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Abstract—Experiments involving the insertion of a tungsten
needle powered by an ∼1-kW radio-frequency (RF) generator into
a flowing saltwater mist produced by a nebulizer are described.
The tip of the tungsten electrode is estimated to have a temperature near the 5555-◦ C vaporization temperature of tungsten. Values of E/N close to the electrode tip are estimated to be greater
than the breakdown threshold of humid air. This arrangement of
RF-powered electrode and flowing saltwater aerosol produces a
flame of some 30 cm high having strong light emission near the
589-nm sodium-D lines. We present a model demonstrating that
the emission trapped in the core along the length of the flame arises
primarily from Na(32 P → 32 S) with some Na∗2 emission. The
rising flame cools slowly due to a combination of the opacity of the
hot gas, the large heat capacity of the H2 O molecules in the flame,
and the exothermicity of the plasma chemistry in the afterglow.
Index Terms—Electrical discharges, needles, plasma chemistry,
radio frequency (RF), saltwater.

I. BACKGROUND

T

HE EXPERIMENTS described and analyzed herein came
about as part of a broader investigation into electric discharges in saltwater aerosols. We have recently published [1] a
part of our research having to do with high-voltage and highcurrent short-pulse surface discharges on saltwater.
Plasmas in the vicinity of radio-frequency (RF) needles have
been a subject of research in recent years [2], mostly having
to do with potential medical applications. Such experiments
typically work at very low power, in flowing rare gases such as
helium or argon at atmospheric pressure. The RF is usually the
13.56-MHz industrial standard. The milliwatt-to-watt powers
used in the plasma needle experiments reviewed in [2] have
negligible thermal emission and evaporation of the needle.
Lazović et al. [3] have performed some relatively highpower RF needle experiments with excellent diagnostics. They
used a 0.5-mm-diameter tungsten needle mounted coaxially in
a tube with flowing He, Ar, and air operating the device at
13.56-MHz RF powers of 10–130 W or about 10% of our
RF power. They performed mass spectrometry on the plasma
products measuring quantitatively the yields of He+ , Ar+ , N+
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Fig. 1. (a) Geometry of experiment with 35-g/L saltwater mist and 1/16-in
Ce/W monopole electrode; (b) 30-cm flame with electrode powered to 1 kW at
13.56 MHz.

In what follows, we briefly describe our experiments using a
1-kW RF needle and devote most of our attention to analyzing
and modeling aspects of the plasma physics and chemistry in
various regions. This research was an interesting one aside to
the more intensive research that we were performing on flowing
saltwater mists in a conventional electric arc discharge.
II. E XPERIMENTAL D ETAILS
The geometry of our experiment can be seen in Fig. 1.
It comprised of a 1/16-in (0.16 cm) 3% Ce/W rod acting
as a monopole antenna driven by an ∼1-kW RF source at
13.56 MHz. The tungsten “needle” was inserted into the flowing mist or aerosol from a nebulizer containing a 35-g/L sodium
chloride aqueous solution.
The volumetric flow rate of saltwater from the nebulizer
was 0.09 mL/s  0.1 g/s. The i.d. of the exit orifice from
the nebulizer was 1/4 in (0.64 cm), and the flow speed was
240 cm/s. The composition of the flow was air saturated with
water vapor at 20 ◦ C and saltwater droplets. We will discuss the
nature of the saltwater droplets later. Most of the flowing mass
was in the saltwater droplets.
Photographs of the operating device are shown in Fig. 1. The
first frame shows the aerosol stream and the tungsten needle
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operating in air. As expected, the aerosol flow is laminar for
a distance before it becomes turbulent. When the needle is
operated in air, the electric field at its tip is close to the air
breakdown field. The physics of the high-voltage needle plasma
in pure air, which exhibits essentially no flame, is similar to
that of a corona discharge in the vicinity of the needle point. As
described in the following, the physics is very different when
the needle is immersed in a flowing saltwater aerosol. We note
here that the experiments were performed at an elevation of
7000 ft. The laboratory temperature was 20 ◦ C so the ambient
air pressure was 0.77 atm = 77.8 kPa.
In the presence of the flowing aerosol, the tungsten needle
was much hotter than it was in air alone as evidenced by its
evaporation rate of ∼1 cm/min indicating a temperature of
about 5500 ◦ C, i.e., near the tungsten vaporization temperature.
The second frame of Fig. 1 shows the ∼30-cm extended flame
produced by the RF field. In these experiments, the “flame” is
primarily produced by atomic sodium emission from the plasma
core that is radiatively trapped and escapes over a long-enough
period of time for the hot gas to rise ∼30 cm vertically.
In the execution of the experiments, we had little in the way
of diagnostics except for our knowledge of the RF power going
into the antenna, observations using an optical spectroscope,
and high-speed, up to 1000 ft/s, video photography.

