Spectroscopic Studies of Ball Plasmoid Discharges at

Atmospheric Pressure

Scott E. Dubowsky

Prospectus for Preliminary Examination

28" March, 2016 2:00 PM
171 Roger Adams Laboratory

University of Illinois at Urbana-Champaign



1 Introduction

Ball plasmoids are the result of a unique type of plasma discharge performed in air. A
“plasmoid” is defined as a plasma-magnetic entity [1]; in other words a plasmoid is a plasma
which has some definite shape but is not confined to a power source. Early work on plasmoids
described toroidal-type systems, however spherical (ball) plasmoids have been shown to
be formed with the proper electrode geometry. Typical recombination rates of ambient
plasmas with similar chemistry indicate that the plasmoid should dissipate in less than
a millisecond [2, 3|, however ball plasmoid discharges have been observed to last several
hundred milliseconds. There has been no explanation provided in the literature that fully
accounts for this discrepancy, and I am making efforts to elucidate the chemical and physical
processes by which ball plasmoids are stabilized.

Water-based ball plasmoid discharges generated by a high-voltage (DC), capacitive dis-
charge over a grounded electrolyte solution were first described by Egorov and Stepanov [4]
and were later validated by several other groups [5, 6, 7, 8], including ours [9, 10]. Ver-
steegh et al. [5] have provided the most detailed spectroscopic data pertaining to ball plas-
moids to date. They used a “medium” resolution échelle spectrometer and a high-resolution
double-pass spectrometer to collect emitted light from the plasmoid in the ultraviolet /visible
(300-800 nm) at moderate speeds (no faster than 1 ms; their work is unclear regarding the
actual speed of detection). From these measurements, the electron density of the plasmoid
was estimated to be 106 cm™3 at 10 ms and 10 cm™3 at 75 ms using Stark broadening of
several atomic lines. The electron temperature was also inferred using atomic line intensity
ratio measurements, and was found to decrease from about 5000 K to 2000 K in the first
75 ms of the discharge. Additionally, they observed some molecular emission from OH and
CaOH, the former having a rotational temperature of 15,000 K (modeled using LIFBASE
[11]) and the latter (a result of the calcium ions present in their electrolyte) comprising most
of the red/orange emission from the plasmoid.

Friday et al. [8] have performed measurements pertaining to physical properties of the
discharge and the optimization of the discharge electronics. They altered voltage, capaci-
tance, electrolyte conductivity, and electrolyte pH to observe how each parameter specifically

affected the lifetime of the plasmoid. This work suggests that there is some optimal voltage



for a given capacitance / electrolyte conductivity which will maximize the lifetime of the
plasmoid, but more study is needed. A commercial infrared spectrometer was also used to
collect absorption measurements of ball plasmoids for the first time. Signals were observed
and attributed to water and water clusters, and some signals indicative of the presence of
COs as a product of electrode oxidation were also noted. Finally, schleiren videography
showed that the plasmoid consists of a hot inner “core” which is surrounded by a distinct,
cool, boundary layer. The index of refraction was also shown to be essentially homogeneous

across the plasmoid, which has a density approximately 66% of ambient air.

1.1 Plasmoid discharge mechanics

In my laboratory, ball plasmoids are generated via a high-voltage, high-current, capacitive
discharge over a grounded electrolyte; a diagram of the circuitry has been included for
reference (Figure 1). During an experimental trial, large parallel-plate capacitors (1.958
mF maximum capacitance) are charged to high voltages (up to 10kV DC), and this energy
is delivered to a custom electrode setup contained in a bucket of weakly conductive water
(normally a few hundred pSiemen). The cathode is a cylindrical rod which is positioned such
that the tip of the electrode protrudes 1-2 mm above the surface of the electrolyte. We use a
variety of cathode materials including copper, aluminum, stainless steel, carbon (graphite),
and tungsten, each with a six mm diameter. The cathode is insulated from the surrounding
aqueous environment with a piece of alumina or quartz tubing with an inner diameter of 6
mm and an outer diameter of 8 mm. This is done in order to electrically isolate the cathode
from the electrolyte, in other words to ensure that current will travel above the surface of
the electrolyte, rather than through it. The anode is an annular copper ring which surrounds
the cathode, but is totally submerged in the electrolyte (several cm below the surface).

An Arduino®) Uno microcontroller board controls the timing of several high-voltage relays
(see Figure 1), and the same microcontroller is used to record voltage and current measure-
ments via a voltage divider and Hall effect sensor, respectively. Discharge parameters are
chosen based both on the geometry of the setup and an optimization of safety to personnel
and equipment, therefore no discharges above 7 kV are ever performed due to physical limita-

tions of the equipment (temperature rating of power resistors, arcing concerns, etc.). Future



additions and improvement to the circuitry could allow for larger voltages and capacitances
to be used safely and successfully.

Ball plasmoid discharges occur in three sequential stages (Figure 2), the beginnings and
ends of which are determined by the current profile of the discharge; these are the pre-
initiation, buildup, and detachment phases [12]. The pre-initiation phase begins when the
switch that triggers the pulse of current to the electrodes closes. Current begins to flow
in small amounts and ionization of water vapor and air near the tip of the cathode begins.
When the current density is sufficient to generate a plasma at the tip of the cathode (cathode
spot threshold), the buildup phase begins. As the plasma begins to grow at the cathode, con-
tact can be established between the plasma and the large surface area of the air-electrolyte
interface. Spider-like streamers then extend across the surface of the electrolyte, allowing
current to flow freely. During this stage the plasma grows rapidly and eventually the current
reaches a maximum as the plasma rises upward and away from the cathode due to buoyant
forces. The point at which the current reaches a maximum (up to 126 Amps have been
observed with our discharge system [8]) marks the beginning of the detachment phase. In
this stage a luminous plasmoid can be seen for an extended period of time, completely sep-
arated from the cathode, before dissipating. I am confident that this phase of ball plasmoid
discharges will be the most useful in determining the mechanisms by which ball plasmoids
are stabilized.

