shape can be
effectively fitted by a Lorentzian profile, consistent with the pressure broadening theory based on the
impact approximation. The remarkable agreement observed in Fig. 3b between experimental and
theoretical data for the near wing of the line profiles, which include multiple blue satellites, confirms
the accuracy of the interaction potentials. All aspects are accurately reproduced up to a density of
approximately 8 x 10%° cm™3. Beyond this threshold, all theories fail to predict the evolution of the line
width (Fig. 3d).
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Figure 3: a) Schematic illustrating the collisional parameters required for the unified theory. b) Experimental
profile of the He(3 3S)-He(2 3P) transition at a pressure of 1.6 MPa and a temperature of 300 K, (nye = 3.8 x 10%°
cm™), compared to the theoretical profile obtained from the unified theory. Reproduced with permission from
[28]. c) Potential energies determined by ab initio calculation for the triplet 3s (full line) and 2p (dashed line)
states of the He, molecule. Considered He," transitions are: 3s h 3%} = 2p b 311, 3s i35} — 2p f 311,
3sh3%} - 2p g3} and 3533} - 2p d 3%} . Reproduced with permission from [29]. d) Variation of the
width in the He density range 0.1 to 12 x 10%° cm™ for 300 K (for comparison, the liquid density at 4.2 K is 2 x
10%2 cm~3). The impact values and experimental determinations are reported. Reproduced with permission from
[29] and [30].

ii.  Cryogenic discharges

The broadening and shift of the line emitted in cryogenic helium, such as in liquid and dense gas,
markedly differs from the line emitted in gaseous helium at high temperature and pressure. Both lines
exhibit asymmetric shapes, but in cryogenic helium, the prominence of the blue wing is significantly
greater. Additionally, the blue shift observed in cryogenic helium is substantially larger (Fig. 4).
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Figure 4: a) Comparison of the He(3 3S)-He(2 3P) transition observed in liquid He at 4.2K and in gaseous He at 570
K under the same pressure 3.5 MPa [31]. b) Calculated He*-He potentials (a) is taken from [29] and b) from [32])
as a function of the distance between atoms (lines with full symbols, left axis). Ab initio methods were used to
calculate these potentials with the MOLPRO software. Density profile of a cavity (or bubble, see text) boundary
(lines with empty symbols, right axis). Reproduced with permission from [31].

The occurrence of “bubbles” (distinct from bubbles commonly found in liquids) or “cavities” that
surround the radiators, i.e. excited helium atoms, was initially observed in superfluid Helium II,
occurring below the superfluid transition temperature of 2.17 K, and subsequently observed up to
temperatures of 20 K [33], [34]. Essentially, the repulsive Pauli exchange interaction between the
Rydberg electrons of He" and He," excited states and the surrounding closed-shell helium atoms
creates a void ranging from 7 to 15 A in size. This void is slightly smaller than the free electron's void
size in the liquid, which measures 18.5 A [35].

The theoretical treatment of such an interaction is described in several works [36], [37], [38]. In the
density functional theory used to account for this interaction, the time-dependent Schrodinger-like
equation is solved [39]:

Y = — 2oV + Ve [ 1 (®)

where Vper[W] is a non-local functional of . It uses the Dalfovo-Stringari functional [40], which is the
sum of short range correlation and a screened pair potential that includes terms related to kinetic
many-body effects.

The solution for the ground state can be obtained using the imaginary time-step method [41], whereas
the real time dynamics results from Eq. 8. [42].

ili.  The specific case of H I lines

Hydrogen lines are ubiquitous in discharges produced in liquid water and hydrocarbons that are often
used. Hence, hydrogen lines deserve special attention in the context of plasmas in liquid. The standard
theory of Stark-broadened profiles of hydrogen lines is formulated under the quasistatic
approximation for ions and the impact binary approximation for electrons [43], [44]. The highly mobile
electrons induce sudden phase variations in the emitted wave, while the heavier and slower ions
create electric fields that remain relatively constant over the typical emission duration. Due to the light
mass of hydrogen, the contribution of electrons to the phenomenon cannot be overlooked. As
previously discussed, Gigosos and Cardefioso [45] employed the autocorrelation function of the atomic
dipole momentum, obtained through a Fourier transform of its average across a specific statistical
ensemble, to derive the profile of the selected line. Their modeling approach relies on the
determination of the mean interparticle distance divided by the Debye radius and the reduced mass
of the radiator—perturber pair. Subsequently, microfield time sequences of ions and electrons are



generated and appropriately overlapped. For each electron density / temperature pair (ne, T), the set
of differential equations governing the time evolution of the autocorrelation function is integrated.

These researchers were able to generate profile data for Balmer and Lyman a,  and y transitions with
density values ranging from 10** cm™ to 10'%%” cm™3, temperatures ranging from 0.19 to 19.4 eV and
reduced masses of the radiator—perturber pair ranging from 0.5 to 2.0.

The Hp transition of the Balmer series is characterized by the presence of a central dip under certain
conditions as shown in Fig. 5a. As previously explained, this dip is unrelated to the optical thickness of
the medium. The amplitude of the dip, expressed as (/max — lo) / Imax in percentage, is depicted in Fig.
5b. The dip becomes more pronounced when the reduced mass u, defined between the radiator and
the collider, increases, and conversely, as the electron density increases.

Two remarks must be made. First, the variation of the central dip is not smooth as a function of the
electron density and the reduced mass of the radiator-collider pair (Fig.5b). Second, it is not symmetric
inwavelength and its shape depends on the electron density [46]. Consequently, the asymmetric shape
of the Hg line must be described by many parameters [47].
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Figure 5: a) Evolution of the shape of the Hp transition at 486.13 nm and 5,000 K as historically predicted by
Griem et al. [48] and comparison with the Holtsmark profile. Here, o= AX / Fo, where A\ and Fy are the
wavelength separation from the unperturbed line of wavelength A, and the Holtsmark field strength. Note that
the dip in this case decreases with the electron density in the range 102°-10?2 m=3. b) Central dip, expressed in %,
as a function of the electron density for different values of the reduced mass, showing evolutions that were not
predicted by the first Griem’s model. T= 10,000 K in all cases [45].

Practical expressions can be used to determine the electron density, which filter out the dependence
on Tand u [49]:

n 0.67965
FWHA [H,] = 0.549 nm x (1017—2m‘3)
0.68777
FWHA [Hp) = 1.666 nm x (ﬁ)
n 0.68116
FWHM [Hy] = 4.800 nm x (W)
0.68575
FWHA [H,] = 2.433 nm x (ﬁ)



where FWHA is the Full Width at Half Area and FWHM is the Full Width at Half Maximum of the

selected line. The shift of the H, central wavelength can be approximated, between 13,000 and 20,000
K, by [50]:

n, cm~3 = 10%7 x (1.359 + 2.0757 x Ady A + 0.0037 x AAZ A?)

For the Hp transition, it is preferable to utilize the separation AAgp between the 2 peak maxima on each
side of the central dip [51]:

{ logn, m™3 = 22.621 + 1.452 log AAgp nm for u < 2
logn, m™3 = 22.661 + 1.416 log AAgp nm for p = 0.5

iv.  Asymmetric line profiles

It is possible to estimate the electron density in discharges in liquids close to the LTE by exploiting the
asymmetry of some transitions caused by Stark broadening. Under these conditions, Saha’s equation
can be used to estimate the density of electrons and ions.

Optical transitions in spark discharges in liquids are broadened by several phenomena whose relative
weight changes with time due to the rapid evolution of the main parameters controlling the discharge.
The electron temperature, the electron density, the total pressure and the medium optical thickness
are known to vary strongly at the very beginning of the process, i.e. from the first few 10s of ns. If the
ion density is high enough, the lines can be asymmetrically broadened.

Stark profiles are produced under the action of high frequency electron fields (the linear Stark effect
obeying a potential AV, = —hC,/r?) and under the action of low-frequency ion fields (the quadratic
Stark effect with AV, = —hAC,/r*). In the case of a non-hydrogenoid atomic transition, the ion
broadening is not negligible, and the line profiles become asymmetric.

Methods based on the so-called ‘six free parameters deconvolution’ (SFPD) procedure have been
developed to determine the parameters of given emission lines from experimental data [52], [53], [54].
In the quasi-static approximation, the line profile is given by:

Iy s ap, o)

jA,R(x) = T 0 1+(X—A4/3BZ)2

_Ao_de

where x = , We is the half width at half maximum (HWHM) of the Stark broadening due to

e

electron collision and d. is the corresponding Stark shift. Hs(f) is the microfield intensity distribution
function, which depends on the normalized intensity of the Holtsmark field = F / Fo, Fo being the
intensity of the Holtsmark field. A is the broadening parameter due to static ions. R is the ratio of the
average distance between the ions and the Debye radius, i.e. the Debye screening parameter:

(ne[em=3])"°
/2

(10)

_ [36ne6ne

1/6
" | ~0.0899

The expression of jA'R(x) is determined thanks to the Woltz tables [55] from w.. When the ion
dynamics is no longer negligible, it is necessary to introduce a correction factor. The criterion to be
fulfilled is then [52]:

—7. ref
_ 21/3 8.06x10 "w, * [nm] —31\2/3 |#lamu]
p = 42/ el py-apyers [Hom] g, (1)

where Weref is the value of we when n. = 102 m=. i is the reduced mass of the ion or neutral perturber
in arbitrary mass units. This means that strong collisions due to electrons and ions are well separated
in time. The total broadening is then given by:



Ads = 2w,[1 + 1.75AD;(1 — 0.75kR)| (12)

3
BTV i B < (ﬁ) orD;=1ifB> (ﬁ
latter case, ion dynamics are negligible, and the line shape is treated by considering the quasi-static
approximation. This approach must also include an optical model to account for the optical thickness
of the medium [19].