III. P HYSICAL AND P LASMA C HEMISTRY
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The study of charged drops falls into two major areas: the
creation of charged drops and the mechanisms by which they
shed their excess charge.
There are a number of possible mechanisms for the charging
of liquid droplets [14]. Leontovich provided in 1946 an expression for the rms net number excess charges of either sign on a
droplet. This was used by Iribarne and Thomson [15] in their
highly cited 1976 work on ion emission from charged droplets.
The Leontovich expression has

1
Ni rms = N 2  2 ∝ R2 Ni λD
where R is the droplet radius; Ni is the total ion density, which
−1/2
is proportional to the molarity of the solution; and λD ∝ Ni
is the Debye length. Brush and Wensrich in 1961 [16] noted
that, due to the restriction of the Debye–Huckel model to small
electrolyte concentrations, Leontovich’s theory is only a valid
approximation for an electrolyte density Ni  (εkT )3 /8πe6
or molarity M  10−3 mol/L or a Debye length λD
10 nm.
In 1953 work by Dodd [14], he modeled droplet statistical
charging as a combinatorial problem involving Bernoulli trials.
In a 1:1 electrolyte such as NaCl having equal concentrations
of positive and negative ions, the probability that a droplet
contains Ni ions of a given charge is given by the binomial
distribution. For large values of Ni , the binomial distribution is
approximated by a Gaussian distribution. The standard devia1/2
tion is just [N 2 ] .

A. Charging of Saltwater Droplets
Based on measurements by Rodes et al. [4], we expect the
average diameter of the saltwater droplets to be ∼ 1 μm. The
distribution of diameters is roughly a Gaussian having a fullwidth at half-maximum of about 1/2 μm.
An interesting aspect of such droplets is that they are likely
to be charged. This topic has a long history dating back at least
as far as Rayleigh in the 1880s. Unlike simple evaporation of
water, which leaves dissolved solids behind, the drops comprising a mist or aerosol are themselves saltwater. As it is very
unlikely that each drop would contain identical numbers of Na+
and Cl− ions, the drops tend to be charged. This is known as
statistical charging. The number of excess ions in each drop is,
of course, much less than the total number of ions in the drop.
The net charge on each drop can, nevertheless, be the range of
105 e−108 e, where e = 1.6 × 10−19 and coulombs is the electronic unit of charge. Very large drops may be highly enough
charged to induce a corona discharge around them [5]–[7].
Our ∼1-μm-diameter droplets are far too small to form individual droplet corona discharges.
Rayleigh provided a theoretical stability criterion for charged
drops, which we will introduce as follows. Zeleny [5], [6], in the
early 20th century, observed emission from positive and negative liquid drop electrode points. His work was taken up again
some years later by English in 1948 [7]. The field exploded in
the 1960s with the development of electrospray ionization (ESI)
techniques and ESI mass spectrometry. Blanchard [8]–[10]
proposed in the 1950s the creation of charged saltwater drops
from bubbles and spray in the sea. Charged water drops have
become an important research topic in meteorology [11]–[13].

B. Disintegration of Charged Saltwater Droplets
Rayleigh studied the stability of charged drops in the 1880s
and derived a criterion for the amount of excess charge that
a drop of radius R could contain and remain stable. The
relationship between the Rayleigh critical charge and the
radius is
1

QRayleigh = 8π(γεo R3 ) 2 .
If the drop has charge Q and is evaporating so that R is
decreasing, at some radius, the repulsive coulombic forces due
to the excess ions will overcome the surface tension γ holding
the drop together, and it will break apart.
There have been numerous publications over the past
50 years on the evaporation and ion emission processes [15],
[17]–[24]. While the droplets are larger than the Rayleigh
radius for a given charge Q, the water evaporates until the
droplet radius reaches the Rayleigh critical value at which point
the drop sheds typically about 80% of its charge but only about
1% of its mass. Then, the process repeats itself. This has been
observed directly in the experiments of Duft et al. [20].
The surface energy U (r) of a droplet having charge Q
comprises the usual surface tension term and a repulsive term
due to the excess charge. Thus, [21]
U (r) = 4πr2 γ + Q2 /8πεo r.
Rayleigh’s limit earlier arose from a perturbation analysis of the
stability of a sphere drop subject to the net radial force ∂U/∂r.
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Ichiki and Consta [22] have performed molecular dynamics
simulations of nanodroplet disintegration finding that, by far,
the most common scenario was that the fragment splitting off
comprised a single ion with several solvent molecules.
At some point, the binding energy sodium and chloride
ions together will overcome the hydrating ability of the water
in the droplet. At room temperature, salt crystals would be
precipitated out much as one finds near the sea [8]–[10]. At
high temperatures, however, the sodium chloride will simply
be dissociated
NaCl(aq) → NaCl(s) → NaCl(g) → N(g) + Cl(g).
This will be discussed further as follows in the section on
plasma chemistry.
At the high temperatures, above about 1500 ◦ C, in the vicinity of the electrode tip, the micrometer-size saltwater droplets
will evaporate very quickly on a timescale of a submillisecond.
Any hydrated sodium and chorine ionic cluster, Na+ • (H2 O)n
and Cl− • (H2 O)m , will subsequently dissociate into H2 O
molecules and atomic ions. The hydrated ion equilibrium will
be discussed in detail as follows.
As Frost [25] has shown, if the heating of the drops is very
rapid, explosive boiling of the droplets may occur. Whether the
water in the saltwater drop evaporates away in a stable manner,
as is expected at room temperature, or explosively has no effect
upon this discussion, a large number of Na+ and Cl− ions and
hydrated clusters will be released into the local environment in
addition to H2 O(g), Na(g), and Cl(g) species.
We expect the composition of the plasma near the needle
to be Na+ and Cl− ions, ions and radicals of the N2 and O2
that comprise air, H2 O molecules, and ions and radicals arising
from the breakup of H2 O. The electrons from the thermionic
emission and collisional ionization processes should be rapidly
lost to attachment and recombination. The plasma above the
needle is known as a recombining plasma or an afterglow. As
we will discuss as follows, this plasma chemistry is exothermic.
IV. S TRUCTURE AND P LASMA C HEMISTRY OF THE F LAME
A. Temperature Profiles
Although the flow rate is 240 cm/s, the timescale for the
plasma chemistry is much shorter than the hydrodynamic
timescale. A reasonable assumption then, given the disparity
in timescales, is that the plasma is always in local thermodynamic equilibrium at the local temperature. Equilibrium speciation calculations of the composition of high-temperature air
have been pursued for decades. Hence, we can draw on this
prior work in our modeling of the plasma chemistry of this
experiment.
We have already noted that the temperature of the tip of the
electrode is near the 5555-◦ C vaporization temperature of the
tungsten. The plasma sphere around the tip, which is 1–2 cm in
diameter, is then in the thousands of degrees Celsius. The temperature a few centimeters away from the tip is about that of the
air in the room. From the work of Zinn and Sutherland [26], we
expect the composition of the plasma to be N2 , O, H, OH, e− ,
NO+ , Na+ , Na, Cl, and a variety of electronically excited atoms