Typical ball plasmoid discharges last approximately 400 ms and have a diameter of ap-
proximately twenty cm at their full size, but slight variations in rise velocity, luminosity,
current profile, and lifetime can occur between consecutive discharges (much like natural
lightning, no two plasmoids are exactly the same). This issue is being addressed in several

ways as this project moves forward in an effort to reduce shot-to-shot variability.

1.2 Ball lightning and ball plasmoids

Many of the observables pertaining to ball plasmoid discharges are also reported to be
associated with the mysterious natural phenomenon known as ball lightning, an event that
was observed with scientific instrumentation for the first time just two years ago [13]. Over

the past several centuries, dozens of eyewitness reports describing luminous fireballs dancing



through the sky (for tens of seconds) have been collected [13, 14], however no satisfactory
explanation has been provided for the strange behavior of ball lightning. The first reports
of ball-lightning like discharges in the laboratory date back to Tesla’s work in Colorado
Springs, and over the past century several groups have attempted to replicate what Tesla
first described in 1899 [15], with varying degrees of success. Although no one claims that
ball plasmoids are exact replications of ball lightning, this laboratory analogue provides the
first suitable model for the natural phenomenon from which conclusions about the behavior

of ball lightning can be drawn.

2 Completed work

2.1 High-performance ambient mass spectrometry

In order to better understand the behavior and composition of ball plasmoids, it was imper-
ative to analyze the charge carriers present within the plasmoid. Mass spectrometry (MS) is
arguably the best analytical method with which to identify the ionic composition of a gas-
phase sample, therefore an effort was made to perform mass spectrometric analysis of the
discharge. In collaboration with the (former) Perry group, a commercial mass spectrometer
was slightly modified to sample the plasmoid, and two different mass analyzers were used to
probe the plasmoid’s composition.

In short, a stainless steel capillary (held at + 35 V DC) was added to the sampling
interface of the mass spectrometer; the geometry of the setup allowed the capillary to sample
from within the interior of the plasmoid. Two cathode materials were used in this set
of experiments, namely copper and tungsten. Copper was chosen for two reasons: the
distribution of the naturally occurring isotopes of copper (*Cu and %°Cu) is well known
and easily observed via MS, and copper ionizes easily, allowing for the formation of cluster
ions around a metallic center. Tungsten was chosen because it is robust and can stand
up to repeated trials with minimal degradation. Furthermore, we wanted to minimize any
interactions between ions generated during the discharge and electrode materials, especially
for studies of low-mass ions; no tungsten ions were observed in the spectra of discharges from

a tungsten electrode.



Overview (m/z 30-300) spectra were collected using the Orbitrap mass analyzer, and
many cluster ions were observed in these spectra. A linear ion trap mass analyzer was used
to measure low-mass (m/z 15-85) ions; we observed the protonated water dimer ([(H2O).H]T)
and trimer ([(HoO)3H]™) and their deuterated isotopologues over deionized water and D2O
(in separate experiments), and we analyzed the distribution of deuterium in these clusters
assuming a two-parameter binomial distribution to show that plasmoid composition is in-
fluenced (albeit slightly) by the electrolyte composition. We published a paper detailing
plasmoid composition analysis using mass spectrometry [9]; this paper is included below for

reference.

2.2 Fourier-transform infrared emission spectroscopy

I have also performed emission spectroscopy of ball plasmoid discharges in the mid-infrared
[10]. The motivation for this work was two-fold; to extend the work of Versteegh et al.
[5] into the infrared and to validate the molecular assignments made by Friday et al. [8].
Using a commercial FTIR spectrometer (Bruker VERTEX 70) in conjunction with some
external optics to focus the emitted light from the plasmoid into the instrument, I recorded
spectra from several discharges. Specific details of the experimental setup and procedure are
included in the attached article. These spectra showed emission from water and hydroxyl
radical, and these data were processed in an attempt to extract rotational temperatures of
these molecules. First, however, it was necessary to account for absorption by water and COq
along the optical path between the discharge and the instrument. A simulation of CO5 and
water absorption (298 K, 2.06 m pathlength, Lorentzian lineshape; 4 cm™! linewidth, 1 atm)
was generated using HITRAN online (http://hitran.iao.ru/) and was applied to the observed
data to generate corrected spectra. In each spectrum this resulted in a significant increase in
emission signal in the regions where atmospheric CO5 and water readily self-absorb, however
there is little effect on the intensity between 2400-3200 cm™! (where emission from OH is
present).

The PGOPHER [16] program was used to fit these (corrected) spectra to simulated
spectra of water and hydroxyl radical. At the outset of my rotational analysis I attempted

to fit a mixture of both of these molecules to the experimental data, however PGOPHER’s



functionality allows for only a single rotational temperature to be floated during fitting.
The temperatures of different plasmoid constituent molecules were expected to be rather
different from one another, therefore each molecule was fit separately. Furthermore, due
to the nonequilibrium nature of the discharge, the different vibrational modes of the same
molecule (namely water in the context of this analysis) are expected to have slightly different
values for rotational temperature, therefore the bending mode was fit independently of the
two stretching modes. The temperatures of the bending and stretching modes of HyO were
determined to be 1900+£300 K and 2400+£400 K (respectively) and the rotational temperature
of OH was found to be 9200+1500 K; numerical results of each of the fits to the bending mode
and stretching modes of water and to hydroxyl radical (and some graphical representations

of these fits) are included in the attached article.

3 Proposed work

Traditionally, diagnostics of ambient plasmas are carried out via optical emission spec-
troscopy [17, 18, 19, 20], which is effective but can present several potential obstacles to
meaningful data analysis. For example, optical thickness results in the collection of emitted
light only from the outermost border of a spherical emitter. This is not an ideal case for
plasmoid discharges, as ball plasmoids have been shown to be surrounded by an “envelope”
which is cooler than the interior of the plasmoid [5]. It is very likely that the chemistry
occurring within the hot center of the plasmoid is different than the chemistry occurring at
the plasmoid-air interface.

