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Abstract
Nanosecond plasmas in liquids can initiate chemical processes that are exploited in the fields
of water treatment, electrolysis or biomedical applications. The understanding of these
chemical processes relies on unraveling the dynamics of the variation of pressures,
temperatures and species densities during the different stages of plasma ignition and plasma
propagation as well as the conversion of the liquid into the plasma state and the gas phase.
This is analyzed by monitoring the emission of nanosecond pulsed plasmas that are generated
by high voltages of 20 kV and pulse lengths of 10 ns applied to a tungsten tip with 50 μm
diameter immersed in water. The spectra are acquired with a temporal resolution of 2 ns and
the emission pattern is modelled by a combination of black body radiation from the hot
tungsten tip and the pronounced emission lines of the hydrogen Balmer series. The data
indicate two contributions of the hydrogen line radiation that differ with respect to the degree
of self-absorption. It is postulated that one contribution originates from a recombination region
showing strong self absorption and one contribution from an ionization region showing very
little self-absorption. The emission lines from the ionization region are evaluated assuming
Stark broadening, that yielded electron densities up to 5 ×1025 m−3. The electron density
evolution follows the same trend as the temporal evolution of the voltage applied to the
tungsten tip. The propagation mechanism of the plasma is similar to that of a positive streamer
in the gas phase, although in the liquid phase field effects such as electron transport by
tunneling should play an important role.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Discharges in water are widely used for wastewater treatment
[1–4], plasma supported electrolysis [5, 6], or for biomedical
applications [7]. A good overview can be found in the roadmap
on plasma in liquids [8]. The in-liquid discharges are usu-
ally ignited in a pin-to-pin or pin-to-plate configuration [9] by
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applying a high voltage (HV) pulse to an electrode. The tempo-
ral structure of this high voltage pulse determines significantly
the physics of these discharges. If the pulse rise time is slow
in the range of microseconds and very long pulses are used,
Joule heating of the liquid and the formation of small bubbles
with evaporated water occurs first before the Paschen criterion
for ignition is met in the gas phase inside these bubbles. The
plasma then expands these bubbles, a gaseous streamer chan-
nel is formed that propagates through the liquid and the water
dissociation chemistry is triggered. These streamers might
also branch and tree-like and/or bush-like emission patterns
have been found depending on the powering of the electrode
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[10, 11]. This very complex behaviour makes these microsec-
ond plasmas in liquids a very complicated multi physics
problem to describe. However, if the pulse rise time is of the
order of only nanoseconds and the pulse length is limited also
to only 10 s of nanoseconds, the complexity of the discharge
development is very much reduced. Due to the fast time scale,
the inertia of the water adjacent to the pin electrode is so high,
that any displacement and consecutive bubble formation is not
possible. However, the nature of the creation of a plasma inside
the liquid (and not in the gas in a bubble inside the liquid) on
these short time scales is still an open question.

The plasma ignition mechanisms in nanosecond plasmas
responsible for breakdown in liquids are widely debated and
may significantly differ from discharge to discharge [12–18]:
normally, the density in the liquid is so high that the creation
of a typical electron avalanche that reaches electron energies
sufficient for ionization is very unlikely due to the strong scat-
tering of the electrons. Consequently, several ignition models
assume the presence of regions of low density in the liquid
in front of a high voltage electrode [19]. Such low density
regions may be induced by Joule heating followed by local
evaporation, liquid rupture due to high electric field gradients,
the simple small displacement of the water layer adjacent to
the electrode due to the electric field pressure, or the igni-
tion in previously formed bubbles which are created at the
tip of the powered electrode due to degassing [20]. The igni-
tion models that are based on reaching the Townsend crite-
rion inside a gaseous bubble or nanovoid in the liquid have to
be distinguished from ignition models based on field effects.
For example, the breakdown inside transformer oils has been
described by the Zener theory based on the tunneling of elec-
trons as the source of ionization during the propagation of a
streamer inside a liquid in high electric fields [21, 22]. All these
effects such as liquid rupture or the onset of electron tunneling
depend on the microscopic nature of the development of such
streamers and the details of the electric fields involved.

Recently, we analyzed such nanosecond plasmas in liquids
and described the dynamic of bubble formation after plasma
ignition using cavitation theory [23]. The energy balance of
this cavitation bubble formation is related to the energy dissi-
pated by the plasma at the moment of ignition. Good agree-
ment between the measured dissipated power in the discharge
and the dynamic of bubble formation has been found. The main
fitting parameter of this model was the potential energy given
by the product of the finite plasma volume times pressure at the
end of the plasma pulse. Based on this model, it is, however,
not possible to easily convert pressures and volumes into den-
sities and temperatures of species inside the plasma. Therefore,
a detailed spectroscopic study of the plasma itself at a tempo-
ral resolution of 2 ns is performed in this paper to gain more
information about the plasma itself. The emission spectra are
dominated by a broadband continuum and line emission from
the hydrogen Balmer series. The origin of the continuum is dis-
cussed in the first part of this paper series and the line emission
in this second part.

The analysis of the continuum in these spectra analyzed in
the first part of this paper series [24] supports a strong contribu-
tion of black body radiation emitted by 10μm sized areas at the

hot tungsten tip. The tungsten electrode reaches quickly a typ-
ical temperature around 7000 K after plasma ignition, which is
equivalent to the boiling temperature of tungsten at high partial
pressures of tungsten. This temperature varies slightly during
the plasma pulse. An additional spectral contribution of even
higher temperature was attributed to a hot spot formation of
even smaller dimensions at protrusions of the tungsten elec-
trode. This contribution appears when the electron transfer at
the solid liquid interface is very efficient. This is especially
relevant at the beginning of the pulse, when field ionization of
water molecules occurs and at the end of the pulse when field
emission at the tungsten tip electrode may be present. After
this hot spot formation, thermionic emission of electrons is
expected to dominate. Plasma emission is the most intense at
the rising and the falling edge of the plasma pulse, because the
change in the electric fields causes a significant acceleration of
electrons and thus a change in heating and plasma emission.

Besides the black body continuum, the Balmer series of
hydrogen and the atomic oxygen line at 777 nm are visible
with a pronounced temporal dependence during the plasma
pulse. By a thorough analysis of these line emission patterns,
we investigate the dynamics of the plasma propagating inside
the liquid. By analysing the different broadening mechanisms
of the hydrogen emission lines, information on the temporal
variation of electron densities is derived. Based on the nature
of the electronic processes leading to that emission, a consis-
tent model is being developed for this peculiar type of plasma
propagation.

2. Experiment

2.1. Experimental setup

Figure 1 shows a schematic of the experimental setup used for
time-resolved optical emission spectroscopy of the nanosec-
ond pulsed plasma. The HV pulses are generated by a pulse
generator FPG 30-01NK10 (FID Technology GmbH). The
pulses have a rising time of 2–3 ns and a pulse width of approx-
imately 15 ns. A frequency of 15 Hz was applied as well as a
voltage of 20 kV. The cable connecting the power supply and
the plasma electrode is a 12 m long coaxial cable (RG213) with
a back current shunt (BCS) mounted at a central position along
the cable (with a = b = 6 m in figure 1(a)). The BCS is used
to measure the current flowing inside the coaxial cable which
can be used for calculating the voltage pulse. A direct mea-
surement of the current at the electrode tip is not possible due
to electromagnetic interference inside the Faraday cage. Nev-
ertheless, the current I can be estimated from the dissipated
energy E that is derived from a comparison of the initial with
the reflected pulses yielding E = 3 mJ. If we assume a voltage
pulse length of approx. 15 ns at a voltage amplitude of 20 kV,
the current can be calculated from the energy yielding roughly
I = 10 A. The current density at the tungsten tip would be even
more relevant for the analysis of the plasma since the current
density may also vary locally due to the effects such as self-
contraction being typical for high current density discharges.
This is, however, not analyzed here, because it would be only
based on the rough current estimates and better experiments
would be required for any robust interpretation.
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Figure 1. Sketch of the experimental setup showing the chamber
from the side (a) and the front view of the chamber illustrating the
electrode configuration and the ICCD imaging and Shadowgraphy
setup in detail (b).