3
with D) = ) [52]. In the

It is often used to analyze discharges in liquids acting as nanoparticle generators, since high currents
are usually required (tens of amperes between metallic electrodes of millimeter or sub-millimeter
radius, leading to huge current densities required for metal erosion). Burakov et al. [56] used Cu | lines
resulting from plasma erosion of copper electrodes to determine electron densities around 3 x 10*°
cm™3 for a discharge produced by a spark generator reaching up to 80 A in water or ethanol. Belmonte
et al. [57], [58] recorded time-resolved asymmetric emission lines for discharges generated between
two zinc [57] and two bismuth [58] electrodes. In Fig. 6, the time evolution of the shape of the three
zinc lines around 475 nm and one bismuth line at 412.17 nm emitted in liquid nitrogen is plotted from
times after ignition ranging from 200 to 950 ns. The asymmetric profile of the lines, with strongly
broadened red wings, gives an estimate of the electron density, which varies by an order of magnitude
over the time period.
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Figure 6: a) Time evolution of the three zinc lines observed between 465 and 485 nm between 250 and 650 ns.
Reproduced with permission from [57]. The electron density varies from 5.5 x 10'® cm™ to 1.5 x 10 cm™=. T, ~
0.45 eV. P = 8 bars. b) Normalized intensity of the emission of the transition at 412.17 nm as a function of time.
Stark parameters are given in the inset. T, = 0.35 eV. P = 5 bars. Instrumental broadening is 100 pm. Stark
broadening is 850 pm. The sum of all other contributions is less than 10 pm. Reproduced with permission from
[58].

A. von Keudell et al. [59] produced discharges in distilled water with applied voltages of 20 kV and
pulse lengths of 10 ns applied to a tungsten tip of 50 um diameter. The current was estimated to be
around 10 A. The emission lines of the blue-broadened H,, transition were recorded from the ionization
region. From Stark broadening, they determined electron densities up to 5 x10'° cm™ and electron
temperatures around 6-7,000 K. Similar results were obtained by Namihara et al. [60] with a magnetic
pulse compressor delivering 40 J/pulse at 3.5-kV charging voltage, although they used a Lorentzian
function to fit asymmetric profiles. They found electron densities higher than 10 cm™ consistent with
the seminal work of Sunka for microsecond pulsed discharges [8]. At such high electron densities (>10*8
cm™3), the ideal character of the plasma can be questioned [61].

V. Lack of atomic emission lines and non-ideal plasma
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The plasma parameter, A, is the argument of the Coulomb logarithm, which is the ratio of the
maximum impact parameter to the classical distance of closest approach in Coulomb scattering:

3/2 3 3
A = 4 (5""3) x | ~ 413 x 106\/1z (13)

e? Ne

where g is the permittivity of free space, ks the Boltzmann constant, and e the electron charge. An
ideal plasma requires that A > 1. Taking A = 10 and T. = 11,604 K, we get n. < 3 x10 cm™. For A~ 1,
i.e. ne~3x10% cm3, the discharge is slightly non-ideal. Descoeudres et al. [62] used the closely related
parameter I', which is the plasma coupling parameter, defined as a ratio of the Coulomb energy to the

thermal energy:
T = e? ><3 amne 1 x e? ><3 ENA_2/3 (14)
T amegkpT, 3 3137 (4m)2/3gpkp 73 "

In the electrical discharge machining process, they could reach electron densities as high as n. = 2.5
%10 cm™3, which classifies these discharges as weakly non-ideal plasmas.

Since non-ideal plasmas are dense, a strong Stark broadening and shift of the spectral lines is naturally
a characteristic sign of non-ideality. The dynamic microfields deform the energy spectrum of radiating
atomic particles, i.e. they perturb the initial and final states of radiative transitions [63]. The atomic
levels are shifted and split, resulting in line broadening and shift [64], [65] but also in the appearance
of satellite peaks. This effect can be clearly observed in the optical spectra emitted by EDM plasmas,
especially on the Hq line (Fig. 7). These effects are analogous to those previously presented for the
appearance of satellites in pressure broadened He | transitions, but here caused by the Stark effect.
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Figure 7: Complex structure of the H, line in the EDM process for a weakly non-ideal discharge. Theoretical
structure of the Hq line in a non-ideal plasma according to [66]: (a) Stark components of H; (b) satellite lines due
to plasma waves or turbulence. The frequency @ = 0 corresponds to the unperturbed H, position (4o = 656.28
nm). The components on the other side of the line are symmetrically positioned. Reproduced with permission
from [67].

The absence of the Hg transition in spectra where such a line is obviously not obscured by other lines
or buried in the background emission is due to the lowering of the ionization energy of the hydrogen
atom. Both temperature and pressure can affect the partition function. This lowering can be estimated
using the Debye—Hiickel theory. This theory is also used to determine the energy of possible missing
levels in a distribution.

The Ritz—Rydberg distribution is given by:

Ep = Ei — % with P < Pmax (15)
(p+C1+p—§)
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where E; is the ionization energy, Ry, the Rydberg constant, p the principal quantum number and C;
and C; are two constants. Here, pmax is the number whose Ritz—Rydberg’s energy is less than the
ionization energy corrected by AE" due to charged particle effects:

ze?

AE°" = (16)

4megAp

z is the effective charge number. Ap is the Debye length. Taking z =1, T. = 11,604 K and n. = 2 x 10%°
cm3, we find AE°™ = 0.866 eV, which is slightly higher than the energy required to suppress the n =
4 level (0.848 eV) and thus, the Hg transition.

We note that the electron density determined by Descoeudres et al. of 2.5 x 10'® cm™, is about an
order of magnitude lower than this estimate, which is not negligible. We also note that with electron
densities higher than 2 x 10" cm™3, Keudell et al. [59] should not observe the Hg transition, which they
do. Further studies are then needed to clarify the behavior of discharges in liquids at very high electron
densities. Although this could also be an indication that actual electron densities are lower and the
assumption that the broadened line be dominated due to the Stark effect needs to be revisited.

vi.  Case study: PEO process

We describe how some of the previously outlined methods can be applied to plasma electrolytic
oxidation (PEO) treatments which convert the surface of a valve metal or alloy into an oxide layer. The
choice for PEO as a case study is its exceeding complex and dynamic behavior together with the high
electron densities. Typically, these PEO treatments are accomplished using high voltage, low frequency
(around 50 Hz) AC supply in dilute alkaline electrolytes. The oxide layers obtained through PEO
processing are thick, hard, and firmly adherent to the substrate. The formation of PEO coatings is a
complex process involving three simultaneous operations: electrochemical reactions, plasma chemical
reactions, and thermal oxygen diffusion reactions. The coatings resulting from these reactions typically
consist of three-layer structures, including a porous outer layer, a dense intermediate layer, and a thin
inner dense layer.

Light analysis is intricate as light emission depends on various factors. Each discharge generated
penetrates into the substrate surface and traverses one or several of the aforementioned three layers.
Consequently, light emission varies depending on the emissive region of the discharge, given the
significant gradients that exist (refer to Figs 8al to 8f1). Discharge characteristics also undergo changes
throughout the process (refer to Figs 8a2 to 8e2), and the emitted light likewise varies with the process
time. Several stages have been proposed to account for this evolution, as depicted in Figs 8a3 to 8d3.
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Figure 8: A: Schematic depiction of the sequence of events during a single discharge, showing: (al) initial
electrical breakdown, (b1) development of the plasma channel through the coating thickness, (c1) initial bubble
growth and formation of oxide in the plasma, (d1) bubble expansion and heating of region around discharge, (e1)
shrinkage and cooling as the plasma resistance rises, causing the current to fall, and (f1) final quenching and
expulsion of some liquefied oxide from the channel. Reproduced with permission from [68]. B: Side-view pictures
of aluminium alloy samples at different times of the PEO process from a few seconds (a2) to 100 min (e2).
Reproduced with permission from [69]. C: Schematic diagrams illustrating the growth mechanism of the PEO
coating in (a3) Stage | with uniform growth, (b3) Stage Il with the growth localized under the moving surface
discharges and the formation of the PM-surface, (c3) Stage Il,1ll and (d3) Stage Ill. Reproduced with permission
from [70].

Indeed, Dunleavy et al. [71] demonstrated that plasma emission spectra suggest the existence of two
distinct regions: a central core characterized by high temperature (~16,000 + 3500 K), with a high
electron density (n. ~5 x 107 cm™), and a peripheral region, probably extending into the surrounding
electrolyte, which is considerably cooler (~3000—4000 K) and less dense (n. ~10% cm™).

In the case of titanium processed by PEO, Aliofkhazraei et al. [72] classified OES signals into three
different types (A, B, and C) based on their intensity and origin. Type B signals occur when the anodic
material evaporates and are characterized by electron temperatures higher than 9,000 K. The Aand C
type signals result from gas discharges at the surface and in the pores of the oxide film, respectively.
They occur during the initial stages of unipolar current treatments. The discharges are influenced by
the ratio of anodic to cathodic current, the pulse duration and the type of electrolyte.

Liu et al. [73] identified two discharge modes: one with small spark size and another with large spark
size. The latter only appears in the intermediate stage of the PEO process. The electron temperature
in the plasma discharge zone ranges from about 3000 to 7000 K, and it appears to be influenced by the
large discharges. The electron density remains in a relatively narrow range, from 8.5 x 10 cm™=to 2.6
x 10% cm.

Wang et al. [74] also determined the electron temperature by analyzing with the Boltzmann plot
method H line data and obtained values in the range 6,000 to 30,000 K during the process. Hussein et
al. [75] measured an electron density from the Hg transition around 2 x 10%* cm™3,
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Cheng et al. [76] provided estimates of the electron temperature in the case of a brass alloy, ranging
from 4,400 and 7,000 K, using Boltzmann’s plot and selecting only 5 Cu | lines. They observed that lines
in the UV region had to be disregarded for consistency, leading to unrealistic temperatures values
around 100 kK. They suggest that this discrepancy could be attributed to a lower detection efficiency
of the spectrometer or self-absorption of the lines. They also proposed that the discharge structure
comprises a hot core and a colder boundary. However, even with a core temperature around 10,000
K, the values remained far from estimates. Electron temperatures determined from the relative
intensities of the lines of Cu, Zn, and H yielded more consistent values of approximately 6,800, 4,400
and 5,700 K, respectively.