Due to the limitations of emission spectroscopy and the near impossibility to obtain quan-
titative concentration information from emission spectra, we propose performing absorption
spectroscopy using a broadband dye laser (BDL). Glumac [21] has recently shown that ab-
sorption spectroscopy can be performed on optically thick fireballs using a BDL. In this
work, a frequency-tripled commercial laser (Nd:YAG, 355 nm, 7 ns pulse, 10 Hz) was used
as the pump for commercially available dyes, and a custom-built spectrometer was used to
record absorbance measurements. Despite beam attenuations of 98% after passing through
the fireball, appreciable signal was measured at the detector and time-resolved absorbance

measurements of Al and AlO were performed. Soo et al. [22] have also shown that perform-



ing second harmonic generation (SHG) on the beam from the dye laser (using a nonlinear
crystal) can extend the range of this technique into the UV, thereby permitting access to

additional atomic and molecular species that could be present in the system in question.

3.1 Characterizing the optical depth

An understanding of the optical depth profile(s) of ball plasmoid discharges is paramount to
extracting meaningful data from spectroscopic experiments. In addition to causing emitted
light from only the outer edge of the plasmoid to be collected, the optical thickness of the
plasmoid dictates the relations that should be used when analyzing spectral intensity [19].

We will determine the optical thickness of the discharge via absorption spectroscopy with
a modeless BDL using a setup similar to what is described above [21, 22] (Figure 3 shows
a simplified setup of the system that will be used). The dye laser will be passed through
the discharge and the attenuation of the beam will be used to quantify the optical depth
profile of the discharge as a function of space. The ratio of the incident light intensity to
the transmitted light intensity allows for the determination of optical depth via the Beer-
Lambert Law. In the proposed experiments, a reference beam is split from the incident
beam and is passed outside of the discharge region. This beam is then imaged onto the
spectrometer entrance slit below the signal beam such that both the signal and reference
spectra are recorded in different regions on the same CCD chip.

There are many advantages to this technique: the irradiance of the beam is quite large
and the beam is expected to pass through the plasmoid with only some attenuation (less
than that of aluminized fireballs), commercial dyes are available for virtually any wave-
length in the visible, and fiber coupled optics reduce the complexity of the optical system.
Furthermore, sub-millisecond time resolution will be achieved using precise control of the
discharge electronics and the laser in addition to registering and normalization of the current
profiles across multiple discharges with a fast data acquisition system. Additionally, beam
attenuation measurements can be made at different points in space simultaneously during
a discharge using multiple optical techniques (fiber splitters, mirrors, etc.). This approach
will allow for a comprehensive description of the optical depth in two dimensions, and as a

function of time, to be made.



3.2 Probe spectroscopy

Emission spectroscopy can be particularly useful, however, if something can be said about
spatial information. To circumvent the issues of data collection in emission spectroscopy
(i.e. collecting emitted light from the surface of the plasmoid rather than the interior), one
can take spectra from inside the discharge. By using fiber probes which are recessed within
stainless steel or ceramic capillaries, it is possible to obtain several spectra from within a
discharge simultaneously, with microsecond time resolution.

Therefore, I will perform novel in situ measurements of ball plasmoid discharges using this
fiber probe technique, using both emission and absorption spectroscopies. To summarize this
technique, the probes will be mounted such that the emitted light generated over the lifetime
of the plasmoid is collected by each probe. The opposite ends of the fibers are re-arranged
into a slit and are used at the inlet of the spectrometer, and the instrument produces spectra
from each fiber at the frame rate of the detector. For ball plasmoid studies, the probes will
be oriented along the vertical axis of the discharge in order to monitor different regions of
interest in a single shot.

There are several advantages to this approach, the main advantage being that local tem-
peratures and chemistry can be measured simultaneously and related to the overall behavior
of the plasmoid. Depending on the spacing of the optical fibers, hotter and cooler areas of
the plasmoid can be identified and monitored over time; this technique could be used to infer
the dynamics of the plasmoid in different areas and phases of the discharge, measurements

of which have not yet been reported for this system.

3.3 Molecular targets

3.3.1 Hydroxyl radical

Hydroxyl radical has been shown to be a principal component of ball plasmoid chemistry and
is thus an attractive target for analysis [5]. The A?X— X?IT (X(9,9)=306.4 nm [23]) transition
of OH has been extensively studied and is a common metric by which plasma parameters are
determined, thus the different vibronic bands of this transition will be studied in the context

of ball plasmoid discharges. Given the high rotational temperatures of OH that have been



previously reported within the plasmoid [5, 9] we expect a large density of spectral lines to
be available in this region (Figure 4).

Although this transition is located in the ultraviolet, the technique described above can
still be used to perform absorption measurements. Soo and Glumac [22] have shown that the
addition of the appropriate nonlinear crystal (at the proper angle) can generate a coherent
UV source from the dye laser beam, thus a similar technique will be applied in this experi-
ment. The resolving power (A/AM) of the spectrometer described above has been reported
to be 53,000 (0.0075 nm) at 395 nm [21], which will facilitate a thorough Boltzmann analysis
of a set of OH transitions in multiple vibronic bands of the A-X transition. This analysis will
allow for path-averaged rotational temperatures and number densities of OH to be reported
and compared to other temperatures that have been reported for this system. Versteegh et
al. [5] have presented a pseudo-rotational analysis of OH generated in ball plasmoid dis-
charges in the UV-visible (using emission spectroscopy), however they were unable to record
spectra with adequate time resolution. With the methods described above, we expect to
collect spectra much faster than previous experiments performed on this discharge. We also
plan on reporting quantitative concentration information of ball plasmoid constituents for

the first time.

3.3.2 Nitrogen species

As the principal constituent of ambient air, one would assume that nitrogen plays a critical
role in both the formation of laboratory plasmoids as well as the formation of ball lightning.
However, as of this writing, no measurements pertaining to nitrogen within ball plasmoids
have been undertaken (to our knowledge). An ion that is commonly used in plasma diag-
nostics is the nitrogen molecular cation (No¥), a major component of aurorae and other
ambient plasmas. The first negative system (B?X,T— X?3,"; \0)=391.4 nm) of Ny* is
located in the UV-visible and the Meinel band (A%IL, — X?%,; A1,0)=918.3 nm) of this
ion is located in the near-infrared [24]. Furthermore, the first positive (B*II, — A®3,*;
A 0,0=1051.0 nm) and second positive (C*II, — B?ILy; A(,0)=337.0 nm) bands of excited
nitrogen (No*) also fall within the same spectral regions [24] and therefore serve as other

attractive targets. As is the case with hydroxyl radical, we expect a large density of spectral



lines at plasmoid temperatures (See Figures 5 and 6). Particular attention will be paid to
the lifetime of nitrogen molecules across the discharge; this could relate to the long period

of visible emission that can be observed from plasmoid discharges.