Fig. 2.

Ten times microphotograph of WCl5 crystals deposited near the tip.

and molecules. Among the last, we expect large concentrations
of Na(32 P ) and the metastable oxygen species O(1 D) and
O2 (a1 Δ). The ultraviolet radiation from the hot electrode tip
will have photodetached any negative ions. Most of the sodium
ions are from the excess ions ejected from the charged saltwater
droplets. The solid NaCl(s) residue after evaporation of the
water from the drops will be dissociated into Na(g) and Cl(g)
but, based on the work by Zinn and Sutherland and estimates
made using Saha’s equation, should not be highly ionized.
The presence of free chlorine is apparent from the growth of
tungsten pentachloride (WCl5 ) crystals, as seen in Fig. 2, on
the cooler region of the tungsten needle below the hot tip.
As the plasma cools in the flame region above the electrode,
the free electrons in the absence of a driving E-field rapidly
disappear via recombination or attachment of the most obvious
reactions being
e− + NO+ → N + O
e− + {Cl, NO, OH} → Cl− , NO− , OH− .
As sodium has the smallest ionization potential of any
species in the plasma, charge transfer from other positive ions
will make Na+ the dominant positive atomic ion. Similarly,
atomic chlorine has the largest electron affinity and hence will,
via charge transfer, become the dominant negative atomic ion.
Recombination and neutralization of positive and negative ions
in a plasma are generally very fast processes. For Na+ and Cl− ,
the following reactions are generally invoked:
Na+ + Cl− → Na + Cl
Na+ + Cl− + M → {NaCl or Na + Cl} + M.
The neutralization process in the first reaction has a finite
rate even as the pressure goes to zero. The rate of the second
reaction increases linearly with pressure at subatmospheric
gas densities and then decreases at higher pressure because it
becomes diffusion limited.
Whitten et al. [27] investigated these reactions in detail
30 years ago with regard to the sodium chloride chemistry in
flames at atmospheric pressure near 2000 ◦ C. Their conclusion
was that Na + Cl, i.e., the neutralization channel, were the
dominant products.
Because the RF fields interfered with our thermocouple
probes, we were not able to measure the temperature profile T (z) vertically above the electrode and plasma sphere.
Measurements performed with the same configuration using a
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by a cooler intermediate region and an outer transition region
that eventually blends into the ambient room temperature air.
B. Plasma Chemistry
Our conceptual model of this plasma structure and chemistry
is similar to that proposed by Turner [30] for ball lightning. We
will discuss later how the model that we develop here may also
be applicable to the recent experimental research on so-called
plasmoids and other similar phenomena.
A number of authors over the years have studied the equilibrium chemistry of high-temperature air. The most well known
is, arguably, the work of Gilmore [31], [32] at Rand Corporation
in the 1950s and 1960s. We have used Gilmore’s results and the
more recent work of Zinn and Sutherland [26] as a starting point
in our model of the afterglow physics and chemistry.
A moderately complete set of reactions comprising the
sodium and chlorine plasma chemistry at temperatures of T >
1500 ◦ C might be
Na+ + Cl− → {NaCl, Na + Cl}
Na+ + Na + M → Na2 + + M
Na2 + + Cl− → NaCl + {Na, Na∗ }
Na + Cl2 → NaCl + Cl
Cl + Na2 → NaCl + Na∗
Na∗ + N2 → Na + N2
Na∗ + Na∗ → Na2 + + e−
Na∗ + Na + M → Na2 ∗ + M
Na∗ → Na + hν (λ = 589 nm)
∗
Na2 → 2 Na + hν (λ = 500−800 nm)