Stojadinovic et al. suggested in several works [77], [78], [79], [80], the existence of two and even three
electron distributions corresponding to as many discharges in the plasma electrolytic process (PEO).
Two populations of electron densities are estimated by fitting two Lorentzian profiles to the H,, and Hp
line profiles. The third distribution is given by the fitting of another metallicline observed in the process.
Electron densities are found to be close to a few 10%°, 10 and 10*” cm™ (refer to Table 1).

Table 1: Comparison between different estimations of the electron densities and temperatures made in
selected reference works.

Reference Material Voltage/current Lines Electron densities Texc
[771 Aluminium 50 mA cm™ Ho 0.8x10% cm™ ~3,300 K from W I
2.5x10%* cm™3 40,000-45,000 K
Al 0.6x107 cm?  romOll
[78] Tantalum 450-550 V Hp 0.9x10% cm™
70 mA cm™ 2.2x10% cm™3
[79] Titanium 400-450 V Hp 3.8x 10 cm™ 3,700 £ 500 K
200 mA cm™ 4.5x10% cm™
[81] Magnesium 350-450 V Hp 1.2 x10% cm™ 4,000 K from Mg |
""l‘:“m'”'”m 100 mA cm™ 2.3 x 10% cm™ 33,000 K from O Il
alloys
Alll/ (1-2) x 10 cm™3
Mg I
[75] Titanium Uni / bipolar Hp ~2 x 10 ¢cm™3 3,500-9,000 K
alloy 170 mA cm=2 unipolar
(TAGV) 3,500-6,000 K
bipolar
[71] Aluminium 150 mA cm™ Hp ~1x 10 ¢cm™3 3,000-4,000 K
alloy Sill/ 5.0 x 107 cm™ 16,000 K
Mg Il
[73] Aluminium 100 mA cm™ Hp 0.85-2.60 x 10 3,000-7,000 K from
alloy cm3 Al

* sodium—tungstate was used as electrolyte
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As previously discussed, the occurrence of multiple electron distributions in the PEO process is
common, although it remains unclear whether they arise from multiple discharges and/or from distinct
emission areas within discharges. This difficulty primarily stems from the inability to obtain time-
resolved measurements of the light emitted by discharges in this particular process.

The selection of transitions is crucial, as certain lines may exhibit optical thickness. As explained by
Stojadinovic et al. [78], Hq self-absorption gives higher values of the electron density than the Hg profile
when this latter is less self-absorbed. If the Hg transition is optically thin, then the estimated electron
density is considered accurate.

Using two Lorentzian functions to fit the H emission lines can be misleading under these conditions.
As illustrated in Fig. 9, there is not always a necessity to employ two distributions to achieve a
satisfactory fit of experimental data, as the shape of the hydrogen line adopts a specific shape, as
calculated by Griem [82] and improved next [45]. Utilizing the appropriate shape leads to a single value
of the electron density in this scenario.
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Figure 9: a) Ho emission line fitted with two Lorentzian. Reproduced with permission from [77]. b) Comparison
between a single shape function given by Griem in [82] and two Lorentzian profiles.

Another important aspect concerns the reliability of the Boltzmann plot method in the PEO process.
Firstly, it is important to note that the electron excitation temperature T, may not always accurately
represent the electron temperature T.. For these temperatures to be equivalent, it is necessary that
energy levels are populated in accordance with the Boltzmann equilibrium distribution. This
assumption holds true if local thermal equilibrium (LTE) is either complete or partial. In case of partial
LTE, the upper energy level of the spectral line used for Boltzmann plot must exceed the lowest level
determined by the pLTE condition. This condition expresses that the electron density required for the
p'™ level to be in equilibrium with the higher levels and the continuum, i.e. to have pLTE above level p,
is given by:

7 1/2
ne (cm=3) > 7.351 x 1018:—("”6) (17)

8.5 2t
z“Eg

where p is the principal quantum number of the lowest level included in the partial LTE and z the
effective charge seen by the bound electron. E;', is the ionization energy of the hydrogen atom.

It is essential to recognize that this lowest level will differ from one emissive species to another,
because of differences in the absolute energy levels of each molecule.

Jovovié et al. [77] evaluated with this criterion that for T. = 1 eV and for W | lines, the pLTE condition
is satisfied above ne = 5.5 x 10*> cm™3. For the same temperature but for O Il lines, pLTE condition is
satisfied above n. = 1.1 x 10'® cm™. Since they determined three electron densities in their discharges
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(0.8 x 10* cm™, 2.5 x 10'® cm3, 0.6 x 10 cm™), the hypothesis of pLTE may or may not be valid
depending on the region where the light originates from. From the results in Table 1, we observe that
ionic lines always give higher electron density values. This is probably due to the region where
emissions occur, with metals evaporating in the hotter region of the discharge. As it is also the case for
O ll lines, we infer that it is possible because the inward flux of water to the plasma core is accompanied
by a progressive dissociation of the molecule until it reaches this region where O atoms can finally be
ionized and excited.

b. Molecular emission

Gas phase plasmas typically have an abundance of molecular emission. Diatomic ro-vibrational bands
have been extensively used to determine rotational temperatures which are typically representative
for the gas temperature although many cases occur for which the interpretation of ro-vibrational
systems are more complex, including plasmas in and in contact with liquids.

i.  Non-equilibrium ro-vibrational distributions

Many ro-vibrational spectra can be observed in the visual spectral range. In this spectra range,
emission originates from electronically excited states. If these states are produced by electron impact
excitation, the resulting rotational distribution in the excited state is a mapping of the ground state
rotational distribution and can be used to determine the gas temperature. The situation is however
significantly more complicated when the excited states are produced by electron impact dissociation,
photoexcitation, metastable excitation or chemical reactions in general. In this case, the nascent ro-
vibrational distribution can deviate significantly from the equilibrium Boltzmann distribution [83]. In
this case, collisional rotational energy transfer should redistribute the excited state rotational levels
significantly faster than the radiative lifetime of the excited state otherwise the measured rotational
spectrum will be impacted by the production process of the electronically excited state and not
necessarily be a good representation of the translation or gas temperature. The phenomena of non-
Boltzmann rotational distributions have been studied for many decades [84], [85], [86] and have been
reviewed in detail specifically for low temperature plasmas in [83].

Bruggeman et al. [87], [88] illustrated that departures from equilibrium rotational distributions can be
substantial, even in highly collisional discharges. The rotational distribution of OH(A) may deviate from
Boltzmann equilibrium, manifesting an excited state rotational level distribution that can be fitted by
multiple distinct temperature parameters. In atmospheric pressure water vapor, the collisional
guenching time of OH(A) by H,0 is comparable to the time needed for rotational relaxation. As a result,
the rotational population distribution of OH(A) falls short of reaching thermal equilibrium.
Consequently, the distribution is strongly influenced by the formation process, often resulting in a non-
Boltzmann distribution. Nonetheless, the rotational energy transfer rate is a function of the rotational
level and thermalization of the rotational levels with lower rotational quantum number can be
considerably faster than for higher rotational levels [89]. This might enable it to still determine the gas
temperature from such spectra from the initial slope of the Boltzmann plot. An example is shown in
Fig. 10. An alternative cause of a two-temperature distribution is a combination of two processes to
produce OH(A): electron excitation of ground state OH(X) and dissociative electron excitation of H,O
[90], [91]. Interestingly, a ro-vibrational spectrum of OH(A-X) reported for microsecond pulsed
streamer discharges can be fitted with a rotational temperature of 5000 K and a vibrational
temperature of 800 K [11]. The significantly lower vibrational temperature compared to the rotational
temperature is a nice example of the highly non-equilibrium plasma state for which we need to be
exceedingly careful in interpreting not only rotational but also vibrational temperatures.
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Figure 10: Boltzmann plot of the rotational distribution of OH(A) deduced from a spectrum of a plasmain a vapor
bubble containing air impurities. The N»(C) spectrum is produced by electron impact excitation and enables the
estimation of the gas temperature equal to 1550 K. This gas temperature coincides with the initial slope of the
OH (A) rotational distribution function. Reproduced with permission from [83].