4 Conclusion

I have demonstrated several measurements and have elucidated information pertaining to
ball plasmoid discharges using a variety of different analytical techniques, including mass
spectrometry and emission spectroscopy. Thus far, I have conclusively identified ions present
within plasmoid discharges and have shown that the composition of these discharges is
not entirely random— the data suggest that plasmoid composition is dictated by electrolyte
composition. I have also performed the first emission spectroscopy of these plasmoids in the
infrared and am the first to report rotational temperatures of water molecules within ball
plasmoids. The rotational temperatures that were extracted from the fits of the observed
spectra begin to show the energy distribution among molecules in the plasmoid and confirm
the measurements of Versteegh et al. [5], reinforcing the fact that ball plasmoid discharges
are highly nonthermal and result in rapid heating and rapid cooling of constituent molecules.

Our future experimental plans are relatively simple in their design, but will provide a
plethora of new and valuable data. We will first make improvements to the discharge elec-
tronics and data acquisition system to minimize shot-to-shot variability and maximize data
collection efficiency, respectively. We will then perform several spectroscopic experiments
to measure the optical depth profile of the plasmoid, measure spatially-resolved emission
as a function of time, and measure spatially and time-resolved absorption of plasmoid con-
stituents. Additionally, the spatial distribution of these targets will also be probed using
the methods described above. I am confident that the implementation of these spectroscopic
methods and the molecular targets described above will provide fundamental insight into

the nature of ball plasmoid discharges, and by extension other nonequilibrium air plasmas.
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Figure 1: A simplified circuit diagram of the plasmoid discharge circuit. The “POWER”
relay delivers current to the capacitor bank, the “FIRE” relay delivers the pulse to the
electrodes, “BREAK?” is the vacuum relay which breaks current to the electrodes, and finally

the “GROUND” relay grounds the system. V and A are a voltage divider and a Hall effect

current sensor, respectively.
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Figure 2: Images obtained from high-speed videography of plasmoid discharges. A-C: initia-

tion, propagation, and detachment phases of the discharge. D-F: top-down view of the same
phases shown in A-C, taken from a discharge with the same parameters on the same day.
High-speed videography is performed with a Pixelink ® PL-B&42U camera with a frame rate
of 98 fps.
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Figure 3: Simplified diagram of the proposed spectroscopic setup.
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Figure 4: Simulation of A-X transition of OH at 300 K and 5000K generated with PGOPHER
[16].
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Figure 5: Simulated spectra of No* at room temperature and 5000 K generated using PGO-
PHER [16].
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Ball lightning is a naturally occurring atmospheric event that has perplexed researchers for centuries,
and there is to date no complete explanation (chemical, physical, or otherwise) as to why ball lightning
behaves the way that it does. There has been considerable effort to try to both produce and measure the
properties of ball lightning type discharges over recent years, and this collected work has begun to reveal
some interesting physical and chemical phenomena. We are able to produce water-based plasma ball
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ambient ball plasmoids. Using an extremely simple sampling technique, we were able to detect several
chemical species within the interior of the plasmoid. Several molecules that are common to plasmas
generated in air were observed in the mass spectra, such as [NO;]* and [NOs]*. More interestingly, we
observed the protonated water clusters [(H,0),H]* and [(H,0)sH]*, ammonia (NH3) as a component of
a copper cluster, and several anions. Furthermore, many species observed in the mass spectra are in the
form of hydrated clusters.
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1. Introduction

Ball lightning is a one-in-a-million [1] atmospheric phe-
nomenon that is poorly understood due to its rarity and
unpredictability. Eyewitness accounts across several centuries
describe large balls of light moving across the sky for several
seconds during thunderstorms, with some reports detailing pow-
erful explosions occurring when the ball of light dissipates. Images
and video recordings of ball lightning phenomena have been cap-
tured by amateurs and are readily available via an internet search,
however it was only last year that the first scientific measurements
and analysis of naturally-occurring ball lightning were reported
[2]. Cen et al. set out to observe cloud-to-ground lightning strikes
during a thunderstorm in China’s Qinghai Plateau, and by a bril-
liant stroke of luck ball lighting was observed immediately after a
cloud-to-ground lightning strike. Their observation site was 0.9 km
from the site of the ball lightning, which had a reported lifetime of
1.64s and a diameter of approximately 1.1 m. The ball lightning
event was characterized using emission spectroscopy, and emis-
sion lines from components of soil (iron, silicon, calcium, nitrogen)
were observed in the spectra [2].

* Corresponding author. Tel.: +1 2172440230.
E-mail address: bjmccall@illinois.edu (B.]. McCall).
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There is some debate in the literature regarding plausible theo-
ries that explain the properties of ball lightning [3-8], and to date
there is no concrete physical or chemical explanation as to how ball
lightning is formed and how these spheres of plasma can last for
an extended period of time without energy input from an external
power source. Perhaps the most fascinating aspect of ball lightning
is this extended lifetime. It is remarkable that at atmospheric pres-
sure and temperature, self-sustaining plasmas can last for more
than a second. Simulations which model upwards of 600 chemi-
cal processes that could occur in ambient plasma discharges show
that most reactions within this type of plasma should be complete
in a millisecond or less [9,10], however ball lightning seems to defy
the current understanding of atmospheric-pressure plasmas. Given
the complexity of the system in question, a true phenomenological
explanation of the formation mechanism and lifetime of ball light-
ning will most likely be a combination of several different physical
and chemical processes.