Fig. 3. (a) Vertical temperature profile at the center of a flame produced by a
conventional ac arc. (b) Model temperature contours T (r, z) using the vertical
temperature profile of this figure and a Gaussian radial profile.

conventional two-electrode ac arc showed temperatures as high
as 300 ◦ C 30 cm above the arc plasma. The measured axial T (z)
profile from those experiments is shown in Fig. 3(a). We expect
the vertical temperature profile in this experiment to be similar.
Based on our arc measurements, we expect the temperature
a centimeter or two above the plasma sphere to be down to,
perhaps, 1500 ◦ C–2000 ◦ C. This is the starting point for our
model calculations. There have been many hundreds of research
articles published in the past century on the physics and plasma
chemistry in the high-temperature plasma region of arcs [28],
[29]. We will concern ourselves here with the flowing afterglow
region.
Fig. 3(b) shows a diagram illustrating the various regions
of the plasma and flame. Above the 1–2-cm-diameter plasma
sphere surrounding the tungsten needle tip, the plasma is approximately cylindrical extending vertically some 30 cm or
more. The plasma core is, as we have noted, some 4000 ◦ C
slightly above the electrode falling to several hundred degrees
30+ cm higher. The plasma comprises the hot core surrounded

Recall that, due to the preponderance of water drops in the
flow entering the hot region around the electrode, the plasma
above the electrode is likely to consist mostly of H2 O molecules
and fragments in a much greater concentration than the ∼2%
that is found in saturated air at room temperature. There will
obviously be some N2 and O2 and their high-temperature
reaction products and fragments as well.
Using an optical spectroscope and a digital camera, we were
able to measure the emission spectrum shown in Fig. 4. The
sodium 589-nm emission is apparent. We have also graphed in
Fig. 4 the 6000-K blackbody spectrum and a typical spectrum
of a sodium lamp showing the sodium dimer emission. Because
the dimer emission peaks in the same wavelength region as
does the 6000-K emission, it would be very difficult in an
experiment such as this one to assess from their emission the
relative concentration of sodium dimers. That the continuous
portion of the spectrum peaks in the same spectral region as the
6000-K emission is consistent with our observation that the tip
of the tungsten needle is near the 5555-◦ C tungsten vaporization
temperature.
As the temperature falls below ∼ 1500 ◦ C, sodium clusters
will begin to form: Na+ • (H2 O)n , Na • (H2 O)n , and Na∗ •
(H2 O)n . Bates and Morgan [33], [34] have shown that cluster
ions tend to have very large ion–ion recombination rates, due to
tidal effects. It is very well known, however, that the sodium in
the Na+ • (H2 O)n cluster ion lies in the interior of the cluster.
The negative cluster ion Cl− • (H2 O)m , on the other hand,
has the Cl− on the anterior of the cluster [35]. Shevkunov [36]
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Fig. 4. Measured flame spectrum, 5800-K blackbody spectrum modified by
the CCD response, and a published Na∗2 emission spectrum modified by the
CCD response.

Fig. 5. Hydration enthalpies of molecular clusters that may be found in the
regions of the flame.

As the cluster size n becomes large
has shown that, due to the topology of the clusters, the
ionic recombination rate is very slow. A cluster of the form
Cl− • (H2 O)m • Na+ • (H2 O)n , i.e., a solvent-separated ion
pair [36], can only become a contact ion pair (CIP) by ionic
diffusion in the hydrated cluster, which is a slow process.
Hydrated Cl− clusters are easily photodetached. As the
neutral cluster is very weakly bound [37]–[39], it tends to
dissociate.
We expect in the cooler regions of the plasma having T >
500 ◦ C, for example, a large concentration of hydrated sodium
clusters of the form Na • (H2 O)n . These have photoabsorption
cross sections σ  10−16 cm2 over a broadband of wavelengths
[40]. We anticipate that some of the Na∗ and Na∗2 emissions
in the hot core of the plasma column will be trapped by the
hydrated sodium clusters
Na • (H2 O)n + hν → Na∗ • (H2 O)n .
In the cooler regions of the plasma, where the temperature
is less than about 1000 ◦ C, we expect the sodium atoms, NaCl,
NaOH, and HCl molecules to be bound to water molecules in
the form of hydrated clusters. Any free Na+ and Cl− ions would
exist as Na+ • (H2 O)n and Cl− • (H2 O)m clusters. n = 1 is
the most probable hydrated Na+ cluster at T  1200 ◦ C, and
m = 1 is the most probable hydrated Cl− • (H2 O)m cluster at
T  700 ◦ C. As temperature decreases from these values, the
sizes of the clusters increase.
Similarly, depending on the temperature, Na • (H2 O)n ,
Na+ Cl− • (H2 O)n , Na+ OH− • (H2 O)n , and H+ Cl− • (H2 O)n
will be found in various hydration states and densities. Fig. 5
shows the enthalpies of hydration ΔH0,n for clusters of up to
six water molecules [41]–[50]. The enthalpies are with respect
to the n = 0 value. The enthalpy ΔH0,n is
ΔH0,n = Σni=1 ΔHi−1,i
where ΔHi−1,i is the incremental enthalpy change for the
reaction
X • (H2 O)i−1 + H2 O ⇔ X • (H2 O)i .