Similarly, ro-vibrational spectra of other diatomic molecules like C;, N, or CN for carbonaceous liquids
and liquid nitrogen [92], [93], [94] must be analyzed with caution as well. Correlating rotational with
gas temperatures is often impossible. This is especially true for discharge in liquids where species
contributing to emissive systems exist in both liquid and gas phases. For example, Ingebrigtsen et al.
[94] produced streamers in chlorinated alkane and alkene liquids by applying high-voltage pulses (-30
kV, 0.1/50us) in a pin-to-plane configuration. Discharges are close to pLTE, but rotational and
vibrational temperatures of the C; molecular probe are never in equilibrium, vibrational temperatures
being maximum twice as large as the rotational. By calculating the net emission factor in the plasma,
these authors could deduce atomic excitation temperatures close to 12,000 K. The rotational and
vibrational temperatures deduced from the shape of the C, Swan bands were much lower: ~2,500 K
and 4,000 K, respectively. This is an example of a study where the plasma has a strong dissociation
degree in the core and likely very high temperatures (reflected by the atomic excitation temperatures)
and C; molecules are produced by atomic C recombination in the plasma zone at lower temperatures
surrounding the atomic plasma core (C; rotational temperatures might reflect conditions in this lower
temperature plasma zone).

ii.  Self-absorption in molecular spectra

Similar to atomic spectra, self-absorption is also possible for molecules. The analysis of self-absorption
in molecules is less developed compared to their atomic counterpart although the effect has been used
as a measurement approach to measure the OH ground state density from emission spectra in a diffuse
homogeneous glow discharge in helium — water vapor [95]. In this case the parameters needed to fit
the recorded emission spectrum not only include the rotational temperature of the excited state but
also the rotational temperature of the ground state and the ground state density. It is obvious that for
inhomogeneous discharges, it might become challenging to analyze the spectra as the spatial
distribution of these 3 parameters needs to be considered and additional non-equilibrium effects as
discussed above might also be present.

iiii. Continuum molecular emission

Molecules are also able to produce continuum emission. Arguably the most well-known is the
hydrogen and deuterium continuum UV emission [96]. Emission of broad molecular continua in the
visible range is often observed in liquids consisting of long molecular chains such as alkanes, benzene,
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cyclohexane, etc. In these molecular systems, since all excited states with energy higher than that of
the weakest chemical bond can dissociate, there is the formation of fragments in the excited or ground
state. The following references [94], [97], [98] report examples for discharges initiated in cyclohexane
and n-pentane. By increasing the hydrostatic pressure, and then the density in the channel and the
collision frequency, the vibrational energy of the molecules can relax before dissociation and the
production of excited C; molecules decreases. This facilitates the detection of a molecular continuum
thatis approximately constant from 450 to 850 nm [98]. Rogza and Tabaka [99] attributed the emission
between 380 and 600 nm for natural and synthetic esters, to dissociation and fragmentation of
molecules. Gamaleev et al. [100] also observed, but in highly conductive seawater, that an increase in
pressure causes a strong increase of the emission of a flat continuum in the visible range.

One difficulty is to avoid confusing molecular emission, when it is spread over the entire visible range,
with continua emitted by particles or potentially other sources of continua (see below). For example,
Lebedev et al. [101] explained that their attempts to measure the line emission from discharges in
benzene were unsuccessful because the spectra were due to continuum emission from solid particles.
These particles emit broadband continuum emission that can be processed as the emission from a
Planck radiator.

iv.  Case study: State-to-state modeling of OH luminescence spectra in combustion

Intrinsically the analysis of non-equilibrium ro-vibrational spectra to date in plasmas in liquids is
partially empirical by fitting multiple temperatures to a non-Boltzmann distribution. As discussed
above, ro-vibrational spectra might provide information about the formation process of the excited
state and fitting that consider the formation process and the collisional environment would allow us
to fit spectra purely based on physical principles. To our knowledge, such an approach has not been
implemented for plasmas in and in contact with liquids. However, state-to-state modeling of
chemiluminescent spectra has been reported in the combustion community [102]. An example is
shown in Fig. 11.
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Figure 11: OH chemiluminescence spectrum from a flame (magenta dashed line) compared to simulated spectra
obtained by the spectrum calculated considering detailed state-to-state collisional energy transfer processes and
assuming a nascent A state rotational distribution with T,gscent = 5000 K. Black: collisional quenching is considered.
Green: Both Quenching and rotational energy transfer are considered. Red: simulated emission spectrum of a
thermal rotational distribution with Tges = 2200 K — reproduced with permission from [102].

The state-to state chemiluminescent spectra model is basically a modified laser induced fluorescence
model (see further) in which the laser excitation typically of a single rotational is replaced by assuming
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a nascent rotational distribution due to the formation process of the excited state (in the case of Fig.
11 a Boltzmann distribution with a temperature parameter of 5000 K is considered), although in
principle any nascent rotational distribution can be considered. The models incorporate collision
transfer reactions including collisional quenching and rotational energy transfer and the radiative
processes of the excited state. In principle, the model allows to obtain more information about the
nascent rotational distribution and the dominant production processes of the excited state which
could shed additional light on the complex plasma conditions in liquids.

c. Continuum radiation

The origin of continua in discharges in liquids can be multiple. Continuum emission can be generated
by the heating of the medium, the electrodes and the formed particles, that behave as blackbody
emitters. It can also be due to the dissociation of large molecules into fragments that radiate broad
molecular emissions as already discussed above. In addition, free-free or free-bound emissions due to
electron-neutral or electron-ion collisions also referred to as Bremsstrahlung can be an important
emission source in plasmas although it depends strongly on the electron (and neutral) density of the
discharge. Equations for these different phenomena giving the evolution of the emission intensity as a
function of wavelength can be found in [19]. The measurement challenge related to continuum
radiation for plasmas in and in contact with liquids is determining the origin of the continuum radiation.
We focus in particular on the role of Planck’s emission vs Bremsstrahlung as a case study but first
explore continuum emission through the perspective of the arc discharge community.

i.  Continuum emission and arc discharge

The high electron density in arc discharges leads to significant continuum radiation that has been
investigated in detail often through the use of the net emission coefficient approach [103]. For example,
Adineh [104] calculated the radiative heat loss for electric discharge machining based on arc plasmas
in liquid nitrogen using the net emission coefficient method. The results from pressures equal to 0.1
and 1 MPa and working temperatures between 5500 and 10 000 K indicate that the free-bound
mechanism should be the dominant contributing emission mechanism in the continuum radiation
compared to the others.

In the case of free-bound recombination radiation, since the upper level is continuous, the radiation is
continuous. However, there are some structures due to the discrete nature of the lower energy levels,
called absorption edges. The spectra are then characterized by their specific sawtooth shape.
Descoeudres et al. [61] explain that the extreme densities found in the early stages of discharges
produced in EDM processes destroy the upper energy levels of the atoms, making the free bound
radiation more important than the line radiation. However, there is no clear evidence that such
continua have unambiguous absorption edges.

The analysis of any continuum observed in spectra first requires the recorded emission to be corrected
for the optical response of the spectrometer. Once this is done, the shape of the profile can be
compared with the spectral radiance (in W m™ sr't Hz™) given by the Planck distribution law for a black
body. In principle, many discharges in liquids take place at high temperature (T3~ T. ~ 1 eV) and the
medium behaves as a blackbody, emitting a continuum of light (Fig. 12a), which is actually composed
of a large set of convoluted individual lines [19], [57].

Finally, Descoeudres et al. [62] sum up the ambiguity in the analysis of continua quite well: "It is likely
that this continuum is due to free-bound transitions (recombination processes). Free-free radiation is
another plausible source. Since molecules generally emit a broadband spectrum, molecules or
fragments of molecules from the dielectric are certainly involved in the continuum". The many
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possibilities associated with the emission of continua require the provision of independently assessed
reliable data to discriminate unambiguously between the various contributions. In recent years, a more
detailed analysis of continuum radiation of pulsed discharges has been reported which is addressed in
the next paragraph.

ii.  Case study: Planck’s emission vs Bremsstrahlung

There remains continued debate about the origin of continuum radiation in pulsed discharges in liquid
water. Bilek et al. [105] observe continuum emission at very short times, between 0 and 3 ns, during
the initial phases of nanosecond pulsed discharge in liquid water. The applied voltage reaches 100 kV
after 7 ns. They attribute this to the electron-neutral Bremsstrahlung process (Fig. 12b). In this case,
the maximum energy of the photons is the initial kinetic energy K, of the electrons. The energy
spectrum therefore stops at this value. If we plot the spectrum as a function of the wavelength, it starts

atdy = %, which is indeed what is observed experimentally. The shape of the spectra depends on the
0

choice of the electron energy distribution function, and an accurate model is obtained by introducing
a Gaussian function. This assumption assumes the emission of a kind of electron beam at the peak
energy of the functional. With this new parameter, electron temperatures around 2 eV are found. It
remains difficult to understand why the electron energy distribution function should adopt a Gaussian
functional dependence [105] if the discharge is supposed to be close to the LTE (which is typically
reached on timescales of tens of picoseconds [106]).

In their experiment, von Keudell et al. [59] measured an electrode voltage close to 50 kV after 5 ns,
but attributed the continuum emission they observe to blackbody radiation with two components, one
with temperatures of 6000-7000 K at the very beginning of the discharge and one with temperatures
of around 20,000 K appearing after 8 nanoseconds (Fig. 12c). The first values are close to the boiling
temperature of tungsten, the metal of which the anode is made. The authors suggest that this
component of the emitted blackbody radiation probably originates from the hot tungsten electrode
with an additional contribution from hot spots [59].

Grosse et al. speculate that sharp protrusions on the tungsten tip electrode could play a role in the life
of the electrode compared to, for example, Ir/Pt alloys which are smoother. However, this difference
is seen over a time scale of one hour and should only give similar results after several discharges if two
different tungsten wires are used. Furthermore, OES spectra do not show any W lines, from 0 to 35 ns
in one case and from 0 to 435 ns in the other case. Hamdan et al. [107] showed that metallic lines
appear after ~100 ns (depending on the melting point of the chosen metal), which is the time required
to heat metals close to the temperature needed for evaporation to occur. The lack of metal lines might
suggest a lack of erosion of the anode at the very beginning of the discharge. The time required to heat
a solid material is typically hundreds of nanoseconds if not milliseconds, for a refractory metal [108].
Itis hard to imagine that a tungsten electrode could be hot after only two nanoseconds. Furthermore
hot tungsten is oxidized if its temperature is elevated at 7000 K in water (and unlike to liquid nitrogen
[57], [109]). Hence, one would expect that during the first discharge the surface is transformed into
W03, whose melting point is much lower than that of the refractory metal (1,746 K vs 3695 K).

The apparent contradiction between these two very similar experiments of the German and Czech
research groups is striking. Even the gap distances (10 vs 5 mm) and the radii of curvature of the
electrodes (25 vs 50 um) are close. Furthermore, Grosse et al. [59] postulate that the onset of the
discharge luminosity coincides with the onset of the HV pulse and that the dominant source of the
observed continuum is a hot tungsten surface. Simek et al. [110] showed that the onset of the
discharge luminosity with a delay of several nanoseconds with respect to the HV pulse occurs and that
all emissions originate from the luminous filament developing in the bulk liquid.
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Figure 12: a) Blackbody continua observed during discharges in liquid nitrogen [57]. b) Continua observed by
Bilek et al. and modelled with bremsstrahlung (free-free) emission [105]. c) von Keudell et al. [59]. d) Kawamura
etal. [111].