In order to truly answer the fundamental questions surround-
ing the long lifetime of ball lightning, it is essential to generate
plasmas that are at the very least semi-analogous to natural ball
lightning. Tesla was the first to observe a “fireball” type discharge
[11], and efforts to reproduce his experiments have led to direct
current (DC) electrical discharges that can produce plasmas simi-
lar to ball lightning. Traditionally, DC plasma generating apparatus
produce arc, corona, glow, or dielectric barrier discharges between
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Fig. 1. Images of a plasmoid discharge from start to finish. (A and B) Pre-initiation phase, (C and D) buildup phase, (E) detachment phase. (B-E) were obtained from a single
discharge via high-speed videography (Pixelink® PL-B&42U. (A) was obtained from a separate discharge under identical conditions, top-down camera setup.

two electrodes at atmospheric pressure [12]. These discharges are
usually well behaved and are easily characterized with a variety of
diagnostic techniques [13,14].

Additionally, ambient DC plasmas have been thoroughly char-
acterized by mass spectrometry (MS) due to their use as ionization
sources [15,16]. If the electrode configuration is such that it allows
for the plasma to form and grow in one place, a free-floating and
self-sustaining plasma can be produced. Since these self-contained
plasmas last for an extended period of time with no external source
of energy they are referred to as “plasmoids.”

Using a water-based technique, Egorov and Stepanov were the
first to produce a plasmoid discharge of this type in a laboratory
[17], and several other groups have produced discharges similar to
what they described [18-20]. To summarize this work, a bank of
large capacitors was charged to several kV, and using high-voltage
switches a short pulse of current was applied across two electrodes,
one of which was fully submerged in a container full of water. The
other electrode (the cathode in this case) was positioned such that
just the tip slightly protruded from the surface of the water in the
bucket. A plasmoid began to form, and buoyant forces generated
from local heating of the ambient air around the tip of the cathode
caused the plasmoid to rise upward and away from the tip of the
cathode.

There are three distinct phases to this type of plasmoid forma-
tion (Fig. 1): the pre-initiation, buildup, and detachment phases
[21]. First, current begins to flow from one electrode to the other,
and “streamers” or “spider legs” begin to form and extend over
the surface of the water rather than through the bulk electrolyte
solution. In the center, above the cathode, a small ball of plasma
begins to form. Next, the ball of plasma begins to grow in size and
rise due to buoyant forces while still receiving continuous current
from the cathode. Finally, when the capacitor has discharged a suf-
ficient amount of energy, no additional plasma is formed, and a
self-sustaining plasmoid remains for an extended period of time.
In other words, the energy stored in the capacitor at the end of a
discharge event is not sufficient to allow for additional plasmoid
formation. Using our experimental setup, the detachment phase
can last up to 200 ms, with an entire discharge event (pre-initiation,
buildup, and detachment phases) lasting up to 400 ms.

Versteegh et al. have provided the most detailed insight into
the underlying chemistry and physics of water-based plasmoid
discharges using emission spectroscopy and probe measurements
[19].In this work, emission lines from H, Na(I), Ca(I), Ca(II), Cu(I), OH
radical, and CaOH were observed in the ultraviolet/visible. Along
with qualitative identification of chemical species present within
the plasmoid, these specific emission lines reveal that the elec-
tron temperature of the discharge cannot be very high (<1eV),
otherwise emission lines from more highly energetic atoms and
molecules would have been observed. Furthermore, intensity ratios
of a pair of Ca(I) lines were used to estimate the electron tem-
perature to be 5000K (0.43eV) at the time of the initial pulse
and 2500K (0.22 eV) after 225 ms. Further investigation into the

Fire
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Fig. 2. Circuit diagram of plasmoid generating apparatus. V is a voltage divider
across which voltage measurements are taken, A is a Hall effect current sensor.

rotational temperature of the hydroxyl radical showed a non-
thermal distribution of temperatures, leading to the hypothesis that
the products of water dissociation contain the necessary energy to
sustain visible emission for an extended period of time. Addition-
ally, Stark broadening of Cu(I) lines in the pre-initiation phase of the
discharge was used to estimate electron densities in the plasma to
be on the order of 1016 cm~3 at 10 ms and 10'* cm~3 at 75 ms.

2. Experimental
2.1. Plasmoid generator

The equipment that we use in our laboratory has been described
previously [22], but some of the key components will be highlighted
here for the sake of clarity and understanding. Our power supply
can produce up to £10kV DC and wiring our capacitors in parallel
can generate greater than mF capacitances, thereby generating sev-
eral k] ofenergy. A schematic of the hardware and circuitry is shown
in Fig. 2. The following description of the experimental setup was
the same for every trial unless specifically noted otherwise. Volt-
age and capacitance parameters were chosen in part because of
safety concerns, but discharges under these conditions are typically
well behaved. It is also important to mention that, much like natu-
ral lightning strikes, no two plasmoid discharges are exactly alike.
In other words, under identical conditions the lifetime, shape, rise
velocity, and electrical behavior of plasmoid discharges can vary.

An 873 wF parallel-plate, oil-filled capacitor (Maxwell) was
charged to +4000V DC using a Glassman EK Series high-voltage
power supply. The current being transferred from the capacitor to
the plasmoid generator and eventually to ground was regulated
by a series of three Ross Engineering high-voltage E Series relays.
An Arduino® Uno microcontroller controlled the timing of these
relays and recorded current and voltage measurements. Current
pulses were applied across two electrodes, one of which was fully
submerged in a very dilute solution of hydrochloric acid in water,
a more detailed description of which is given in the next section.
One full plasmoid discharge will also be referred to as a “shot” at
other points in this article.
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Anode

Fig. 3. Schematic depicting a cross-section of the “bowl]” plasmoid generator.

2.2. Electrode materials and discharge containers

Some of the properties of the physical apparatus were changed
for different sets of experiments, namely the electrode material and
size of the container in which the electrodes were submerged. The
fill solution for the discharge containers was prepared with either
deionized water or D,0 and concentrated HCI. The vessel would be
filled with deionized water or D,0, and HCI would be added drop-
wise until the desired conductivity of the solution was reached.
Conductivity measurements were taken with a handheld meter
(Oakton PCSTest™35), For this set of experiments, the conductivity
was set to 200 wSiemen.