ΔHn−1,n → ΔHvap (H2 O)∼ 44 kJ/mol
i.e., the enthalpy of vaporization of liquid water.
Just what the cluster sizes and densities are depends upon the
equilibrium constants
Kn−1,n (T ) = exp[−ΔGrxn /RT ]
where ΔGrxn is Gibbs’ free energy of reaction. Gibbs’ free
energy is related to the enthalpy and entropy by G ≡ H − T S.
The temperature dependence of the equilibrium constants is
given by van’t Hoff’s equation




ΔHrxn
K
=−
Ln
(T /Tref − 1).
Kref
RT
From Fig. 5, we see that the most strongly bound neutral
clusters are those of NaOH, NaCl, and Na. As the value of
n increases to values greater than about four to six, charge
separation occurs in the clusters so that [51]–[53]
X + Y − • (H2 O)n → X + • (H2 O)k • Y − • (H2 O)n−k .
That is, the molecule of electrolyte becomes dissolved with the
charges separated by hydration shells. Ultimately, as the vapor
cools, drops are formed containing not only dissolved NaCl but
also NaOH and HCl.
Of particular interest to us are the clusters Na • (H2 O)n . For
n in the range of four to ten, the charge separation leads to the
following [51]–[53]:
Na •(H2 O)n → Na+ •(H2 O)n e− → Na+ OH− •(H2 O)n−1 +H
followed by further charge separation of the Na+ OH− . Where
Na • (H2 O)n exists, the clusters possess absorption bands over
the wavelength range 500 nm ≤ λ < 1400 nm having cross
sections of about 10−16 cm2 [40]. The cross sections for 1 ≤
n ≤ 8 all have about the same value.
The Na(H2 O)n clusters will absorb the Na(32 P → 32 S)
589-nm resonance radiation emitted by the hot core of the
plasma and re-emit and reabsorb and so on over the width of
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the band. The net effect of this is to increase the opacity over
what the gas would have if the sodium were tied up as NaCl(g)
or hydrated clusters outside the hot core but leads to an opacity
that is less than it would be if that subvolume of the gas were
populated with atomic sodium.
Eventually, as the gas cools with distance above the RF
electrode, the composition of the gas is N2 , O2 , H2 O(v), and
the usual Nx Oy products that arise from plasmas in air. There
will be some NaOx and ClOx products [54], [55] as well.
The zwitterionic clusters will continue to nucleate leading to
droplets of finite size containing dissolved NaCl, NaOH, and
HCl. We have observed these hydrated products in other plasma
experiments involving saltwater aerosols and mists.
From the strong optical emission, mostly from sodium,
shown in Fig. 1, we expect that to be a very important part of
the plasma chemistry. Assuming the Na(32 P ) excited state and
Na(32 S) ground state to be in Boltzmann equilibrium at, for
example, 2000 ◦ C, the ratio of the populations will be
[Na∗ ]
= (g3P )/g3S ) exp [−Δε/kT ] = 1.5 × 10−5
[Na]
where Δε = 2.1 eV.
Given the large density of sodium expected in the plasma
from the 35 g/L of salt in the water, there will be a high density
of excited sodium atoms. The number density should be on the
order of [Na∗ ]  1014 cm−3 .
Due to the absence of an external source of power, once
the plasma is created at the needle tip and to the very rapid
recombination rate, the hot gas should only be very weakly
ionized above the tip. We expect Saha–Boltzmann equilibrium
to be a good approximation in most of the flame. The flame
will have a hot central core with T (z) similar to that shown
earlier. T (r) will be a function having its maximum at r = 0
and approaching the ambient air temperature at some distance
R from the center. Although the columnar flame is some 2 cm
in radius and has a central temperature of several thousand
degrees, the temperature is close to ambient at a radius of only
4–5 cm from the center. The situation here is very much like
that found in arc discharges [28].
The primary candidates as the cooling mechanisms for the
flame are heat conduction down the thermal gradient of T (r)
and radiation, both thermal, i.e., blackbody or gray body, and
line or band radiation.
In the heat equation, the heat flux Γ = κ∂T /∂r is written
in the same form as the mass flux in the diffusion equation
where κ ≡ λ/ρCp is the thermal diffusivity. λ is the thermal
conductivity, ρ is the density, and Cp is the specific heat. The
units of Γ are watts per square centimeter. For example, in
high-temperature air, 0.1 ≤ κ ≤ 0.5 cm2 /s for 2000 K ≤ T ≤
4000 K. The thermal flux radially through the flame is less than
Γ  1 W/cm2 . The energy density due to thermal motion is less
than ∼ 1 J/cm3 .
V. R ADIATIVE P OWER L OSS
If we consider Planck blackbody emission from the hot
gas we have available, the emissivities (in watts per cubic
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centimeter) and the opacities or absorption coefficients (in per
centimeter) compiled by Gilmore [32] for high-temperature air.
At 4000 K and atmospheric pressure, the emissivity is only
∼0.1 W/cm3 . The opacity integrated over the Planck spectrum
is only 10−5 /cm at 4000 K. That is, thermal radiation is only a
minor component in the power balance.
Given that significant components of the plasma are sodium,
a group I metal, and its dimer and hydrated clusters, we expect
line and band emission and absorption to be of importance. Line
and band emission and, in particular, absorption and opacity
issues are extremely complex. They have been an area of very
intense research since the early 20th century and are critical
to stellar and planetary atmospheres [56] and other systems,
such as hot dense plasmas, that are dominated by radiation
hydrodynamics. In this analysis, we will demonstrate that the
opacity of the flame is such that we can treat the radiation
transport as a diffusion problem thus simplifying our power
balance estimates.
Atomic spectral lines have a natural width in frequency or
wavelength as a consequence of Heisenberg’s principle. This
is only realized in observations under conditions of near-zero
absolute temperature, near-zero ambient pressure, and in the
absence of other perturbations such as electric or magnetic
fields. Under the conditions found in a flame, the spectral lines
are broadened primarily by two effects. At higher temperatures,
the lines are broadened by Doppler effects due to the atomic
thermal motion. At lower temperatures, they can be broadened
by collisions within the plasma. The former line profile is
known as the Doppler profile, which, not surprisingly, is a
Gaussian function. The latter profile is the well-known Lorentz
function and is wider in the wings than the Gaussian function.
If λν (x) is the photon mean free path at location x, for
frequency ν, the optical depth τν is defined by