The difference in the origin between the continua observed by the two groups of authors might be due
to the intensities of the currents flowing through the electrodes. In the German group, the current is
around 10 A with a deposited energy of 0.3 mJ/pulse vs 0.3 kA for the Czech group with a deposited
energy of 0.3 J/pulse. Then, results might not be inconsistent as it might seem at first sight. The shape
of the spectra (Fig. 12) suggests different mechanisms might be at stake. Continua might be governed
by Planck’s law at low current and by free-free (electron-neutral) bremsstrahlung at high current.

Simeni et al. [112] investigated this conundrum in more detail by performing absolute emission
intensity measurements on a nanosecond pulsed liquid phase discharge with voltage amplitude more
than 50 kV very similar to the study of von Keudel and Bilek although with a less sharp tungsten
electrode tip. They showed that the shape of the continuum spectrum looks very similar to the
spectrum of a blackbody at temperatures of ~ 1 eV. However, the absolute black body emissivity is
many orders of magnitude higher than the experimentally measured absolute radiation. They
concluded that black body radiation cannot be responsible for the measured continuum emission and
ascribed the emission to Bremsstrahlung. Furthermore, they measured both the initial pulse which
emitted only continuum radiation and subsequent discharges due to high voltage reflections that
emitted both continuum radiation and atomic lines. Interestingly, the continuum radiation for the case
in the presence of atomic lines has a lower plasma density and is suggested to contain both
contributions from Bremsstrahlung and UV hydrogen continuum suggesting the discharge is generated
in a vapor/gas phase.

Song et al. [109] also studied nanosecond pulsed discharges in water using a similar experimental setup.
The applied voltage was slightly lower (20 kV) than Bilek et al. [105] for about 10 ns. Their pin electrode
was made of steel. These authors observed continuum emission in the UV, which they assumed to be
electron-neutral bremsstrahlung (current and energy per pulse are not provided). They did not observe
any blackbody continuum or atomic lines. The possibility of a molecular emission in the UV is also high.
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Marinov et al. [113], also with a similar experimental setup, observed with an applied voltage of 6 to
15 kV an intense continuum between 300 and 800 nm, “only” recorded after 40 ns and still observed
after 260 ns, which could be fitted with the blackbody emission curve at 7000 K. Since nickel lines are
found in the spectra, it is likely that nanoparticle emission is responsible for this continuum.
Interestingly, as in the PEO process, these authors suggest that the H,, line consists of two contributions,
emitted from a hot core and a colder peripheral region. Again, the Hq line could have been fitted with
only one contribution by using Griem’s profiles.

Miron et al. [114] also highlighted the role of nanoparticles in the emission of blackbody radiation.
Each nanoparticle acts as a hotspot emitting from the electrode. The authors observe broad emission
continuum spectra in the range of 350-940 nm with tantalum electrodes, but not with tungsten
electrodes. They explain this behavior not only by the different melting points of the tungsten (3,695
K) and tantalum (3,290 K) electrodes, since they determine a blackbody temperature of about 4,500 K,
but also by the injected power, which was 10-20% higher for the Ta electrodes than for the W
electrodes. They suggest that the higher energy input per pulse for the Ta electrodes could be the
result of the oxide layer formed on the electrode surface, the oxidation process being higher for the
Ta electrodes than for the W electrodes.

In the experiments of Lebedev et al. [115], based on microwave discharge (2.45GHz, 200-500W) in
liquid alkanes, the broadband continuum is observed only in time-averaged discharge spectra, but not
present in one-shot recordings over 1 ms. They attribute this behavior to solid carbonaceous particles
whose concentration is so low that averaging is required to see their emission.

Kawamura et al. [111] measured continuum optical emission spectra in a field-emitting surface
dielectric barrier discharge, using 10 kHz ac excitation, studied in liquid CO; at pressures from 6.8 to
7.6 MPa and temperatures from 290.9 to 291.4 K. They attribute the discharge emission to electron-
neutral bremsstrahlung, the recorded spectrum then being easy to fit (Fig. 12d).

In conclusion, the complexity and highly transient nature of the discharge makes it challenging to
explain in detail continuum emission spectra to date. Nonetheless, more detailed explanations have
been provided in recent years although discrepancies in explanations need to be addressed. Using
absolute emission intensities would provide more quantitative information to assess the validity of
different fitting or model approaches which has currently not been a focus of the field.

4. Early stage and ultrafast processes

The occurrence of discharges in liquids (without the presence of pre-existing bubbles) inevitably
involves ionization processes and a phase transition at some point during or after the discharge
generation from the initial liquid state to the final gaseous state of the formed bubble. In some cases,
direct ionization in the liquid phase is proposed to occur due to direct electron impact “without
undergoing a phase transition” [116], [117]. Numerous mechanisms have been explored, which are
not only dependent on the properties of the liquid but also on its polarity. These include electronic
avalanches, field-assisted ionization, field-assisted dissociation (Onsager), photoionization, among
others, all of which have been extensively discussed in studies on pulsed discharges [118]. A body of
work [119], [120], [121], [122] has shown in several atomic and molecular liquids that the “dense gas
approximation” is not valid for liquids. In many cases, the electric fields are highly non-uniform, and
the electric fields needed for direct ionization in a dense medium with short voltage pulses are huge,
and consequently induce electrostriction within the liquid. This mechanism efficiently reduces the
liquid density and occurs over durations that scale with 2R../c, equating to picoseconds for curvature

22



radii R, of 100 um (Fig. 13). This puts stringent requirements on the temporal resolution required to
study such phenomena.

Considering the density of water (around 1000 times higher than that of vapor), along with the
temperature increase, and accounting for the dissociation of water (increasing the density at most by
a factor of three), as well as the ignition initiating in a region rarified by the constriction mechanism
(reduced by a factor around 0.3, as depicted in Fig. 13) [123], the pressure can reach a maximum of
approximately 10,000 times atmospheric pressure. In practical terms, for an electric field strength of
approximately 10° V m™ [124], the initial pressure should be closer to hundreds of bars. It is
noteworthy that beyond a temperature of 1000 K, water at equilibrium exists either as vapor, which
can be highly pressurized, or as supercritical fluid below 100 GPa [125]. In addition, the discharge
channel formed in the liquid can extend axially at supersonic velocities, typically reaching hundreds of
km s™* [126], and up to 5000 km s™* at inception [116] and diagnostics needs to be able to capture
these phenomena with sufficient temporal and spatial resolution. The above summary stresses the
need for accurate measurements of the electric field, phase change and ultrafast ionization processes
for such experiments in addition to the need for high spatial resolution. We discuss these aspects
below in more detail.
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Figure 13: Dependence of the normalized electrostriction pressure on the radius at the indicated time moments
from the impulse voltage application to the spherical electrode. The minimum of the rarefaction wave is found
at t = 2 in the example. Reproduced with permission from [123]. Insert: The electrostriction rarefaction wave
without breakdown in liquid water. The applied voltage is 9 kV with a width of 20 ns. The image was collected
200 ns after the HV pulse. Reproduced with permission from [117].

a. Initial phase change

Phase change in liquids is relatively straightforward to measure using shadowgraphy or interferometric
approaches [11], [117]. Nonetheless, measurements are limited by the optical diffraction limit and the
time resolution is often significantly impacted by jitter in the discharge generation. An example of the
visualization of electrostriction effects is shown in Fig. 13. Recently the group of Staack has extended
this with ultrafast X-ray measurements [127]. This technique provides interesting opportunities as
shown for the measurement of cavitation bubbles and shockwaves induced by plasmas generated in
liquid at plasma initiation timescales. It was furthermore shown that the technique can resolve narrow
low-density plasma channels at these timescales, conditions for which the strong emission in the
channels might prevent accurate measurements of the refractive index change of the medium.
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Nonetheless, this approach utilized the Argonne National Laboratory's Advanced Photon Source a
capability much beyond the usual tabletop approaches leveraged in our field.

b. Electric field measurements

A range of different optical diagnostics have been developed for electric field measurements with a
strong focus on gas phase plasmas. This includes Stark polarization emission spectroscopy leveraging
the shifting and splitting of light atoms such as H and He [128] or line or band intensity measurements
[129] which are unfortunately not directly applicable to liquid phase plasmas due to the significant
collisional broadening and complex sources of emissions.

Laser based techniques have been developed for low pressure plasmas including fluorescence dip
spectroscopy [130]. Electric field measurements that are compatible with a high collisional
environment include electric field-induced coherent Raman scattering (CRS). Nonetheless, the
technique is limited to Raman active gases and has been mainly used in N; and H; plasmas [131]. More
recently, electric field-induced second harmonic (EFISH) generation has been shown to be a powerful
and versatile technique for electric field measurements in plasmas [132]. The only requirement is that
the gas has a reasonable polarizability and so can be used in most high-pressure plasmas. The time
resolution of the measurement is limited only by the laser pulse duration. Unlike CRS, EFISH is species-
independent [132]. While CRS has been used to measure the electric field in plasmas with liquid
electrodes [133], to our knowledge it has not been attempted to study liquid phase plasmas.