The electrical circuitry powering the nanosecond plasma
can have a significant influence on the plasma by reflections
and oscillations of the high voltage pulse inside the cable, if the
plasma load is not matched to the impedance of the cable. The
length of the cable connecting power supply and plasma elec-
trode is a crucial parameter to distinguish between the forward
and backward traveling pulses in the BCS signal. In the case of
the 12 m long cable, the separation between the forward (ini-
tial) and backward (reflected) traveling pulse is approximately
60 ns and therefore, the voltage waveform at the electrode can
unambiguously be determined. The difference between the ini-
tial and the reflected pulse can be used for determining the
dissipated power and energy for a pulse of 15 ns which are
in this case 200 kW and 3 mJ, respectively.

The electrodes are mounted into a PMMA made plasma
chamber with three quartz windows for optical access (see
figure 1(b)). They consist of copper rods insulated by glass
tubes. Stainless steel cannulas are inserted in the copper rods
to clamp a tungsten wire (diameter 50 μm) as electrode. Dis-
tilled water with an electrical conductivity of 1 μs cm−1 and
a pH of approximately 5.5 is used as the liquid. The plasma
chamber and the FID pulser are both surrounded by a com-
mon Faraday cage so that electromagnetic interference (EMI)
cannot escape the system.

For imaging and optical emission spectroscopy (OES) mea-
surements an Andor iStar DH734-18U-03 camera is used. For
OES the camera is mounted to a triple-grating SpectraPro 750
spectrograph from Acton Research, which used a 50 grooves

mm
grating, blazed at 600 nm. The system has an effective spec-
tral resolution of about 2 nm. The camera is synchronized to

the discharge via the synchronization output of the FID pulser
and a defined delay time to compensate for the cable length
was set. The maximum jitter of the synchronisation signal is
0.5 ns and can, therefore, be neglected. By combining three
spectra at different central wavelengths spectra of an overall
wavelength range of approx. 600 nm could be recorded. Two
connected UV suitable optical fibers from CeramOptec GmbH
are used to couple the plasma emission into the spectrograph
and to prevent EMI to escape from the Faraday cage. A colli-
mator at the end of fiber d, which is mounted in front of the
plasma chamber, collects the emitted light of the plasma into
the optical system from a distance of about 4 cm. The 4 cm
include a water layer of 1 cm from the electrode tip to the
optical window. The system is calibrated with a broadband D2-
Halogen lamp. The measurements are performed with a gate
time of tgate = 2 ns and time steps of tstep = 2 ns between the
spectra within an interval of 30 ns. Each spectrum is averaged
over 1000 discharges.

A more detailed description of the setup can be found in
part I of this paper series [24].

2.2. Size of the plasma and sources of plasma emission

A single shot image taken of the plasma at 12 ns after ignition
is shown in figure 2(a). In this phase, the plasma emission in
the visible spectral range is the most intense. The image of the
discharge shows that the maximum of emission is located in
the direct vicinity of the electrode tip. Whereas the propagat-
ing plasma is only visible by faint structures developing up to
the dotted circle. When the area of brightest emission is black-
ened, these structures become more visible, as discussed in the
first part of this paper series (figure 13 in [24]). The diameter of
the faint structures can be estimated roughly to be 100μm from
these images. Here it is important that the emission maximum
is not located at the front of the propagating plasma (compara-
ble to streamer head in gas discharges) but the location is close
to the electrode tip. The good fit of black body radiation with
temperatures of 6000–7000 K similar to the boiling tempera-
ture of tungsten led us to postulate that on the one hand black
body radiation is the dominant source of the continuum radia-
tion and that on the other hand the emitted black body radiation
is likely to originate from the hot tungsten electrode [24].

Figure 2(b) shows a typical sketch of a plasma that propa-
gates into the medium. In principle, one could start with the
model of a positive streamer [25, 26]. However, the exact
mechanism of plasma propagation in the very dense medium
of a liquid may differ from the classical streamer in the gas
phase, because recombination is more dominant and the mean
free path of the electrons is reduced to inter molecular dis-
tances in liquid water. Therefore, we describe the nature of
the propagating plasma in more general terms: the plasma is
expected to propagate similar to a positive space charge region
where a cloud of positive ions creates a high electric field
in the surrounding that causes further ionization events. The
newly created electrons are transported to the positive space
charge where recombination occurs. In this simple picture the
plasma structure should consist of a leading edge where ion-
ization is dominant and a trailing part where recombination is
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Figure 2. (a) Shadowgraphic image without plasma (left) and ICCD
image of the discharge taken at 12 ns after ignition. The gray
rectangular box indicates the position of the electrode. The gray
circle with a radius of 455 μm describes the propagation distance of
the streamers within the 12 ns. (b) Sketch of a plasma that
propagates into the liquid starting from a hot spot on the tungsten
electrode tip.

prevalent. When this plasma propagates through the liquid, a
channel should be created along its path where the energy from
the recombination events eventually leads to dissociation and
heating of the water. This propagation of the plasma occurs
with a velocity of approximately 46 km s−1 in our experiment
[24], as described in part I of this paper series. Summarizing,
we separate the propagating plasma into three regions: a lead-
ing ionization region, a trailing positive space charge region or
recombination region and a plasma channel along the propaga-
tion path where dissociative recombination converts the liquid
into hydrogen and OH.

With respect to light emission, we may postulate four con-
tributions: (i) the black body emission from the tungsten tip at
boiling temperature, (ii) black body emission from a hot spot at
the tip of the tungsten electrode at the root of the plasma chan-
nel, (iii) light emission from a region where recombination
dominates, (iv) light emission from a small region at the lead-
ing edge of the propagating plasma where the electron density
is high and ionization dominates. The background of the spec-
trum is dominated by the contribution from black body radia-
tion (i) and (ii), the line features in the spectra are dominated
by the contributions from (iii) and (iv).

3. Spectral features

The emission spectra consist of a broad continuum and
of broadened lines, as illustrated in figure 3 for a plasma

Figure 3. Emission spectrum at 4 ns after plasma ignition (black
line). The line positions for hydrogen Balmer series are indicated.
Hα, Hβ , and Hγ are also labeled. The red line denotes a blackbody
continuum for a temperature of 7000 K that is scaled to fit the data.
After subtraction of this background the emission spectrum of the
propagating plasma itself is plotted as green line.

measured at 4 ns after ignition. The red line corresponds to
black body radiation assuming a temperature of 7000 K. This
continuum spectrum is scaled arbitrarily to fit the data. After
subtraction of the background,we obtain an emission spectrum
that should only contain contributions from the propagating
plasma itself (green line in figure 3).

The nature of the spectrum is consistent with the sketch of
the propagating plasma and the single shot image of the plasma
shown in figure 2. The spectrum is dominated by black body
radiation from the tungsten tip, which is also the brightest spot
in the single shot image. The line emissions contribute only to
approximately 10% to the total number of generated photons.
It is important to note that the image of the plasma above is a
single shot image, whereas the spectrum is composed of 2000
discharges. The acquisition of spectra is performed using a
quartz fibre that collects light from the complete region includ-
ing electrode tip and propagating plasmas. Therefore, the light
of all propagating plasmas in these 2000 discharges is prop-
erly collected despite the fact that the plasmas propagate in
individual discharges in random directions.