τν =

dx /λν (x ).

That is, it is the number of photon mean free paths along the
path of length x. The reciprocal of the mean free path, i.e., αν =
λ−1
ν , is known variously as the extinction coefficient, absorption
coefficient, or opacity.
For resonance radiation, such as the 589-nm
Na(32 P1/2,3/2 → 32 S1/2 ) doublet lines emitted by electronically excited sodium, line broadening determines how
rapidly radiation escapes an optically thick, i.e., having great
optical depth, plasma. The frequency-dependent absorption
coefficient αν is much smaller in the line wings than it is at
the line center. A photon emitted at line center, for example,
may be readily reabsorbed in a short distance but then may be
re-emitted out in the wing of the spectral line where it is less
likely to be reabsorbed. The frequency redistribution eventually
allows the photons to escape the medium. In very optically
dense media, the high-pressure sodium lamp is an example;
one can even observe line reversal where the radiated intensity
near the line center is much less than that on either side of the
line center.
The radiative lifetime of the sodium 32 P excited state,
lumping the 32 P3/2 and 32 P1/2 states together, at 589 nm or
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2.1 eV is about 16 ns. Einstein’s A-coefficient is then A =
6.25 × 107 s−1 . Holstein [57], [58] has provided expressions
for the optical depth and escape probabilities for Doppler (temperature) and Lorentz (pressure) broadened atomic emission
lines. The Doppler optical depth is given by
 3  

λ 0 N0
A
gu
τ=
L
1
8π
gl
v0 π 2
where λo is the wavelength; No is the population of the lower,
i.e., Na(32 S1/2 ), state; gu and gl are the statistical weights; L is
distance into the medium, e.g., the thickness of a slab or radius
of a cylinder; and v0 = (2kT /M )1/2 is the average thermal
speed of the radiating atoms.
Holstein’s expression for the escape probability is
P =

ξ
[τ (π ln(τ )1/2]

where F ∗ (x, t) = N ∗ + τ ∂N ∗ Z/∂t. The constant σ is
defined by
 

g0
2hν 3
σ≡
.
g2
c2
Milne obtained a series solution for πI+ in terms of factors
exp(−βi t).
The effective A-coefficient is given by
A

β=
1+

αL 2
λ

where λ  π/2 is the first root of the transcendental equation
λ tan(λ) = τ.
Thus, the effective radiative lifetime is


when τ > 2.5 and
P = e−φτ

τeﬀ = β

−1

=τ 1+

αL
λ

2 
.

when τ ≤ 2.5. φ is a normalization constant designed to make
the two formulas equal at τ = 2.5. As we are modeling the
plasma as a cylindrical column, the geometrical factor ξ = 1.6
for cylindrical geometry.
The loss rate of the excited sodium Na∗ atoms due to radiative decay