Mach—Zehnder interferometric measurements have been reported to measure the electric field in
liquid water near the metal electrode near breakdown conditions [133]. The approach analyzed the
phase shift of light in the liquid induced by the electrical field stress by leveraging the Kerr effect.
Furthermore, it has also been used to measure the field enhancement near a propagating streamer
head in liquid [134]. It would be interesting to explore how developments in atmospheric pressure
plasmas in the last decade could be further leveraged to enhance the temporal resolution of electric
field measurements in liquids.

c. Case study: Ultrafast liquid phase (ionization) processes

Ultrafast processes, such as the solvation time of solvated electrons, which is reported to be in the
10s of ps have been extensively studied using pico- or even femtosecond lasers [135]. While techniques
to interrogate electron dynamics on these timescales are available, they are exceedingly challenging
to couple with electrically produced discharge plasmas due to their inherent jitter which is typically on
the nanosecond timescale. The study we want to highlight uses a femtosecond laser to generate
plasma in liquid water and allows well-aligned pump-probe measurements with picosecond time
resolution. Sakakibara et al. [136] studied the generation and decay of solvated electrons by a
femtosecond laser pulse by interferometry. The key result from their work is shown in Fig. 14. They
observed additional solvated electron generation after the pulse. This is attributed to the abundant
free electrons in the laser-produced plasmas. These visualized processes are exactly the processes and
timescales that are of interest in electrically produced plasmas in liquids. Further studies might be very
useful to gain more insight into ionization processes in liquids particularly if they could be conducted
in the presence of electric fields.
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Figure 14. Solvated electron generation and decay induced by a plasma in the liquid phase generated with a
femtosecond laser. (a) Deduced production rate of solvated electrons on < 1 ns. (b) Comparison of model and
experiment of the decay kinetics of solvated electrons. Reproduced with permission from [136].

5. Plasma-liquid interactions

In the case of plasmas in liquids the most used diagnostic approach is OES, the focus of section 3. OES
is indeed a powerful tool to study plasma physics, and the key goal is determining the main plasma
characteristics such as electron density and gas temperature. Nonetheless, a major focus of research
involving plasmas in and in contact with liquids leverages plasma-induced liquid phase chemistry for a
variety of applications. A quantitative understanding of these processes involves the measurements of
reactive species composition and density in both the gas phase plasma and the liquid phase.
Unfortunately, detailed measurement of the gas and liquid phase species at the plasma-liquid interface
remains challenging due to the huge species gradients both in the liquid and gas phase. These near
spatial gradients are strongly impacted by the bi-directional interaction of the plasma with the liquid.
In addition to a flux of reactive species from the plasma to the liquid, the plasma will induce
evaporation and transfer of species from the liquid to the gas phase as well which can directly impact
the local plasma properties near the plasma-liquid interface. We present the challenges, recent
advancements and opportunities for species density and concentration measurements below.

a. Species density measurements in the gas phase

A broad range of diagnostics techniques have been implemented to characterize the species densities
in gas-phase plasmas in the last several decades. These techniques have been leveraged from different
communities including the combustion and gas sensing communities. OES, while extensively used for
reactive species measurements in low pressure plasmas, for example through actinometry [137], is not
always ideally suited to probe reactive species in most situations for highly collisional near ambient
pressure plasmas generated in a complex gas mixture as relevant for plasma-liquid interactions.

i.  Commonly used gas phase diagnostics

Absorption spectroscopy is one of the most direct approaches to measuring species densities [138]. A
broad range of different absorption spectroscopy approaches have been developed and implemented
including broadband, tunable diode laser, cavity enhanced and cavity-ringdown absorption
spectroscopy [139], [140], [141], [142]. While absorption spectroscopy requires minimum assumptions,
the technique is inherently a line-integrated measurement which becomes more challenging for non-
homogeneous plasmas. Nonetheless, successful examples of using for example broadband absorption
to determine the OH density distribution in a dc glow discharge in contact with liquid have been
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reported [143]. In this case, it was assumed that the plasma was cylindrical symmetrical to allow for
species densities profile measurements using Abel inversion.

Laser-based diagnostics are extensively used to measure species densities in inhomogeneous and
transient plasmas. Nanosecond and more recently picosecond and femtosecond lasers enabled the
temporal and spatial variation of both short and long-lived species in a plasma [144], [145]. The most
common laser diagnostics that have been leveraged by the community to study plasma-liquid
interactions include laser induced fluorescence (LIF) for the measurement of diatomic radicals like OH,
NO and gas temperatures [7], two-photon absorption LIF (TALIF) for measuring atomic radicals like O,
H and N [146], and Thomson scattering for measuring electron densities and temperatures [147].

Most laser diagnostic studies have focused on the measurements of the bulk concentration of species
of interest. Nonetheless, at typical near ambient pressure conditions, sheaths and boundary layers
have length scales of 100 um or less [148] and this length scale needs in principle to be resolved if such
techniques are used to determine the flux of reactive species into the liquid phase. The usual dynamic
nature of the liquid interface with likely displacements on a similar or even larger length scale than the
desired spatial resolution is a major impediment for such measurements. In addition to plasma
stabilization, a major effort is to establish plasma systems with a highly stabilized and well-defined and
controllable plasma-liquid interface (see section 2). Mass spectrometry, and in particular, molecular
beam mass spectrometry (MBMS) has been a tool that has been extensively used for measuring
plasma-produced species fluxes at plasma-solid interfaces. Unfortunately, the intrusive sampling of
MBMS is incompatible with a plasma-liquid interface and optical diagnostics remains the preferred
approach to characterize near interfacial plasma-liquid interactions.

The most common study in this context is likely OH LIF during the interactions of plasmas with aqueous
solutions. In a highly collisional environment, a LIF model describing collisional energy transfer
processes in addition to laser excitation and radiative decay (see Fig. 15a) is required to obtain the OH
density [149]. The derived density can be very sensitive to the local gas composition which is inherently
unknown near the plasma-liquid interface due to the evaporation. This is particularly the case for water
vapor which is a highly effective quencher of laser excited OH(A). The measurement of the lifetime of
OH(A) can have challenges particularly for nanosecond pulsed lasers if the water vapor density is too
large. On the other hand, in some cases, the water concentration can be determined from the OH(A)
lifetime near the plasma-liquid interface [17], [150]. The most common approach to absolutely
calibrate the OH-LIF signal is with Rayleigh scattering on a known gas at a known pressure and
temperature. Several research groups have reported spatially and temporally resolved distributions of
plasma produced OH radicals as well as water vapor densities near the plasma-liquid interface
indicating both significant evaporation and increased OH generation compared to the bulk plasma [17],
[150], [151]. Nonetheless, the spatial resolution of the LIF measurement near the plasma-liquid
interface was not always sufficient to deduce accurate species fluxes towards the liquid. These
measurements are also dependent on the shape of the interface between the two phases and on the
hydrodynamic movements of both fluids over longer time scales.

26



@ (b) 3d2D

r
AV = 1) N, %g 5p'[3/2],
™
PN,
N 656.28nm
X ; i szPI 3
. % N, A('=0) 22
T N s B 55(3/2]4
By, le§ \\ :I".’ // Qoo
3 Mo ¥ ¢ 2x205.08nm-¢-  2X204.13nm-¢-
: S\ / %3150m
282.56 nm : RIS R R
: A S 1 8 X0'=1)
OD:- /
4 N,
n‘ /
: b / 3528
xo'=0] § § » z 4p° 'S
Nl
OH-LIF H-TALIF Kr-TALIF

Figure 15. (a) Schematic of the transitions involved for OH LIF considering 4 vibrational levels (4-level LIF model)
with the assumption that the rotational levels obey a Boltzmann distribution. Aj are Einstein emission coefficients,
Bj Einstein absorption coefficients, Q; collisional quenching rates, V; vibrational energy transfer rates and N; the
density of indicated vibrational level j. (b) Energy diagram including the excitation and emission processes for H-
TALIF and Kr-TALIF (typically used for absolutely calibrating H-TALIF measurements). Reproduced with permission
from [152].

The measurement of reactive species densities such as OH in discharges in liquids have not been
achieved to date. The inherent stochastic nature of the liquid discharges combined with the fast and
large variations in the gas composition and pressure makes it exceedingly challenging. Nonetheless,
OH-LIF has been recently applied to a discharge in a vapor bubble [14]. This was enabled by a repetitive
controlled generation of a vapor bubble in a Hele-Shaw cell using a voltage pulse of about 1 ms which
allowed the accumulation of the LIF signal over multiple reproducible discharge events. Interestingly,
the high-pressure water vapor in the bubble does not allow one to assume that the rotational levels
of the laser pumped vibrational level are obeying a Boltzmann distribution, a requirement to use a 4-
level LIF model describing the energy levels in Fig. 15a. In this case the analysis of the LIF signal was
performed with a state-to-state resolved LIF model considering 160 rotational levels for each
vibrational level.