3.1. Continuum emission

In the first part of this paper series, we discussed the nature
of the continuum. This continuum is dominated by black body
radiation of the hot tungsten tip. Due to the high local current
density an intense heating of tungsten occurs. This leads to typ-
ical black body temperatures of 7000 K or even higher. This
temperature is consistent with the fact that the boiling temper-
ature TB of tungsten is at TB,p0 = 5828 K at ambient condi-
tions corresponding to a vapour pressure p0. During plasma
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operation, non-negligible erosion of the tungsten tip occurs
due to evaporation. This creates a higher tungsten vapour pres-
sure in front of the electrode surface, that may cause the equi-
librium surface temperature of the tungsten tip to increase even
further. For example, if the partial pressure is increased by one
or two orders of magnitude, the equilibrium temperature of
a boiling tungsten surface may easily reach temperatures of
8000 K or higher.

Due to the local nature of the discharge, it is expected that
this temperature is not homogeneously distributed over the sur-
face of the tungsten tip, but a small hot spot on the hot tungsten
surface may form, as it is known from arc lamp discharges
[27], because the discharge current contracts the plasma to a
particular location where the surface temperature is the hottest.
Therefore, the overall black body radiation may be composed
of the emission of the tungsten tip at boiling temperature plus
a hot spot at even higher temperatures. The latter effect dom-
inates, when the plasma current and the electron emission at
the electrode is the highest. This occurs at the rising and the
falling edge of the plasma pulse leading to an additional con-
tribution to the broad band continuum at smaller wavelengths,
as discussed in [24].

3.2. Line emission

In this paper, we regard the line emissions that become visible
in the spectra. Since the plasma is ignited directly in distilled
water, line emissions of only H and O containing atoms and
molecules are expected. Any clear identification of emission
lines is difficult, due to the very dynamic temporal evolution of
the plasma, significant broadening effects and a limited signal-
to-noise ratio at this high temporal resolution. Consequently,
very many species may be formed during the dissociation of
water, but a unique identification of, for example, OH emission
with the prominent A-X bands at 306 nm is not possible. The
only line emission that is clearly visible is the Balmer series of
hydrogen, which is discussed in the following in detail.

Figure 3 shows the signature of spectral features at the line
positions of the hydrogen Balmer series for Hα, Hβ and Hγ .
At later times after plasma ignition also a broadened oxygen
emission line at 777 nm (OI(777 nm)) is observed. Due to the
high temperatures and high densities of electrons and neutrals,
all emission lines may be affected by Doppler broadening, van
der Waals broadening or Stark broadening. The inspection of
the spectra indicates full width at half maximum (FWHM) val-
ues of the lines of several nanometers at least, which is much
larger than the Doppler broadening at temperatures of a few
1000 K. Therefore, only van der Waals and Stark broadening
effects are discussed in the following. For these effects, the
emission line should follow a line profile P(λ) of a Lorentzian
for a central wavelength of λ0:

P(λ) =
1
π

(
Δ
2

)
(λ− λ0 − λs)2 +

(
Δ
2

)2 dλ (1)

with Δ the FWHM and λs a possible red shift of the line. The
integration of the line profile yields

∫
P(λ)dλ = 1.

Other spectral features as e.g. emission from molecular
components as e.g. H2O or OH cannot be identified. The

limited spectral resolution combined with the signal noise
and the broadening of the lines prohibit any unambiguous
identification even of ro-vibrational bands.

3.3. Stark broadening

Stark broadening of emission lines in plasmas occurs due the
perturbation of the emission process by electrons and ions
surrounding the emitting atom or molecule. This broadening
effect is quantified for the hydrogen Balmer series by Gigosos
et al [28] in the form of tables of FWHMs for different tem-
peratures and different reduced masses μ. This reduced mass
μ describes the relation between the emitter atom hydrogen
and the perturbing mass of the surrounding ions. Since, we
assume that hydrogen emits and that the dominant ion is a
water ion, we may use μ � 1 amu. The value for the reduced
mass can change in the case of non-equilibrium situations to
μ∗ = μTe/Tg for different electron and heavy particle temper-
atures. In the case of a high electron but low heavy species
temperature, smaller Stark FWHM values [15, 29] compared
to thermal equilibrium conditions are obtained.

According to the tables of Gigosos et al, the Stark effect at
a temperature of 20 000 K and an electron density of 1024 m−3

yields an FWHM = 5 nm for the Hα line, an FWHM = 23 nm
for the Hβ line, and an FWHM = 27.8 nm for the Hγ line.
The Hα FWHM varies typically by 5% for a temperature vari-
ation of a few 10 000 K, whereas the Hβ and Hγ FWHM vary
by 15% to 20%. Consequently, the Hβ line is often used for
Stark width analysis in plasma science since the line broad-
ening is significant and the line is also sensitive to the plasma
temperature [30]. The line width of Hα is rather insensitive to
temperature changes and simpler line width formulas consis-
tent with the tables of Gigosos et al are available. One example
are FWHMs ΔHα and red shifts λs,α of the Hα line as given by
Kielkopf and Allard [31]:

ΔHα [Å] = 1.55 · 10−11
(
ne

[
cm−3

])0.70±0.03
(2)

λs,α[Å] = 1.23 · 10−16
(
ne

[
cm−3

])0.92±0.03
(3)

The estimates are only validated up to electron densities of
1025 m−3 and any application at higher electron densities is an
extrapolation. The red shift of the lines due to the Stark effect
is usually rather small and typically only 10% of the FWHM.

In the extreme nanosecond plasmas in liquids, the visibil-
ity of lines and their separation from the background of the
spectrum makes the identification of lines and their FWHM
and shift very challenging. For example, a broadened hydro-
gen Hα line is clearly visible in the spectra with an FWHM of
typically of 80 nm, as shown below. Since the center of the line
is shifted by 10% of the FWHM, the Stark effect is identified
as the line broadening mechanism. Consequently, one would
expect to also observe Stark broadened Hβ and Hγ lines. The
line intensities of Hβ and Hγ , however, are one or two order of
magnitudes smaller due to the lower population of the upper
states and the much lower transition probabilities of Hβ and
Hγ in comparison to Hα (Einstein coefficients for spontaneous
emission are AHα = 4.41 ×107 s−1, AHβ

= 8.419 ×106 s−1,
and AHγ = 2.53 ·106 s−1, respectively). Consequently, if one
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observes a Stark broadened Hα line with an FWHM of 80 nm,
an order of magnitude smaller Hβ or Hγ line with a typically
4 times larger FWHM compared to the FWHM of Hα cannot
easily be distinguished from the background continuum.