Bilckensderfer et al. [60] have applied Milne’s approach to a
gas having cylindrical symmetry. The solution for N ∗ (r, t) is a
Bessel function series, as one typically finds for solutions to the
diffusion equation in cylinders (refs)

Na∗ → Na + hν

where the λm denotes the roots of the transcendental equation

N ∗ (r, t) = Σm Am Jo (λm r) exp(−t/τm )

λm RJ 1 (λm R) = ZαRJ o (λm R).

is
d[Na∗ ]
= −P A [Na∗ ]
dt
or
[Na∗ ] = [Na∗ ]o exp[−P At].
The smaller the value of the escape probability, the longer
the effective radiative lifetime is due to the radiation trapping.
Milne, in 1926 [59], provided the theory for transport of line
radiation through a plane parallel slab, i.e., a mass of gas in
0 ≤ x ≤ L. If, at any given time, there are N0 atoms/cm3 in the
ground state and N ∗ atoms in an excited state, the N ∗ atoms
can emit photons and the N0 atoms can absorb the photons.
The density at any given point x is given by
4α2 τ ∂N ∗
∂2
=
∂x2 (N ∗ + τ ∂N ∗ /∂t)
∂t
where τ = A−1 is the radiative lifetime and α is the absorption
coefficient. The forward (+) and backward (−) radiation fluxes
are given by
  ∗

πσ
F (x, t)(−1)±1 (Zα)−1 ∂F ∗ (x, t)
πI± =
N0
∂x

The decay times in the expansion are

2 
α
τm = Z 1 + 4
λm
which is much like the expression for the decay times in the
slab geometry.
Samson [61] and Kenty [62] had made use of an “effective”
opacity αL in order to formulate the radiation transfer problem in terms of a diffusion coefficient.
Holstein [57] has shown that the diffusion model using an
effective opacity or mean free path provides an inaccurate
description for large opacities, but he nevertheless states that
this approach yields results that are in fair agreement with
the more exact theory and with experiment. We will use this
approach in estimating the effective radiative lifetime of the
Na(32 P ) states and, hence, the energy balance of the plasma.
Given the prescribed Gaussian model temperature profile
across the flame, which we introduced earlier, we subdivided
the r-axis into numerous bins of width Δr taking [Na(3s)]
and T to be constant across each bin. The effective Na(32 P )
lifetime was calculated to be 0.11 s, which is very close to the
∼1/8-s sodium emission time from the flame.
Considering only the central core of the flame with N ∗ (t) =
∗
N (t = 0) exp(−t/τeﬀ ), we can estimate T (z) = vz ∂T /∂t up
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the flame column due to loss of resonance radiation. The power
balance equation is
ρCp ∂T
= −Prad (t)
∂t
where Prad (t) = Δε3p3s ∂N ∗ (t)/∂t. From the values that we
presented earlier, the energy density at T (r = 0, t = 0) =
4000 K is about 4123 J/cm3 . When the gas is transparent to the
589-nm radiation, the Na(32 P ) states would decay away in less
than a microsecond. Using this trapping model, the temperature
drops the rate of 812 K/s. That this loss rate is far too small,
i.e., the opacity in the model is too large, indicates that a much
better 2-D model incorporating not only the line transfer but
also the band transfer with more accurate calculations of all the
molecular species and hydrated clusters is required.
VI. S UMMARY OF F LAME S TUDY
The flame rising in the region above the high-temperature
plasma surrounding the ∼1-kW RF needle is a very weakly
ionized hot gas that may be considered to be the afterglow
of the driven plasma near the needle antenna. The primary
constituents of the hot core of the flame are Na, Na∗ , Cl, H2 O,
N2 , O2 , and some NOx . Due to the high sodium densities, the
gas is optically thick to the 589-nm Na(32 P → 32 S) resonance
radiation from the core region. This radiation trapping increases
the effective lifetime of Na∗ from 16 ns to tens to hundreds of
microseconds. The radiation eventually diffuses out of the gas
through the wings of the spectral line.
Some sodium dimers, Na2 , exist in the hot gas. These can
absorb the Na∗ resonance radiation and re-emit in bands on
either side of the 589-nm line.
In the cooler regions of the flame, the Na and Cl are taken up
into hydrated clusters Na • (H2 O)n and Cl • (H2 O)m . Eventually, CIPs such as Na+ Cl− • (H2 O)n form Na+ • (H2 O)n •
Cl− • (H2 O)m , where the sodium and chloride ions are solvated and become the nuclei for further condensation to form
liquid drops. Hydrated clusters of NaOH and HCl are similarly
formed. The hydrated sodium atoms can absorb Na∗ and Na∗2
radiation and reradiate in bands in the near IR.
In short, the extended flame is a result of the high density of
sodium and the strong radiation trapping, much as in a sodium
lamp [63]. This amounts to being an open-air single-electrode
sodium lamp using saltwater rather than sodium vapor.
VII. OTHER R ECENT R ESEARCH ON WATER P LASMAS
Electric discharges involving water have been the subject of
research for well over a century, perhaps even two centuries.
Whereas we are reporting here upon plasma formation in a
saltwater spray, our previous work [1], [64] involved a very
short pulse high-energy-deposition discharge in a liquid saltwater solution.
There have been other experiments and analyses, both older
and much more recent, that may have some relevance to our
work.
In 1986, Radovanov et al. [65], [66] published experiments
and plasma composition modeling for pulsed discharges in
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H2 O/NaNO3 solutions. These were high-current high-energydeposition tens-of-microseconds pulsed discharges.
There has long been a discussion in the scientific literature
about the role that gas bubbles may play in the initiation and
propagation of electric discharges in liquid water. Whereas we
have discussed herein a plasma in spray containing a high
density of micrometer-size water droplets, a recent trend has
been to study plasmas in liquid water containing bubbles [67].
Some of the recent work [68], [69] has been on discharges
within gas bubbles in liquids showing that the preferred discharge channel is along the interface between the gas and the
liquid rather than across the bubble.
Although the general consensus has been that gas bubbles
play a significant role in discharges in liquids, recent work by
Starikovskiy et al. [67] appears to show that, for very short
pulses, bubbles in the water are unnecessary.
In yet another very recent study of discharges in water
vapor, which lies between the two extremes discussed earlier,
Skoro et al. [70] have plotted out a complete Paschen curve
over a wide range of pd, pressure times electrode gap.
VIII. E XTENSION OF THE M ODEL TO
OTHER E XPERIMENTS
A. Plasmoids
The authors of [71]–[75] describe experiments involving
millisecond high-voltage and high-current discharges through
aqueous electrolyte solutions and the creation there from the
long-lived structures known as “plasmoids.” Plasmoids are
globules of glowing plasma in the air above the liquid that
persist for tens to hundreds of milliseconds.
The photographs in Fig. 6 show a similar but shorter lived
phenomenon in an experiment of ours. Experiments such as
this one are easy to implement. There are scores of videos
of saltwater explosions posted on the Internet by amateur
experimenters. Our experiment involved discharging a 450-μF
capacitor charged to 2200 V across a 0.5-cm gap between the
tips of small tungsten electrodes lying in a groove on an alumina
surface. The volume of saturated saltwater was only about
10 μL. Only a small fraction of capacitor charge was discharged
through the salt solution. The fireball is about 15 cm across at
8–10 ms after the discharge ignition (Fig. 6).
The plasmoid experiments involve a larger volume of water
and a more symmetric discharge than did our simple experiment and are likely, because of this, longer lived. The plasma
chemistry is likely very similar to that of our RF-produced
flame. The most significant features of the physics and plasma
chemistry involving trapped line radiation and hydrated clusters
are, no doubt, common to both experiments and result in similar
behavior.
B. RF Experiments of Roy and Kanzius
Roy et al. [76], [77] have described experiments in which a
test tube of saltwater irradiated by 600 W of 13.56-MHz RF
radiation emits a flame similar to but much smaller than the
one we observed in our experiments. We propose that the flame
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oven being driven by the 2.45-GHz E-field in the resonant
microwave cavity of the oven. This is an experiment that
many scientifically inclined owners of microwave ovens have
performed in their kitchens!