The cathodes for these experiments consisted of either a solid
copper rod or a solid tungsten rod, each with a six mm diameter.
The electrode was insulated from the surrounding aqueous envi-
ronment with a piece of alumina tubing having an inner diameter
of 6mm and an outer diameter of 8 mm. This was done in order
to electrically isolate the cathode from the water, in other words
to ensure that current would travel above the surface of the water.
Copper was chosen for two reasons: the distribution of the natu-
rally occurring isotopes (63Cu and 85Cu) is well known and easily
observed via MS, and copper ionizes easily, allowing for the forma-
tion of small cluster ions around a metallic center. Tungsten was
chosen because it is extremely robust and can stand up to repeated
trials with minimal degradation, therefore no tungsten ions were
observed in any MS experiments, making it an ideal cathode for
deuterium substitution experiments where we wanted to mini-
mize the interaction of metal ions with water clusters and other
ions.

Two different containers were used in this work, the first being
a store-bought polyethylene five-gallon bucket, the second being a
custom acrylonitrile butadiene styrene (ABS) plastic bowl (Fig. 3)
with a fill volume of approximately 200 mL. The plastic bowl was
printed using an AirWolf 3D XL printer. The exact dimensions of the
electrodes within the five gallon bucket have been described previ-
ously [22], and we made no deviations in setting up this container.
The dimensions of the bowl however are different in the following
ways: the surface of the electrolyte is formed by the top portion
of the bowl which has a diameter of 12 cm and a lip depth of 1 cm.
Additionally, the anode is positioned 6 cm below the tip of the cath-
ode and the diameter of this lower portion of the bowl is 4.5 cm. The
lip at the top of the bowl provides a significant surface area of elec-
trolyte over which plasmoid formation can occur. The anode used
in the bowl was considerably smaller than the anode used in the
bucket, and was constructed using thick copper wire rather than
a solid ring. The wire was bent into a circle with an outer diame-
ter of 4.5 cm, and was positioned at the bottom of the bowl. The

Fig. 4. Images of the stainless steel capillary relative to the position of the plasmoid
discharge. (A) The pre-initiation phase and (B) the detachment phase.

other major advantage to using this bowl was the reduced volume
required to perform discharges; this allowed for discharges over
solutions in D, 0.

2.3. Mass spectrometer and sampling

This work was performed with a Thermo Scientific LTQ-Orbitrap
XL mass spectrometer, using both an ion trap and an Orbitrap for
analysis of plasmoid composition. The ion trap was operated in
low mass mode with a range of m/z 15-200 and at a pressure
of 10~ Torr, and the Orbitrap had a mass detection range of m/z
50-2000 (<5 ppm mass accuracy) with a mass resolution of 100 000,
and was operated at approximately 8 x 10-10 Torr. The ion trap
and Orbitrap have temporal resolutions of 60 and 600 ms per scan,
respectively [23].

The sampling technique was extremely simplistic in order to
avoid adding or removing ions or chemical species to or from the
plasmoid discharge. A stainless steel capillary (Fig. 4) with a length
of 30cm and an inner diameter of 0.8 mm was held at a potential
of £35V and was positioned 8 cm above the tip of the cathode. It
is important to note that the images shown in Fig. 4 were obtained
from one shot, and the only thing that is changing position in those
images is the plasmoid itself. Fig. 4A shows the position of the cap-
illary relative to the plasmoid generator, and Fig. 4B shows that as
the plasmoid rises the geometry of the setup allows the capillary
to sample from within the plasmoid.

The pressure differential between the ambient environment
and the inlet to the mass spectrometer was sufficient to draw
the contents of the plasmoid into the instrument for analysis
with appreciable signal. No additional ionization of the plasmoid
contents was performed. As a result of the temporal resolution
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Table 1
Singly charged copper based ions observed in plasmoid discharges.

lon Average ion Average Mass accuracy
fraction deviation (ppm)
[Cu]* 0.02 +0.01 1
[CuNHs]* 0.03 +0.01 2
[CuH,0[* 0.14 +0.06 3
[Cu(NH;3),]* 0.006 +0.004 4
[Cu NH3 H,0]* 0.04 +0.02 1
[Cu (H20),] 0.14 +0.07 4
[Cu(CHsCN)J* 0.09 +0.06 4
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Fig. 5. An example Orbitrap mass spectrum of a plasmoid generated with a copper
electrode over a solution of water. The labels indicate only 53Cu-containing ions.

of the different traps, several mass spectra were obtained for one
plasmoid discharge event, and averaging these spectra provided a
comprehensive survey of the internal composition of the plasmoid
over a complete shot.

3. Results and discussion
3.1. Orbitrap MS

The mass spectra obtained when using a copper cathode and
the Orbitrap mass analyzer showed consistent signals from several
singly charged ions, a summary of which is given in Table 1. Fig. 5
shows a representative mass spectrum obtained when using the
Orbitrap, and shows more than a dozen resolved signals. Average
ion fractions were obtained by dividing the raw intensity of the sig-
nal by the total raw intensity. The deviations in ion fraction were
taken across seven trials for all ions except [Cu(CH3CN)]*, the devi-
ation of which was taken across three trials. Mass accuracies are
reported in parts per million. All of the spectra described in this
article were externally calibrated using the signal from [63Cu]*.

The first trend that can be observed in these spectra is the pres-
ence of copper clusters. This presence of copper ions was a result
of using a copper cathode for this set of experiments. Fig. 5 also
shows signals from both isotopes of copper (only 83Cu cluster ions
are labeled on the spectrum). On closer inspection, 5°Cu clusters
containing the same ligands can be assigned using the expected
mass differences, and the ratio of intensities between the 63Cu and
65Cu clusters corresponds to the natural abundances of the copper
isotopes. Additionally, water was also a component of many ions in
the collected spectra. There are two plausible ways in which water
could be associated with the plasmoid. First, water can be pulled
up into the plasmoid from the electrolyte solution contained within
the bucket due to the intense localized heating at the tip of the elec-
trode. Second, water could associate with the plasmoid through
humidity in the surrounding air. How water associates with the
plasmoid is not entirely obvious, however this will be discussed
later in the article.