3.4. van der Waals broadening

The second broadening mechanism that influences the FWHM
of the hydrogen Balmer series is likely van der Waals broaden-
ing that is induced by collisions of hydrogen with surrounding
collision partners. The van der Waals broadening is extracted
from the formulas of Konjevic et al [32] yielding an FWHM:

w[cm] = 8.18 × 10−12λ2[cm2]
(
α[cm2]R2

)2/5

×
(
T[K]/μ[amu]

)3/10
n[cm−3] (4)

with λ the wavelength of the emission in [cm], α the polar-
izability of the collision partners [cm2], T the temperature of
the gas [K], and μ the reduced mass describing the collision of
hydrogen and the collision partners [amu]. The factor R2 can
be extracted from the quantum numbers of the transition by
R2 = R2

u − R2
l with

R2
u = 0.5n2

u(5n2
u + 1 − 3lu(lu + 1)) (5)

R2
l = 0.5n2

l (5n2
l + 1 − 3ll(ll + 1)) (6)

with nu, nl the main quantum numbers of the upper and
lower state of the transition. lu, ll are the angular momentum
quantum numbers of the upper and lower states. The polar-
izability α may range from 1.45 × 10−18 m2 for water to
0.8 ×10−18 m2 for oxygen or 0.66 ×10−18 m2 for hydrogen
as collision partners. If we assume that van der Waals broad-
ening of hydrogen atoms is induced by collisions with water
molecules at a density of 3 ×1028 m−3 corresponding to the
liquid density of water. Previously, we analyzed the pressures
during plasma evolution and expansion by a modelling based
on cavitation theory [23]. This yielded a gas density of liq-
uid water and a temperature of a few thousand K during the
plasma phase at the very beginning. If we use the very same
estimate to assess the van der Waals broadening, one would
expect FWHMs of 65 nm for Hα, of 34 nm for Hβ and of
26 nm for Hγ . These high values should correspond to an upper
limit. It is reasonable to assume that collision partners consist
of hydrogen or oxygen atoms with much smaller polarizabili-
ties and that the local densities at the location of the emitting
atoms can be somewhat smaller than the liquid water density.
If we assume for example hydrogen as emitter inside water at a
reduced density of 3 ×1027 m−3 and a temperature of 7000 K,
one obtains FWHM values of 6.5 nm for Hα, 3.4 nm for Hβ and
2.6 nm for Hγ . An FWHM of up to 80 nm, as visible for the Hα

line in the spectra could only be explained by water molecules
as collision partners at a density of liquid water of 3×1028 m−3

and a temperature of 15 000 K. This seems unrealistic.
The van der Waals effect causes also a shift to the red of

33% of the FWHM [33], which is much larger than the shift
of 10% of the FWHM due to the Stark broadening. Therefore,
the nature of the broadening mechanisms for very broad lines
can easily be identified by regarding both, the FWHM and the

shift of the line. For example, the Hα line with an FWHM of
80 nm that is observed in the data at 14 ns after plasma igni-
tion is shifted by 8 nm only, consistent with the Stark effect
being the line broadening mechanism. Therefore, we assume
that the impact of van der Waals broadening is much smaller in
comparison to the line broadening by the Stark effect for very
large FWHM values.

3.5. Self absorption

The high density of species in the nanosecond plasma, causes
also self absorption of the emission lines [34, 35] and can be
seen in the spectrum shown in figure 3 as small line reversal
of the Hα line. Self absorption of an emission line takes into
account that the emitted photons of a transition may be reab-
sorbed by the very same species along the optical path. This
effect can be calculated by using an optical depth p given by:

p =
hν0

c
BP(λ0)

∫
na(x)dx (7)

with h Planck’s constant, ν0 the frequency of the emission line,
B the Einstein coefficient of absorption and P the line pro-
file. The integral

∫
na(x) dx = Na yields the total number of

absorber species Na along the optical path. The Einstein coef-
ficient B for absorption is connected to the Einstein coefficient
for spontaneous emission A via:

A =
2hν3

c2
B =

2hc
λ3

B (8)

with c the velocity of light. This yields a modification of an
emission line I(λ) with a line profile P(λ) and amplitude I0

passing a layer with absorbing atoms of the same identity of
[34]:

I(λ) = I0P(λ) exp

(
−p

P(λ)
P(λ0)

)
(9)

This is the simplest case of a spatial separation of emit-
ters and absorbers. Since the nanosecond plasma is very much
localized, we assume that this situation describes our case
and the hydrogen emitting at the center of the plasma in the
recombination region or in the ionization region are affected
by dissociated cloud of hydrogen atoms in the surrounding.

Self absorption of emission lines mainly affects the center
of a line and leads to a peculiar change of the line shape. This
needs to be distinguished from a regular absorbing medium,
which influences the overall line intensity but not the line
shape. The absorption coefficient of liquid water in the wave-
length region of the Balmer series is very small of the order
of 10−4 to 10−2 cm−1 and can be neglected. More important is
the influence of the optical path x. Along this path, a signifi-
cant density of the lower states of the transition of the emitting
species needs to be present for the self-absorption effect to
become visible. In case of the hydrogen Balmer series, this
constitutes to the n = 2 state of hydrogen. Such states are
excited states of hydrogen and should only be dominant in the
plasma filaments, either at the leading edge or in the recombi-
nation region behind the streamer head. From the inspection of
the ICCD image above, we estimate that such optical lengths
are in the range of 100 μm at most.
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4. Results

To understand and discuss the dynamics of the line emission,
the temporal evolution of the emission spectrum has to be cor-
related with the applied voltage. In part I of this paper this was
performed with a focus on the continuous emission.

4.1. Voltage characteristics and emission from the plasma

The temporal evolution of the initial and reflected BCS volt-
age and of the electrode voltage are shown in figures 4(a) and
(b), respectively. Additionally, figure 4(b) shows the integrated
light from the camera images. One can clearly see two inten-
sity maxima in the emission which are correlated to the ris-
ing and falling edge of the high voltage pulse. In between, a
dark phase of the pulse, as already reported in the literature
[19, 36], can be identified. The synchronization of electrical
and optical signals can also be performed by correlating the
voltage plateau and the dark phase in emission. A direct syn-
chronization between optical and electrical signals could not
be realized for the present measurements. In the first part of this
paper series, we connected these emission maxima with the
ignition phenomenon at the beginning of the pulse correspond-
ing to field ionization of water molecules at small protrusions
at the tungsten electrode tip. This instantaneous formation of
positive ions in proximity of the tungsten electrode leads to
the seed ions for the plasma to propagate following a mech-
anism similar to a streamer mechanism in the gas phase, as
discussed below. These fast ionization processes may induce
light emission due the acceleration of the electrons in the high
local fields inducing that emission maximum. At the end of the
pulse, the voltage is being switched off and an electric field acts
on the plasma channel, leading to an acceleration of residual
electrons and to field emission at small protrusions at the tung-
sten electrode tip. A second maximum in emission becomes
visible as shown in figure 4. The postulated temporal corre-
lation of the voltage evolution and emission intensity needs
to be validated in future experiments by an accurate synchro-
nization of both signals. Nevertheless, these processes describe
the discharge behaviour and evolution inside the liquid reason-
ably well under the assumption that the correlation between
intensity and voltage is given.

The voltage measured at the BCS and the acquisition by the
camera and by the emission spectrometer are synchronized,
but the absolute time delay between these data sets is diffi-
cult to calibrate. Instead, we used the most characteristic point
in the data at the end of the plasma pulse at the maximum of
the voltage, to shift the voltage curves, the camera images and
the emission spectra by a few nanoseconds to fix a common
unique time axis. Such a shift may seem arbitrary, because
delays between voltage and emission are well known to occur
for gaseous streamers and ionization avalanches [37]. But, as it
is known from literature [14], the plateau of the voltage pulse
is equivalent to the time of lowest intensity and therefore this
assumption is taken for shifting both axes.

The corresponding emission spectra taken at high tempo-
ral resolution are shown in figure 5 (same data as in part I
of the series). The individual spectra are stacked in the graph

and scaled for best visibility of the spectral features. One can
clearly see a pronounced and very broad Hα peak, especially
at later times after plasma ignition. Complex spectral features
at the location of the Hβ and Hγ lines are also clearly visible.
At later times, a broadened line at the position of OI(777 nm)
also appears. The temporal development of the spectra indi-
cates that the Balmer lines are not much shifted with respect
to the standard line positions. This indicates that Stark broad-
ening appears to be the dominant broadening mechanism at
least for the broad Hα line.