ACKNOWLEDGMENT
The authors would like to thank B. Clark for his aid in
these experiments. The authors dedicate this paper to the late
J. Kanzius and the late Prof. R. Roy as it was their work that
stimulated the authors in 2007 to undertake their research on
saltwater discharges and plasmas.
R EFERENCES

Fig. 6. Fireball and 589-nm sodium emission on the millisecond timescale
from videos of an open-air saltwater discharge: (a) 1000 and (b) 420 ft/s.

Fig. 7. Rising air bubbles and saltwater drops created at the water–air interface in a test tube of saltwater irradiated by ∼1 kW of 13.56-MHz RF waves;
the rising bubbles are more easily seen in the negative image.

mechanism in their experiments is much like that described
herein.
As can be seen in the photographs [76] of Roy et al. experiments, the RF irradiation heats the saltwater to near boiling
leading to a large flux of macroscopic bubbles rising to the
surface. These can be seen in Fig. 7 taken during one of
our RF + liquid saltwater experiments using the RF antenna
configuration of Roy et al. [76]. Blanchard [8]–[10] has shown
that, in seawater, such bubbles produce numerous saltwater
drops and free ions when they reach the surface.
From that point, the strong RF electric field may produce
a plasma in the boundary region above the water in the test
tube. In our experiments, the only external driving force was
the tungsten electrode itself. In the Roy et al. [76] experiments,
the flame continues to be driven by the RF field as the test
tube and flame lie between the RF antennas. This is very much
like the small flame from a candle or match in a microwave

[1] W. L. Morgan and L. A. Rosocha, “Surface electrical discharges and
plasma formation on electrolyte solutions,” Chem. Phys., vol. 398,
pp. 255–261, Apr. 2012.
[2] I. E. Kieft, E. P. v d Laan, and E. Stoffels, “Electrical and optical characterization of the plasma needle,” New. J. Phys., vol. 6, pp. 149-1–149-14,
2004.
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