The locally increased water vapor concentration near the plasma-liquid interface due to evaporation
can have a significant impact on the local plasma properties. Indeed, Yue and Bruggeman [153]
reported Thomson scattering measurements of the electron density and temperature near a NaCl
solution anode in a helium plasma. They observed a decrease in electron density and significant
increase in the electron temperature when approaching the solution anode due to the enhanced
electron losses with increasing water concentration in the helium plasma. While the impact of water
evaporation on plasma properties has received considerable attention, also in modeling studies [154],
[155], solutes such as dissolved salts from solutions can also transfer into the plasma phase and have
a significant impact on the plasma properties. This is particularly the case when metallic cations from
salts can form atoms in the plasma which can have much lower ionization energies compared to water
vapor and other commonly used gases such as argon and helium. In spite of the fact that the transfer
of solutes from the liquid phase to the gas phase has been used to analyze the concentration of metals
in solutions in the field of analytical chemistry for more than two decades [156], [157], the
underpinning mechanism of the solute transfer remains unclear. Only recently, the first quantitative
study of solute transfer in a glow discharge with liquid cathode has been reported [158]. This study is
an example of the use of planar femtosecond TaLIF to measure the spatial and temporal buildup of
sodium atoms in the plasma near the plasma-liquid interface. While OES can show the presence of
sodium in the plasma, the absolute densities obtained by TaLIF in this study uniquely allowed the
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authors to analyze in more detail the mechanism underpinning the transfer of solutes from the liquid
to the plasma phase.

ii. Case study: Absolute gas phase species flux measurements

Apart from electron fluxes in DC-driven discharges for which the electron flux can be directly deduced
from an electrical current measurement, quantifying the flux of plasma-produced reactive species to
a liquid interface, while critical, remains largely unexplored. Yue et al. [17] recently reported the
measured flux of OH radicals obtained by high resolution planar LIF by a helium glow discharge plasma
with a liquid anode. The OH density distribution near the plasma liquid interface is shown in Fig. 16.
The required spatial resolution of 30 um to be able to obtain the gradient in OH density near the
plasma-liquid interface was achieved by using a stabilized convex liquid interface as shown in Fig. 2.
The OH and electron fluxes determined for a pulsed glow discharge with pulse width of 9 s is shown
in Fig. 16. The authors used these measurement outcomes together with the determined electron flux
as the input for a liquid phase transport and chemical kinetics model that was able to successfully
explain ferricyanide reduction. As plasma-induced liquid phase chemistry is enabled by gas phase
fluxes of reactive species to the liquid phase and current models do not always have a detailed
description of plasma-induced evaporation, more detailed measurements of reactive species fluxes to
the liquid phase directly correlated with liquid phase plasma-induced chemistry are needed to gain a
more refined understanding of plasma-induced liquid phase chemistry.
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Figure 16. (left) OH density distribution near the plasma-liquid interface (position at ~ 450 um). (right) The
electron and OH flux to the liquid surface as a function of time for a pulsed atmospheric pressure glow discharge
with a pulsed duration of 9 ps. The OH flux was determined from the axial gradient of the OH density near the
liquid surface. The electron flux is determined from the conduction current measurements. Reproduced with
permission from Yuanfu Yue and from [17].

b. Selective reactive species density measurements in the bulk liquid phase

The field of analytical chemistry has developed many approaches to analyze the composition of
solutions. Nonetheless the unique aspect of plasma-treated solutions is that they consist of stable and
non-stable intermediates and reactions products which often remain reactive on much longer
timescales than the plasma treatment time and the selectivity of the analytical approach becomes
critical.

i.  Commonly used liquid phase diagnostics

Selective analytical approaches enabling the identification of plasma-produced liquid phase species
include ICP-OES, liquid and ion chromatography, electrochemical sensors and mass spectrometry [159],
[160], [161], [162]. In view of possible reactions between the solution constituents, immediate fixation
of any liquid samples is often a key step when measuring plasma-produced species (either by radical
guenchers or suitable buffers) [163].
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Similarly to gas phase diagnostics, many optical measurements are available for the analysis of
solutions. For example, absorption spectroscopy has been used to determine the amount of NO,, OCI',
NOs, dissolved oxygen and H,0; in plasma treated solutions [164], [165]. This has been recently
extended to the analyses of the conversion of larger hydrocarbon molecules for solution plasmas [166].
Nonetheless, most solutes have relatively broadband absorption profiles in the UV and visible
spectrum that can significantly overlap and are often challenging to interpret. IR measurements are
more challenging particularly for water which is a strong absorber for IR radiation. Colorimetric assays
which utilize spectrophotometric approaches for quantification of species densities are often used
[167]. Inthis case, the specific colorimetric reagent that is added to the solution reacts with the species
of interest forming a color complex. It is assumed that the resulting absorbance by the color complex
relates quantitatively to the number of species of interest present in the solution. A common
colorimetric approach used in the field of plasma-liquid interactions is the measurement of H,0, by
the addition of titanium sulfate to the solution which yields a yellow titanyl sulfate complex upon
reaction with H,0, [167]. It is however exceedingly important to assess the selectivity of the reagent
(as the detection relies on a chemical reaction) in view of the often many different reactive species
present in the plasma-treated solution. Furthermore, fluorescent probes can also be used to detect
plasma-produced species [168]. Fluorescent probes are typically more sensitive than colorimetric
approaches but have similar selectivity issues. One way to assess selectivity of probes is to add
scavengers and assess the impact of scavenging targeted species on the colorimetric or fluorescent
signal.

Several of the available analytical techniques described above include sampling and are most often
used to detect long-lived species. Nonetheless there remains a significant interest in the detection of
plasma-produced short-lived reactive species and radicals in solutions such as NO, OH, O, O, and Os.
However, reactive species and in particular radicals are difficult to measure due to their short lifetimes.
Radicals with their unpaired electrons are paramagnetic. Electron paramagnetic resonance (EPR)
spectroscopy leverages this property to quantify radicals at least for bulk solution measurements [169].
Unfortunately, in aqueous solutions the direct observation of the radicals is not possible due to their
exceedingly short lifetime (and hence very small abundance or concentrations) under typical reaction
conditions. Nonetheless, EPR measurements can be enhanced by using the so-called spin trapping
technique [162]. This approach involves the addition of a spin trap compound and upon reaction of
the radical with this compound a radical-spin-trap-adduct is formed with an increased lifetime and
specific fingerprint signatures that allows for a detailed quantification with EPR. 5,5-dimethy-1-
pyrroline-N-oxide (DMPO) is likely the most common spin trap used [170]. Unfortunately, the spin-trap
approach increases the number of potential challenges considerably. In addition to selectivity that
remains a possible issue, spin adduct stability, and their finite lifetime further complicate the
interpretation of the measurements.

Colorimetric and fluorescent approaches can also be leveraged to detect short-lived species. Similar to
the spin-trapping approach, the radical is measured indirectly through longer-lived species and hence
such measurements have similar limitations as mentioned above. It is important to note that adding
chemicals to detect species might also directly interfere with the solution being characterized. In
addition, the obtained reaction product concentration can have a very complex relationship with the
actual short-lived species densities. This is particularly the case for non-homogeneous reaction
conditions, as present in many plasma-liquid interaction studies. Such conditions require careful
analysis potentially including a detailed model. We come back to this in the case study below.

While in radiolysis, radicals have often been measured by absorption spectroscopy [171], this is much
more challenging for plasma-liquid interactions because significant radical densities are only found
near the plasma-liquid interface due to their finite lifetime and penetration depth while radical
densities in the bulk liquid are expected to be well below the detection limit. In situ localized and fast
measurements would be ideal to measure radicals and would allow us to measure near interfacial
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concentrations which we discuss in detail after describing an interesting application of bulk liquid
phase species concentration measurements in the following case study.

ii. Case study: Absolute species flux measurements through liquid phase analysis

While radical measurements in the (bulk) liquid remain challenging, interestingly bulk species
concentrations measurements of long-lived reaction products of radicals can be used to determine the
dominant radical flux to the liquid interface if one assumes a steady-state flux. An excellent example
of this approach is reported by Jirasek and Lukes [172]. They used a colorimetric approach to measure
the formation of OCI" which was previously shown to be produced dominantly for O, containing
plasmas through O radical reactions in saline solutions near the plasma-liquid interface [173]. The
authors found that at high NaCl concentrations, the production of the colorimetric compound (and
OCI") saturates (Fig. 17). This suggests that the production of OCI- becomes independent of the
transport of Cl" to the plasma-liquid interface and is limited by the flux of O radicals from the plasma
into the solution. When the amount of reaction products becomes independent of the initial
concentration of the reactant, one can determine the amount of O radicals that were injected into the
liquid phase. The determined O flux deduced from the liquid phase measurements shows excellent
agreement with independent gas phase measurements of the O radical density flux (Fig. 17). If the
radical would react with water or other compounds in the solution, corrections for such reactions
might need to be made before an accurate flux can be deduced from bulk conversion measurements.
This example shows that selected bulk concentration measurements of reaction products can be a very
powerful approach to measure the total amount of plasma-produced radical species injected in a
solution. While the approach does not require advanced laser diagnostics and can be achieved in many
relevant cases, it is surprising that it is not more often used to enable the quantitative analysis of
plasma-liquid interactions.

T 4 T ' T T T

1.4+ - .
O delivery, TALIF

1.2 fitted limit |
g 1 10 delivery, MBMS \ 4
~osl B
oV — |
%061 fitted limit with 1
3 ’ / NaCl-dependent solubility |
F0.4r E;E .
021 % Tike] — 2]

m‘{/ L P

O m ? L 1 L | 1
0

Figure 17. Production rate of TauCl (colorimetric agent used to detect the amount of OCl formed in solution),
and plasma-produced O atom delivery estimated by molecular beam mass spectrometry (MBMS, green line) or
TALIF (red line) as a function of the initial NaCl solution concentration. Reproduced with permission from [174].

The analysis of the formation of a reaction product in this case study can also be applied to colorimetric
or spin-trapping approaches more generally. One can find many studies that report unrealistically large
“average bulk radical densities” in excess of 1 uM in solutions. In some cases, reports go as far as
making no distinction between spin-trap adduct concentrations and radical densities. We would like
to offer the following thoughts. If indeed radical-induced reactions are dominantly occurring near the
plasma-liquid interface, an averaged radical density is not a very useful physical quantity. Furthermore,
the number of stable reaction products might be a better representation of the radical flux into the
solution (as in the example of Fig. 17) than a “radical density” as the product concentration often
increases with increasing treatment time (radical densities are typically in first approximation in quasi-
steady state during a typical treatment time of seconds to minutes because of their short lifetime). In
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addition, the result will be dependent on the concentration of the colorimetric or spin-trapping agent.
Indeed, for low concentrations, the conversion rate will be transport limited (as in Fig. 17) and the
amount of product is not even a good representation of the number of injected radicals into the
solution.