4.2. Separating line emission from background emission

The analysis of the line emissions in the spectra requires first
the subtraction of the background and then the fitting of the
emission lines of the Balmer series. At first, the black body
radiation from the hot tungsten tip including the possible for-
mation of a small hot spot at the foot print of the plasma,
as discussed in part I of this paper series is modelled. Then,
the background subtracted spectra are fitted using an emission
model for the hydrogen Balmer series. The best fit is obtained,
if two main contributions are being postulated for hydrogen
Balmer line emission:

• Balmer series emission from hydrogen atoms in the ion-
ization region: the ionization region is the location of high
electron densities and it is reasonable to assume that Stark
broadening dominates line emission of the hydrogen lines
from this location. The leading edge of the propagating
plasma, where the electric field is expected to be the high-
est is also a very small region in comparison to the com-
plete plasma channel, so that self absorption of the lines
should play only a minor role.

In addition, excitation of hydrogen by fast electrons
that are accelerated in the electric field around the leading
edge of the propagating plasma should be the dominant
process. This should lead to a population of excited states
of hydrogen that can be described by an electron tempera-
ture. In this case, the line emission from Hα in the Balmer
series will dominate.

• Balmer series emission from hydrogen atoms in the
recombination region: the recombination region behind
the ionization region of the propagating plasma exhibits
lower electron densities and Stark broadening effects
might be similar to van der Waals broadening in this
region. In addition, the recombination region represents
almost the complete volume of the propagating discharge
so that any self absorption effects may influence the emis-
sion line shapes much stronger than for the emission from
the ionization region.

In a recombination reaction of a proton and an elec-
tron, higher states of hydrogen are populated first inducing
light emission from cascade processes. In this case, strong
deviations from a thermal population of the excited states
of hydrogen are expected. For example, if recombination
leads to the population of the n = 5 state in hydrogen
first, the line emission of Hγ in the Balmer series will
be enhanced. In general, the differences in energies of the
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Figure 4. Temporal evolution of the (a) BCS voltage, (b) the electrode voltage (black line) and the integrated light emission acquired by the
camera (red solid symbols).

Figure 5. Time-resolved emission spectra of the discharge arising
after ignition. The line positions for hydrogen Balmer series and for
the OI(777 nm) emission are indicated.

n = 3, n = 4, and n = 5 states in hydrogen are only �1 eV.
At an estimated temperature of 7000 K, the differences in
population are therefore only a factor 5 at most assuming
a Boltzmann equilibrium, but not orders of magnitude.

This separation in two regions of origin of the hydrogen
Balmer series generates a typical spectrum, where the emis-
sion from the ionization region is dominated by a Stark broad-
ened Hα line with Hβ and Hγ being barely visible, because
these lines are much smaller, but also much broader due to

their higher sensitivity to the Stark effect. This is in con-
trast to the emission from the recombination region, where Hβ

and Hγ radiation from recombination dominates and the much
stronger Hα emission is reduced due a strong self absorption
effect. Using this simple model of two hydrogen emission pop-
ulations, the background corrected spectra can be very well
fitted as shown in figure 6.

Figures 6(a)–(e) show the data at different times after
plasma ignition and the corresponding modelling of the con-
tinuum background consisting of black body radiation assum-
ing a temperature between 5200 K and 7900 K as indi-
cated and a second contribution of black body radiation at a
very much higher temperature. Details of this are discussed
in part I of this paper series. Figures 6(a′)–(e′) show the
residuum (signal-background) on a same scale. It can be
noted that the residuum exhibits a deviation from zero espe-
cially at wavelengths above 750 nm and also below 280 nm,
which is especially pronounced when the absolute signal inten-
sity is small as can be judged from the different scales in
figures 6(a)–(e). These deviations are an artifact from the cal-
ibration procedure and originate from the subtraction of the
background light from the data. This induces significant error
in the wavelength region where the detection system exhibits
a poor sensitivity as it is the case below 280 nm and above
750 nm.

This fit is based on the parameters amplitude and FWHM
for each Balmer line originating either from the recombina-
tion or from the ionization region. In addition, a total number
of absorbers is used to describe the self absorption for the
complete Balmer emission for each of the regions. The black
body background is described by a temperature and an ampli-
tude. This yields 10 free parameters for this fitting. Such a
large number of fitting parameters can render a model ambigu-
ous, but different parameters are affecting very different parts
of the spectra and different features of the Balmer series that
can easily be separated from the continuum background. The
most robust parameters are the FWHM and amplitude of the
Hα line originating from the ionization region and the corre-
sponding number of absorber atoms. The emission lines from
the recombination region suffer all from strong self absorption,
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Figure 6. (a)–(e) Fitting of the original spectrum (black line) with a
continuum background (orange line) that is composed of black body
radiation from two contributions described by an overall
temperature between 5200 K and 7900 K, as indicated (blue line),
and the emission of a small hot spot at 20 000 K (red line); (a′)–(e′)
fitting of the residuum of data minus background (green line). The
data correspond to times after ignition of 4 ns (a, a′), 6 ns (b, b′)
during build up of the streamer, 12 ns (c, c′) during the dark phase,
16 ns (d, d′) at switch off of the voltage and the start of the falling
voltage slope, and 24 ns (e, e′) during the decay of the plasma. The
modelled emission spectrum of the plasma (orange line) consist of
contributions of the hydrogen Balmer series originating from the
recombination region (blue line) and from the ionization region
(green line). Emission from the ionization and recombination region
differ with respect to self absorption.

which makes the fitting of the amplitude, of the FWHM, and
of the absorber numbers much less reliable. The error bars for
these fitting parameters express the ambiguity in their abso-
lute values. The amplitudes of the lines depend very much on
the excitation process, but also on the volume of the emission
region. This will be discussed below. At first, we discuss the
line shapes in the spectra in figure 6 as follows:

• at 4 ns after ignition (figure 6(a)): the Hα line origi-
nating from the ionization region shows a small degree
of self absorption indicating the existence of absorbing
hydrogen atoms in the optical path at the very beginning
of the discharge. The Hβ and Hγ line show strong self
absorption line shapes. At the central position of the Hβ

and Hγ line, a broadened line without any self absorp-
tion is still visible. Such a contribution indicates hydrogen
emission in the absence of self absorption. These emit-
ting hydrogen atoms cannot originate from the ionization
region, because the FWHM should be much larger than
the FWHM of the Hα line from the very same region.
Instead, these small Hβ and Hγ contributions may orig-
inate from a separate region of hydrogen atom emission
outside of the central part of the propagating plasma. This
is just a hypothesis and further experiments would be
required to uniquely identify this small contribution.

• at 6 ns after ignition (figure 6(b)): the amplitude of the
Hα line is increasing and the line shows less self absorp-
tion. The FWHM is also larger indicating a larger electron
density. This trend can be easily understood. At the begin-
ning of the discharge, more and more hydrogen atoms are
being ionized, which causes an increase in electron den-
sity, but at the same time a decrease in hydrogen absorbers
inducing self absorption. The plasma propagation appar-
ently outruns the formation of neutral hydrogen atoms due
to field effects in the vicinity of the electrode.

• at 12 ns after ignition (figure 6(c)): the FWHM of the
Hα line is very large and shifted typically by 10% of the
FWHM indicating the Stark effect being the broadening
mechanism. At the same time, the emission pattern of
the Hβ and Hγ line remains unaltered, but their contribu-
tion in relation to the Hα line becomes smaller. At later
stages in the plasma propagation, the density along the
plasma channel might decrease and the electron tempera-
ture cools down, so that the hydrogen emission from this
region becomes fainter as the plasma propagates.