The presence of ammonia in the interior of the plasmoid is
also significant: to our knowledge, this is the first observation of
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Fig. 6. Portion of an Orbitrap mass spectrum of a plasmoid discharge using a copper
cathode above a solution of D,0 showing deuteration of ammonia. lons containing
both copper isotopes are labeled accordingly.

Table 2
Singly charged, low mass ions observed in the ion trap.

lon Average ion Average Mass accuracy
fraction deviation (ppt)

[NOJ* 0.05 +0.03 4

[H(H20),]* 0.13 +0.05 5

[NO(H,0)]* 0.12 +0.06 3

[H(H,0)s]* 0.1 +0.04 3

ammoniain an ambient, water-based plasmoid discharge. To deter-
mine whether the presence of ammonia as a ligand was a result of
ammonia molecules from the ambient air interacting with copper
ions or if in fact ammonia is formed in the process of plasmoid for-
mation, discharges were performed over a heavy water solution.
Fig. 6 shows the expected mass shifts for each isotopologue of the
[Cu(NH3)]* ion. This indicates that ammonia is formed as a product
during a plasmoid discharge.

3.2. Ion trap MS

Although the Orbitrap has a much higher mass resolution than
the ion trap, many low mass (m/z <50) ions that were suspected to
be in the interior of plasmoid were not detected in the Orbitrap. This
was especially important in the search for protonated water clus-
ters, the protonated dimer and trimer having molecular weights
of m/z 37 and m/z 55, respectively. Therefore we performed IT-MS
scans of individual plasmoid discharges, all of which reveal a con-
sistent pattern of signals generated by small singly-charged ions,
a list of which is provided in Table 2. lon fractions were calculated
by dividing the raw intensity of the signal by the total raw inten-
sity. The deviations in ion fraction were taken across six trials for
all ions. The mass accuracy is reported in parts per thousand.

Fig. 7 shows two examples of ion trap spectra. The resolution
is notably lower, however the signal-to-noise ratios of the sig-
nals were significant enough to allow assignment of low molecular
weight ions. It is important to note that in Fig. 7B the deion-
ized water-based electrolyte was changed to a heavy water based
electrolyte with the same concentration of HCI. Each signal from
water-containing ions within the plasmoid had the appropriate
mass shifts resulting from deuterium substitutions. An attempt was
made to perform MS/MS analysis on the protonated water clusters
to further confirm their identities, however no significant signals
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Fig. 7. Two examples of ion trap mass spectra. (A) Solution of HCl in deionized water and (B) solution of HCl in D, 0.

were observed during this set of experiments. This is most likely a
result of the difficulties encountered when trying to fragment low
molecular weight ions for MS/MS analysis. However, the position
of the signals and the distribution patters of the clusters in the ion
trap spectra are sufficient to prove the identities of the protonated
water clusters.

3.3. Negative mode MS

In addition to positive mode scans we also performed negative
mode scans in an effort to identify negative ions in the plasmoid.
In low pressure plasma discharges, negative ions are relatively rare
due to the inefficiency of radiative attachment. However the higher
pressure at ambient conditions leads to more efficient production
of negative ions through three-body attachment. We observed that
the number density of anions is much less than that of positively
charged species in the plasmoid interior: when comparing plas-
moid discharges under identical conditions, we observed that the
raw intensity of the positive mode signals was approximately thirty
times larger than that of the negative mode signals. Several dis-
charges were analyzed using negative mode in both the Orbitrap
and the ion trap, and four negatively charged ions were observed:
[NO3]7, [NO3]~, [HN,05]~, and [HN,Og]~. Other than those of the
nitrate anion, our observations of these ions were not entirely con-
sistent from shot to shot. This is most likely the result of the already
small number densities of anions fluctuating between discharges.

3.4. Statistical analysis of deuterated isotopes

In order to get a better sense of the chemical processes occurring
during a plasmoid discharge, the distribution of deuterium within
the isotopologues of the protonated water clusters was analyzed.
What is readily apparent without performing any calculations is
that many of the ions observed in the plasmoid are generated from
the electrolyte solution in the discharge container. This can be seen
in Fig. 7B, where a D,0 solution was used in place of a solution
of deionized water. The signals in the ion trap spectra show that
any low mass ions that contain hydrogen underwent deuterium
substitution to all allowed isotopologues, however the distribution
of these deuterium atoms is not readily apparent on first inspection.

We first attempted to develop a model that explained the dis-
tribution of these protonated water cluster isotopologues in the
plasmoid to be a result of protons and deuterons randomly com-
bining assuming a binomial distribution. A binomial distribution is
defined as:

Populati _ <:n:> k1 _ n—k
pulation(k) = K Pp*(1 - Pp) (M
where population refers to the fractional population of each
isotopologue, n is the number of total number of possible

substitutions that can occur for the particular cluster, k is the num-
ber of deuterium substitutions that have occurred for the particular
isotopologue, and Pp is the fraction of hydrogen atoms in the form
of deuterium: Pp=np/(np +ny). We found that it was not possi-
ble to fit the observations with this model for any value of Pp.
This model assumes that the clusters were formed from individual
hydrogen and deuterium atoms, which is not physically accurate
for this system, so the failure of this simple model may not be too
surprising.

Atwo-parameter model of a binomial distribution of water clus-
ters was then created using the following relationship:

Pop.(kq, kz) = Pp,o"1(1 *PDZO)kl_nl

<1

n3
x Pp*2(1 — pp)le™2
k2

(2)

where nq and n, are the total number of H,O/D,0 molecules and
H*/D* ions in each cluster (ny =2 or 3, np =1 in all cases), k; and k,
are the number of deuterated species of each form (D,0 and D*),
and Pp,o and Pp are the fractions of water molecules and protons
in deuterated forms from which the clusters are presumed to be
formed.

This new model assumes that clusters are formed from water
molecules (H,0 or D,0) from the electrolyte and/or ambient air,
along with protons (H* or D*) produced from a potentially different
isotopic distribution of water. Models of this two-parameter distri-
bution for both the protonated water dimer and trimer are shown
in Fig. 8. The two clusters were analyzed independent of other ions
present in the plasmoid, and the average fractional populations of
each signal across four mass spectra are shown in Fig. 8. The error
bars on the experimental data represent three standard deviations
across the four shots, and are quite large due to the shot to shot
variability described above.