We provide a canonical worst-case scenario for the above challenge: a micro-meter sized droplet
falling through a homogeneous plasma while being subjected to a continuous OH flux identical to the
conditions described in [16]. This paper has a transport model of formate conversion induced by OH
radicals that can reproduce the experimentally obtained conversion. We deduce from the model the
numbers in the table below for a condition that led to 50% formate conversion. In this case the
conversion occurs at the plasma-liquid interface due to high concentration of OH radicals which
penetrate less than 2 um into the droplet. The bulk OH concentration remains according to the model
well below the nM level as OH radicals rapidly react with the formate present. Interestingly, the flux
of OH radicals into the droplet is about 17 times larger than the converted formate as shown in Table
2. This is because the formate is significantly depleted near the plasma-droplet interface and the
transport of formate from the bulk of the droplet to the plasma-droplet interface is the rate limiting
step for the conversion. Note that the amount of converted formate molecules (which could be seen
equivalent to the number of reaction products formed as would be the case for a spin-trapping agent
for example) is significantly larger than any OH radical density found in the droplet and is in this case
not even representative for the OH flux into the droplet. Nonetheless if a sufficiently large formate
concentration would have been used, the OH flux could be obtained similarly as in Fig. 17.

Table 2. Effective formate (HCOO") concentrations obtained from the experiment and the treatment of a 36 um
droplet for 10 ms in a He-H,0 glow discharge with an OH density of 3 x 10%° m as described in [16].

Parameter Concentration
Initial [HCOO] 2 mM
Converted [HCOO] 1mM
Interfacial [OH] 10-100 pMm
Bulk [OH] <1nM

Maximum possible converted [HCOO™] ~17mM
(100% OH efficiency)

While a large body of work is available using indirect measurements of radicals in plasma-treated
solutions, nearly all these results give at most a first indication of the relative importance of different
radicals. One should be exceedingly careful before drawing any quantitative conclusions from such
measurements. There is really an opportunity for our community to develop more detailed models of
the underpinning transport and kinetics for the analysis of such measurement techniques. These
models should consider the non-homogeneous radical densities present in plasma-liquid systems near
the plasma-liquid interface. While sufficient transport and reaction rate coefficients might be available
to model well-studied molecules such as formate and phenol [175], [176], this might become a
challenge for more complex systems and dedicated experiments might be needed to provide mastered
conditions in which these quantities can be derived with low uncertainty.

c. Near interfacial liquid phase diagnostics

As described above, many of the chemical reactions induced by plasmas in liquids are enabled by
radical species near the plasma-liquid interface. The penetration depth of key species such as solvated
electrons and OH radicals in water will typically not significantly exceed 1 um. Probing this interface
remains a major challenge. Furthermore, water and many other solutions are dielectrics and hence
surface ionization waves, and surface charging are key processes, but the properties of the actual
plasma-liquid interface have rarely if at all been directly experimentally investigated. While much work
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remains to be done, in recent years, some major advances in probing the near interfacial liquid
diagnostics have been made.

i. State-of-the-art

The likely first and earliest example of the measurement of line-integrated solvated electron densities
at the plasma-liquid interface is reported by Go and co-workers [177]. They leveraged the absorption
band of solvated electrons in the visible-near infrared of the spectrum and achieved the measurement
of a weak absorbance of the order of 10°. The authors used total internal reflection absorption
spectroscopy using a series of diode lasers with multiple wavelengths using a similar configuration as
shown in Fig. 18. While this approach enabled the measurement of near interfacial solvated electrons,
the technique itself is not surface specific and the spatial resolution is due to the small penetration
depth of the solvated electrons. The authors carefully confirmed that the observed absorption was
due to solvated electrons through the addition of scavengers to the solution. This absorption-based
approach is really a fight against the detection limit. This has motivated Sasaki to explore laser-induced
desolvation to detect solvated electrons in solution [178]. In this case, a laser is used to release the
solvated electrons near the interface from the solution and the number of released electrons is
measured by a change in the current signal. This technique was successfully applied to a solution
cathode as schematically shown in Fig. 18. The desolvation at a liquid anode, arguably a case with
abundant solvated electrons, might be difficult as the electrons once released will likely be recaptured
by the electric field in the plasma and reinjected into the solution.
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Figure 18. Experimental setup used to perform laser-induced desolvation to detect solvated electrons at the
plasma liquid interface. Similar setup and laser beam configuration were used to perform total internal reflection
absorption spectroscopy. Reproduced with permission from [178].

Recently, Raman scattering was applied to probe the concentrations of H,0; and NOs;™ near the
plasma-liquid interface by Pai [179]. He used light sheet microscopy with a spatial resolution of ¥ 5 um
for concentrations in the mM range. Interestingly, interfacial layers with enhanced concentration of
both species were found. These are likely the highest resolution measurements near the plasma-liquid
interface reported to date. It would be exceedingly interesting to perform such measurements with
higher sensitivity and further improved spatial resolution towards enabling the spatially resolved
probing of also more reactive species. Fluorescent probe measurements could in principle be
implemented very similarly with high resolution and potentially higher sensitivity. The near interfacial
formation of radicals was for example shown through fluorescent measurements of luminol by Sasaki
et al. [180] although without spatial resolution in the direction perpendicular to the plasma-liquid
interface.

The ultimate spatial resolution to probe interfaces is of course through surface sensitive techniques
such as second harmonic generation (SHG) or sum-frequency generation (SFG). To the authors
knowledge only Ito et al. [181] reported vibrational SFG to monitor long-lived species build up at the
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plasma-liquid liquid interface on minute timescales. These techniques can in principle be applied with
high sensitivity and temporal resolution that would allow probing transient phenomena and short-
lived species. While these techniques were already highlighted in 2016 as an opportunity for studying
plasma-liquid interactions [2] further exploration remains needed.

The above approaches focused on the diagnostic to enhance the ability of probing near interfacial
reactions although alternatively one could for example use thin liquid films to investigate near
interfacial chemistry which we discuss in the case study below.

ii. Case study: Probing near interfacial reactions in thin liquid films

As mentioned above a canonical setup to measure plasma-liquid interactions is typically desired. One
such system that not only allows us to probe near interfacial plasma-induced reactions in the liquid
phase but also has significant optical access is the falling liquid film — plasma reactor as shown in Fig.
19 . Srivastava et al. [182] showed that film thicknesses of a few 10s of um are compatible with stable
plasma operation. The authors found that in situ conversion measurements of a 1:1
ferricyanide/ferrocyanide redox mixture for thin films showed a fast likely OH-driven oxidation on < 10
ms timescales and a slow reduction on 15 ms time scales which was attributed to HO,".
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Figure 19. Schematic of a falling liquid film plasma reactor. The plasma can be vertically translated so the
broadband absorption can monitor the in-situ conversion of chemical compounds on convection time scales.
Reproduced with permission from [182].

A key advantage of the film is that even for absorption measurements, the signal can be dominated by
near interfacial species rather than the bulk solution. Furthermore, as shown above, transport can
significantly impact the analysis of liquid phase chemistry and the transport conditions in the film
reactor can, at least in first approximation, be described by convection in the direction of the
gravitational force and diffusion in the perpendicular direction. This allows for significant control over
the often-complex transport phenomena during plasma-liquid interactions in many reactors.

6. Conclusion and opportunities

Plasma diagnostics remains exceedingly important to advance the science and applications of plasmas
in and in contact with liquids. The field has made major progress in recent years, nonetheless
significant opportunities exist for further development.

This includes opportunities to further refine the interpretation of OES spectra of plasmas in and in
contact with liquids. This includes more detailed models for line broadening, state-to-state models for
ro-vibrational di-atomic spectra and more detailed analysis of continuum radiation employing for
example absolute intensities. Nonetheless such advanced models require data from the AMO (atomic,
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molecular and optical physics) community that might not always be readily available. This might be an
opportunity for artificial intelligence (Al) as a tool to predict spectra. Nonetheless the available data
sets remain small and underpinning physics is not agreed upon which might provide a significant
challenge for related Al developments

Despite significant controversy on discharge initiation, particularly in polar liquids like water, there
exist a large range of experiments that have visualized key processes like electrostriction, phase change,
shock waves and even electric field enhancement near electrodes. Key opportunities in this area
remain to enable such measurements with both high temporal and spatial resolution on the relevant
timescales of plasma initiation. Nonetheless, ultrafast ionization processes in the liquid phase remain
to be investigated. While ultrafast laser-based techniques are available the key challenge remains the
limited temporal resolution due to the inherent jitter in electrically initiated discharges. Potentially
laser-produced plasmas in liquids might provide a pathway to investigate such ultrafast processes of
interest.

In addition, there remain ample opportunities to explore and to broaden the capabilities for
guantitative measurements of reactive species in both the gas and liquid phase. Diagnostics in both
phases are aided by highly controlled and stabilized canonical setups that not only allow us to measure
near interfacial species concentrations and properties but allow for a direct comparison with models
that do not necessarily require complex transport phenomena to be included. Diagnostics in both
phases can further benefit from continued developments to enhance the spatial resolution particularly
near the plasma-liquid interface. LIF and TaLIF remain preferred diagnostics for temporally and
spatially resolved species density measurements in the gas phase although to date have been mainly
used to probe diatomic molecules like OH and atoms like O and H in the context of plasma-liquid
interactions. Extending spatially resolved measurements to a broader range of reactive species of
interest such as recently with the implementation of photo-fragmentation LIF imaging H,0, density
profiles remains of great interest [183]. In the liquid phase, a broader range of diagnostics that can
probe the near interfacial liquid phase chemistry has the potential to significantly enhance our
understanding of plasma-liquid interactions.

In these efforts, the community can leverage capabilities from other research fields and/or advances
in diagnostic technologies. The further development of canonical systems that could be explored by
different research groups with complementary expertise might be very advantageous for the
continued development of the science of plasmas in and in contact with liquids. A stronger
involvement of modeling in diagnostic interpretations will be beneficial. We have also highlighted a
few results that are still under debate and several areas of research have not been explored extensively
including the likely optical thick plasmas-in-liquids and the initial stages of discharge inception. The
authors hope that this review can be a motivation factor and provide guidance in further research.
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