• at 16 ns after ignition (figure 6(d)): the Hα line shape is
very similar to the spectrum at 12 ns. The typical slight
asymmetry to the red of the Stark broadened line becomes
visible. A broad line for the OI(777 nm) emission appears
at 777 nm.

• at 24 ns after ignition (figure 6(e)): the Hα line is dominant
in the spectrum with a smaller FWHM indicating lower
electron densities. The spectral signatures of the Hβ and
Hγ line become weaker indicating that during the decay of
the plasma, the electron temperature in the plasma channel
may decrease causing the lines to become rather faint very
quickly.

The good agreement between data and emission model
assuming two major contributions of emitting hydrogen atoms
yields line parameters for the Hα, Hβ , and Hγ lines for the ion-
ization regions and the recombination region and two numbers
of absorbing species. The parameters line amplitude, FWHM
and number of absorbers causing self absorption are coupled
and lead to a certain ambiguity in the absolute values. The
most robust parameters are the absorber numbers and the line
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parameters for the pronounced Hα line of the emission from
the ionization region. The detailed fitted parameters of the Hβ

and Hγ lines are discussed only to a small extent in the follow-
ing, because they may suffer from larger error bars and also
from the effect that the recombination region may be com-
posed of different spatially separated parts. Here, the simple
model of a unique distribution of hydrogen atoms may be an
oversimplification.

A good fit is obtained by assuming a number density of
Na = 4 ×1016 absorber atoms along the optical path for the
hydrogen atoms emitting in the recombination region. The
plasma propagates in random directions from the tungsten
electrode, so that most of the light emission from the recom-
bination region escapes along the sides of the plasma chan-
nel. If we assume an optical path length of photons escaping
from this channel of typically 100 μm, one may deduce a den-
sity of absorbing hydrogen atoms of na = 4 ×1020 m−3. The
n= 2 state of hydrogen is 10.2 eV above the ground state. If we
assume the black body temperature of the tungsten tip of typi-
cally 7000 K being also representative for the gas temperature
in the recombination region, we can derive a ground state den-
sity of n0 = na exp(10.2 eV/7000 K) of 8.8 ×1027 m−3. This is
close to the liquid density of water and leads to the conclusion
that water may be completely dissociated within the recombi-
nation region, producing a very high local density of hydrogen
atoms. This complete dissociation of water in the recombina-
tion region is consistent with chemical kinetics calculations of
the water chemistry in the nanosecond plasma [38].

An absorber number Na of only a few 1013 absorber atoms
along the optical path for the hydrogen atoms emitting from the
ionization region is necessary to fit the data. This much smaller
number may be compared to the estimate for the self absorp-
tion in the recombination region: when an absorber number
Na of 1016 corresponds to a length scale of 100 μm in the
recombination region, an absorber number of 1013 should cor-
respond to an optical path for self absorption of light from the
ionization region of the order of 1 μm or even below. This is
consistent with typical models for propagating plasmas in the
literature such as streamers. As a streamer propagates, only at
the very tip a high electric field is created that accelerates elec-
trons into the streamer head. If we transfer this typical picture
of streamer discharges to the in liquid discharge, excitation and
emission would occur in a very thin layer of around 1 μm at
the head of the filament.

4.3. Electron densities and dynamic of the nanosecond
plasma

The line profiles of the Hα line originating from the ioniza-
tion region are fitted assuming Stark broadening including
the effect of self absorption. The electron densities are then
derived from the FWHM using equation (2). The temporal evo-
lution of the electron density is shown in figure 7(a) together
with the temporal evolution of the voltage for comparison.
The electron density reaches very high values of the order of
5 ×1025 m−3 at the end of the pulse (this implies the validity of
the extrapolation of equation (2) to electron densities slightly
above 1025 m−3). These data are consistent with our previous
experiment [23], as shown in figure 7(b) comparing the new

Figure 7. Electron densities as extracted from the FWHM of the Hα

line. The red line denotes the temporal evolution of the electrode
voltage for comparison. (a) Comparison of the temporal evolution of
the electron density ne with the voltage, the exponential decay is
modelled by a solid line using a decay constant of 8 ns. The gray
area indicates the rising part of the voltage. (b) Electron densities in
this work (solid symbols) compared with the data from a previous
publication (8.65 m cable) using a temporal resolution of 30 ns [23].

data taken at a temporal resolution of 2 ns with the previous
data taken at a temporal resolution of 30 ns. Such electron den-
sities are typical for discharges in liquids for a wide range of
pulse lengths [8, 9, 39].

It is striking that the electron density follows closely the
voltage applied to the electrode during the rising and falling
edge of the pulse. In nanosecond plasmas in gases at atmo-
spheric pressures, the voltage and current exhibit usually a
delay in between with the voltage rising first followed by the
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current due to the delayed build-up of the electron density in
the ionization avalanche. During the plasma propagation in the
liquid, however, the density of species is three orders of mag-
nitudes higher, so that the build-up of charges is expected to be
much faster compared to the variation of the voltage. The same
also holds for recombination that should exhibit time constants
of the order of ps at these densities. The actual electron density
is then a balance between generation of free electrons in the
high electric fields and their loss due to recombination. This
is consistent with the observation that the electron density fol-
lows also the decrease of the voltage with a time constant of
8 ns (shown as solid line in figure 7(a)). The decay of the
electron density is not a free decay due to recombination, but
rather follows a decreasing equilibrium value as a competition
between ionization and recombination.

A close inspection of the data indicates also an oscilla-
tion of the electron density during the decay with a period of
10−8 s. This is similar to the time constant of the nanosecond
pulse itself. Any further interpretation of the temporal evolu-
tion of the electron densities at 20 ns after plasma ignition and
later remains ambiguous, because the effects of van der Waals
broadening on the FWHM cannot easily be distinguished from
the Stark broadening at electron densities below 1025 m−3 in
our high pressure nanosecond plasmas.

The interpretation of the Hα line width using the Stark effect
may be questionable taking into account that pressure broad-
ening might also be significant given the very high pressures in
our plasmas. However, Stark broadening and pressure broad-
ening can be distinguished based on the shift of the lines, which
is only 10% in case of Stark broadening but 30% of the wave-
length in case of pressure broadening. In our experiment we
see only a shift of 10%. Therefore, we assume that Stark broad-
ening is dominant and that the shift of the Hα line and its width
can be directly connected to an electron density.

In the following, we discuss the line parameters of the
most prominent Hα emission originating from the ionization
region. Figure 8 shows the temporal evolution of the number
of absorbers Na (a), the amplitude of the Hα line (b), and the
temperature of the hot tungsten tip (c) for comparison. The
temporal evolution of the voltage and of the electron density,
as shown in figure 7, are also plotted as reference.

The number of absorbers is of the order Na = 3 ×1013 at
the very beginning of the discharge (figure 8(a)). It decays to
zero at 10 ns simultaneously with the increase in electron den-
sity. This behaviour can easily be explained. At the beginning
of the discharge, field ionization creates the first positive ions
in the vicinity of the tungsten tip. This positive space charge
starts to propagate and causes dissociation and excitation of
water molecules and their dissociation products. As the plasma
propagates more and more hydrogen atoms are converted into
hydrogen ions and are thereby not able to act as absorber atoms
anymore or the total numbers of hydrogen atoms in front of the
propagating plasma becomes so small that any self absorption
cannot longer be identified in the line profiles.

The amplitude of the Hα emission from the ionization
region is a measure of the volume or the size of the plasma that
is propagating (figure 8(b)). At the beginning of the discharge,
the amplitude is rather large, whereas the electron density is

Figure 8. Temporal evolution of the fitted line parameters of the Hα

line. The temporal evolution of the electrode voltage is shown as a
red line. (a) Change of the number Na of absorbers along the optical
path, (b) amplitude of the Hα line, (c) variation of the black body
continuum expressed as temperature and the percentage of the
contribution of a hot spot at 20 000 K. The gray area indicates the
time of the plasma pulse.

still small. This is consistent with a distribution of emitting
hydrogen atoms over a large area in the vicinity of the tungsten
surface, where field effects cause ionization and excitation. As
time progresses, the amplitude decreases sharply and the elec-
tron density increases. This can correspond to a localization
of the plasma at the electrode tip and may resemble a typi-
cal dynamic of the formation of an arc spot. This is in line,
with the observed variation of the radiation from the tung-
sten tip: simultaneously with a localization of the Hα emis-
sion, the black body temperature of the tungsten tip decrease
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Figure 9. Amplitude of the Hα line emitted from the ionization
region (a). Amplitude of the Hβ and Hγ line emitted from the
recombination region. The gray area indicates the rising part of the
voltage.

whereas the contribution from a hot spot causing a shift of the
continuum to shorter wavelengths becomes visible, as can be
deduced from the fitting parameters of the black body con-
tinuum shown in figure 8(c). At the location of the hot spot,
tungsten is efficiently evaporated inducing evaporation cool-
ing leading to a lowering of the temperature in the region
surrounding this hot spot. At the end of the pulse, the ampli-
tude of the Hα line goes through a short maximum, because
the change in the electric fields during the falling edge of
the pulse accelerates again free electrons and/or induces field
effects that lead to light emission. The amplitude of the Hα

emission quickly drops to very small values, although the elec-
tron densities decrease quite slowly. Apparently, the electron
temperature for exciting the Balmer series drops much faster
than the electron density. This is also typical for most afterglow
plasmas.

Figure 9 shows the amplitude of the Hα emission from the
ionization region (same data as in figure 8) in comparison with
the amplitudes of the Hβ and Hγ emission from the recombina-
tion region. One can see that the amplitudes of lines from the
ionization region and recombination region follow the same
trend. One can also notice that the ratio between the Hβ and Hγ

amplitude drops as the plasma propagates. If one corrects the
amplitudes for the different Einstein coefficients for these tran-
sitions, one may deduce a rather high population of the higher
states, as being typical for recombination being the source of
emission.

5. Discussion

The experiments yielded four major observations: (i) the elec-
tron density follows closely the same trend as the electrode
voltage of the initial pulse. Correlating the peak in elec-
tron density to the maximum voltage, no time delay between
ionization and voltage can be observed. (ii) Radiation from
the ionization region is dominated by a Stark broadened Hα

emission from a very small region exhibiting high electron
densities up to 5 ×1025 m−3; (iii) radiation from the recom-
bination region is dominated by Hβ and Hγ emission. These
lines are moderately broadened but are strongly affected by
self absorption. The line ratios hint to recombination being the
source of excitation; (iv) during the rising and the falling edge
of the nanosecond pulse, emission goes through a maximum
due to a variation of the governing electric fields. Based on
these experimental observations, the following schematic pic-
ture of the plasma propagation inside the liquid is postulated
and illustrated in figure 10:

•. Ignition by field ionization, figure 10(a): at the onset of
the voltage, a high electric field acts on the water layer
adjacent to the electrode tip. The electric field strength is
high enough at small protrusions to be able to induce field
ionization of water molecules occurring above a thresh-
old of the order of 0.5 V Å−1. The strong electric field
surrounding these newly created positive water ions is
high enough to even further ionize water molecules in the
vicinity and a positive space charge region is starting to
propagate through the liquid. This propagation should be
dominated by field effects and may resemble hole con-
duction in solids, as it has already been postulated for the
breakdown in transformer oils described by Zender theory
for tunneling.

•. Formation of the plasma and initial electrode heating,
figure 10(b): due to the nonlinear interplay between elec-
tron transfer and local heating of the electrode, a localiza-
tion of the electron current occurs and a particular spot on
the tungsten tip reaches very high temperatures exceed-
ing the boiling temperature of tungsten as a characteristic
equilibrium temperature defined by the phase transition
of tungsten. Thermionic emission of electrons may occur,
although the electrons cannot easily escape the tungsten
tip due to its positive voltage.

The time scale of plasma creation and propagation is
governed by the time constant for ionization in competi-
tion with the time constant of recombination. Since the
electron density in the ionization region follows closely
the applied voltage and any delay between voltage and
build-up of the electron density is not observed, it is rea-
sonable to assume that the equilibrium between ioniza-
tion and recombination is reached on a time scale much
faster than the nanosecond scale of plasma propagation.
This should correspond to the typical Saha equilibrium as
a partial local thermal equilibrium PLTE. This is in con-
trast to the typical build-up of charges in a streamer in the
gas phase at atmospheric pressure that takes usually 10 to
100 ns. In the case of the plasma propagation inside the
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Figure 10. Sketch of plasma propagation in liquids: (a) field
ionization of water molecules at the rising edge of the pulse, (b) hot
spot formation and onset of plasma propagation, (c) plasma
propagation, (d) end of the pulse, beginning of the falling edge of
the pulse, (e) evaporation and expansion after the pulse. The right
side of each sketch illustrates the front view onto the electrode tip
and the grounded electrode is millimeters apart.

liquid, the density is a factor 1000 higher, implying much
faster ionization with time constants of ps.

The ignition inside vapour bubbles in the tip vicin-
ity that remain present from preceding discharges can be
excluded. The residual vapour bubble after collapse sepa-
rates from the electrode tip at 500 μs after ignition before
it moves upwards due to buoyancy [23]. The application
of a voltage pulse with a frequency of 15 Hz creates a dis-
charge every 67 ms which is much longer than the time
for the vapour bubble to leave the tip vicinity. However,
the presence of any nanovoids cannot be excluded from
the experiments.

• Plasma propagation, figure 10(c): during the propagation
of the plasma, new water molecules are ionized in the
high electric field surrounding the positive space charge
region. This process should exhibit a very local charac-
ter being on the atomic scale: in the gas phase, a positive
space charge propagates due to ionization events in the
high electric field at the leading edge of the plasma. In
the case of a classical positive streamer in gases, these
ionization events consists of photo ionization that creates
seed electrons ahead of the positive streamer head, that
are accelerated into the streamer; in the liquid phase such
a generation of seed electrons may occur similarly, but the
strong recombination of any free electrons at far distances
from the positive space charge region prevents any effi-
cient acceleration. Therefore, new ionization events may
occur either due to acceleration of free electrons along
inter molecular distances in the liquid or by field effects at
the boundary of the positive space charge. This distinction
may be semantic and just demonstrates that a microscopic
model of the propagation of the plasma is needed.

During propagation of the plasma, any ions that are left
behind recombine on a short time scale. This implies a sig-
nificant difference when comparing propagating plasmas
in the gas and the liquid phase: in the gas phase a conduc-
tive and quasi neutral streamer channel is formed behind
a positive streamer head; in the liquid phase, however, the
formation of such a lasting conductive channel is unlikely,
because recombination efficiently removes any charges on
much shorter time scales than plasma propagation. Due
to this, the structure of a propagating plasma in a liquid
should correspond rather to an electric dipole propagat-
ing through the liquid consisting of a leading negatively
charged edge followed by the small positive space charge
region.

Light emission from the more positive part of the prop-
agating dipole, should be dominated by recombination
radiation originating from the region just behind the ion-
ization region. This is consistent with the data, because
the hydrogen Balmer emission labeled as originating from
the recombination region is rather constant in time. In
a classical streamer in the gas phase, the emission from
the streamer channel would be expected to grow in time
instead, because the length of a conductive channel in the
gas phase is continuously increasing. This is not observed,
and the light from the more positive recombination region
follows a very similar temporal evolution as the light from
the ionization region.

• End of the pulse, field emission, plasma decay, figure
10(d): at the end of the pulse, the electric fields decrease
again. Then thermionic emission from the hot tungsten
electrode, becomes possible leading to ionization and to
a consecutive second maximum in emission at the falling
edge of the high voltage pulse. During the decay of the
voltage, the electron density follows closely the temporal
evolution of the voltage.

13



Plasma Sources Sci. Technol. 29 (2020) 085021 A von Keudell et al

• Evaporation and expansion of the bubble/plasma chan-
nel, figure 10(e): on longer time scales from 10 s of ns
to μs after plasma ignition, the water molecules and their
dissociation products may start to move and evapora-
tion and expansion of a bubble can occur. The heat of
recombination along the propagating plasma channel may
induce dissociative recombination, leading to excited OH
molecules and H atoms. The recombination and relaxation
of the species may lead to a thermal equilibrium of the
species inside the plasma channel with a very high tem-
perature and thus a very high pressure. Expansion and adi-
abatic cooling of the gas occurs, as it is already described
in [23, 38].

This sequence of the dominating mechanisms during igni-
tion, plasma propagation and decay describes consistently the
temporal development of the emission data taken at very high
temporal resolution. This description differs, however, from
the classical description of streamer propagation in two main
aspects: (i) first, recombination is much more important, so
that the formation of a lasting conductive plasma channel as in
gas discharges that lasts during the complete propagation of the
plasma is unlikely, (ii) second, the ionization in the higher elec-
tric field region adjacent to the positive space charge should
occur due to field effects rather than conventional accelera-
tion of free electrons. Both effects require more detailed diag-
nostics in the future, but also more atomistic plasma models.
Such models may exist in the field of laser produced plas-
mas, although ionization and propagation are very much dom-
inated in those cases by the very intense laser field. Here, a
plasma structure is only induced by an electric field in the very
beginning.

Although the question of the discharge initiation mecha-
nism remains difficult, we postulate that plasma generation and
propagation may be dominated by field effects. This is sup-
ported by the fact that the electron density follows the same
trend as the applied voltage. This similarity of the trends cor-
roborates our hypothesis of the synchronization of the tempo-
ral axis of the voltage signal and the overall emission intensity.
This indicates, that both ionization and recombination are hap-
pening very fast resulting from the the 103 times higher species
density in the liquid compared to gases. If the discharge would
appear in gas filled microbubbles, this would result in a delay
between voltage and electron density due to the build up of
electron avalanches which take a few ns. Furthermore, if the
excitation from a ground state gas density is assumed instead of
liquid density, the same degree of self absorption which is cal-
culated from the spectral lines would require 103 times larger
plasma structures. This would result in propagating plasma
heads of 1000 μm and a streamer channel of 10 cm. This is
not consistent with the ICCD images taken at the different
times inside the plasma pulse. Furthermore, the open debate
on favoring either ignition via electron impact ionization in
nanovoids or field ionization inside the liquid has recently been
elucidated by Aghdam and Farouk [40]. They implemented
multi physics simulations of the ignition in a liquid due to
nanosecond voltage pulses applied to a curved electrode and
observed creation of low density regions due to electric field

induced pressure gradients and ionization by electron impact
and field effects. Their main conclusion is that the threshold for
cavitation is easily surpassed due to the short voltage rise times
of the order of nanoseconds leading to low density regions with
diameters of several microns at most and a density which is
reduced only by a few percent compared to the liquid density.
The electron impact ionization in these low density regions
is too inefficient to explain plasma generation. Instead field
ionization of water molecules has been identified as the main
electron generation mechanism. This modeling insight into the
microscopic nature of plasma ignition and propagation in a
liquid is consistent with our interpretation of the data.

The propagation and development of that charged structure,
however, occurs into the free space of a liquid at very high den-
sity and it remains an open question whether this propagation
is similar to a streamer in the gas phase following a mecha-
nism that is only properly scaled to the much higher densities
or whether propagation is more likely governed by field effects
and electron tunneling as in the models based on the Zender
theory in semiconductors.

6. Conclusion

Nanosecond plasmas in liquids are analyzed by emission spec-
troscopy monitoring the temporal evolution of the hydrogen
Balmer lines. Based on our experiments, we postulate that field
effects are responsible for plasma ignition and plasma prop-
agation. This is supported by two main observations: (i) the
electrode voltage and plasma density follow the same trend.
By correlating dark phase in intensity with the voltage plateau
no phase delay between voltage and current can be observed
as being typical for streamers in gases. The absence of a delay
on the nanosecond scale between voltage and current supports
thereby the hypothesis of plasma ignition and propagation
directly inside the liquid which follows very fast time constants
for ionization and recombination, so that the electron density
is not a measure of the propagation of an avalanche but rather
an equilibrium density from a balance between ionization and
recombination; (ii) the optical depth causing self-absorption
of the Balmer series is used to estimate the absolute species
density of excited hydrogen atoms across the diameter of a
streamer channel in the range of 100 μm. This estimate yields
only realistic values for typical electron temperatures, if we
assume a density of H atoms in the ground state close to the liq-
uid density of water molecules. The same optical depth assum-
ing a ground state H atom density in the gas phase would imply
a streamer channel diameter of 10 cm. This is not consistent
with our experiment.

This assessment, however, is not necessarily a counter
argument against ignition by electrostriction, since both
effects, field ionization and electrostriction require similar
field strengths and may occur at the same time and each con-
tribution also may vary from experiment to experiment. Both
effects require rather similar electric field strengths, so it is
challenging to design an experiment to uniquely identify a par-
ticular mechanism. Two experimental options may exist: (i) if
one succeeds to prepare two electrode tips with the same shape
but different materials and thus different work function, the

14



Plasma Sources Sci. Technol. 29 (2020) 085021 A von Keudell et al

effect of the electric fields could be separated from the electron
tunnelling, because field effects depend on the work function.
Such experiment requires a precise control of the shape of the
electrode, independent on the choice of the material. This is
challenging, because, as shown in part I of the paper series,
the shape of the tip develops during plasma operation; (ii) the
propagation of a gaseous streamer depends sensitively on the
polarity distinguishing negative streamer propagating via an
electron avalanche and positive streamer that require photon
ionization as a mechanism to create the next electrons ahead of
the streamer head. In case of field effects during plasma propa-
gation, the difference between the appearance of negative and
positive polarity should be small, because the direction of elec-
tron tunnelling either towards the anode or away of the anode
follows the same tunnel barrier.

This illustrates that a decisive answer regarding the domi-
nance of either effects, electrostriction or field effects require
strong support from an atomistic modelling of plasma propa-
gation in dense media. Such modelling should include quan-
tum effects such as tunnelling, but also phase transitions of
water.
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[28] Gigosos M A, González M Á and Cardeñoso V 2003 Spec-
trochim. Acta, Part B 58 1489–504

[29] van der Horst R M, Verreycken T, van Veldhuizen E M and
Bruggeman P J 2012 J. Phys. D: Appl. Phys. 45 345201
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