Using Eq. (2) as a model, the available fractional amounts
of D,0 and deuterium were varied and fit to the experimen-
tal data using a simultaneous fitting procedure. The optimized
values of Ppyo and Pp were calculated to be 0.66 + 0.04
and 0.47 + 0.07 over a 95 % confidence interval, respectively.
This model offers a fairly satisfactory fit to the experimental
data, given the shot-to-shot variability represented in the error
bars.

Within the context of this model, it is apparent that the mix-
ing of atoms in the plasmoid is not entirely random. The water
molecules within the clusters, which could conceivably originate
exclusively from the electrolyte or from the ambient air, appear to
come from both sources, with a slightly higher preponderance of
D, 0 from the electrolyte. The slightly lower value of Pp compared
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Fig. 8. Comparison of statistical model described by Eq. (2) to the experimental distributions of deuterated water clusters, (A) protonated water dimer, (B) protonated water
trimer, Pp,o = 0.66 + 0.04 and Pp =0.47 £ 0.07. The error bars represent three standard deviations.

with Pp, g is intriguing, and suggests that protonation of water clus-
ters might occur at later stages of the plasmoid, after more H,0
from the ambient air has been incorporated. If the reproducibility
of the plasmoids can be improved, it may be possible to better con-
strain the chemical formation of these water cluster ions. However,
at this point the observations conclusively demonstrate that plas-
moid composition is not determined exclusively by the electrolyte
composition.

4. Conclusions

In this article we have presented the first chemical analysis of
plasmoid discharges using mass spectrometry. The simplicity of the
sampling technique allowed for a qualitative survey of some of the
ions that are formed in or contained by this particular type of plas-
moid discharge. The statistical model that we present shows that
a two-parameter binomial distribution can be used to describe the
distribution of hydrogen and deuterium atoms in small protonated
water clusters. Additionally, this model shows that ambient plas-
moids are composed of molecules from both the electrolyte and the
surrounding environment. Finally, the types of ions observed in the
mass spectra, namely water clusters and NOy species, are in agree-
ment with what has been observed in other DC plasma discharges
by MS [15,16].

The reproducibility of plasmoid discharges presents the greatest
obstacle toward a true physical understanding of plasmoid sta-
bility. Efforts are underway to improve the hardware and control
electronics that are used to generate laboratory plasmoids. Further
characterization of plasmoids, both by MS and by spectroscopic
and imaging methods, can be expected to provide additional infor-
mation about the composition and dynamics in these fascinating
objects that may ultimately lead to an understanding of their chem-
ical and physical properties.
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We report the first (to our knowledge) infrared emission spectra collected from water-based laboratory
ball plasmoid discharges. A “ball plasmoid” results from a unique type of pulsed DC plasma discharge in
which a sphere of plasma is seen to grow and eventually separate from a central electrode and last for a
few hundred milliseconds without an external power source before dissipating. Typical recombination
rates for plasmas at ambient conditions are on the order of a millisecond or less, however ball plasmoids
have been observed to last a few hundred milliseconds, and there is no explanation in the literature that
fully accounts for this large discrepancy in lifetime. The spectra are dominated by emission from water
and from hydroxyl radical; PGOPHER was used to fit the experimental spectra to extract rotational tem-
peratures for these molecules. The temperatures of the bending and stretching modes of H,O were deter-
mined to be 1900 + 300 K and 2400 * 400 K, respectively and the rotational temperature of OH was found
to be 9200 + 1500 K.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Low-temperature and atmospheric-pressure plasmas have
developed as essential tools across several industries over the past
few decades. The tunability of plasma discharge parameters allows
for the selection of chemically and physically reactive components
of the ionized medium, and operating a discharge at ambient pres-
sures fosters numerous applications of plasmas in different set-
tings. For example, the electron density and temperature,
identities and number densities of reactive ions and radicals, UV
photon flux, and flow rate of gases can all be tuned and optimized
for interactions with different surfaces ranging from plastics to
human teeth to the top layers of the skin. There has been much
development of plasmas as tools for semiconductor processing
[1,2], medicine [3-5], dentistry [6], air purification [7], wastewater
[8] and biomedical [9-13] sterilization, as agents for controlled
mutagenesis [14], and in the food processing and sterilization
industry [15,16]. Additionally, ambient plasmas are attractive as

* The article is based upon a presentation by the author at the 70th International
Symposium on Molecular Spectroscopy in June 2015 at Urbana-Champaign, which
was selected by the Symposium Prize Committee for the Rao Prize as one of the
three best presentations by a graduate student.
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soft ionization sources for mass spectrometry [17-19], especially
due to the much less complicated sample preparation required
for ambient ionization using plasmas.

Plasmas that are self-sustaining and have a definitive shape but
are not confined between two electrodes or any external fields are
referred to as plasmoids. A several-kilovolt capacitive discharge
above the surface of a weak electrolyte can be used to generate
water-based plasmoids [20] which take the form of a sphere, thus
this particular type of discharge is referred to as a “ball” plasmoid
discharge. In contrast to other direct-current (DC) plasma dis-
charges (arc, corona, glow, dielectric barrier) [21], ball plasmoid
discharges are generated by intentionally designing the electrodes
such that a tremendous pulse of current causes a plasma to form at
the tip of the cathode, above the surface of the electrolyte [20,22-
24]. While still forming, the plasma grows, rises, and eventually
separates from the cathode and can be seen as a distinct sphere
of plasma for an extended period of time. The discharge occurs in
three phases (Fig. 1): the pre-initiation, buildup, and detachment
phases [25,26]; it is perhaps the detachment portion of the dis-
charge, when an autonomous plasmoid can be observed, that is
the most interesting. Plasma discharges at ambient pressures are
not expected to last for more than a millisecond without an exter-
nal power source [27,28], however ball plasmoids emit light for
approximately 200 ms even when no current flows between the
electrodes.



2 S.E. Dubowsky et al./Journal of Molecular Spectroscopy 322 (2016) 1-8

Fig. 1. Images obtained from high-speed videography of plasmoid discharges. (A-C): initiation, propagation, and detachment phases of the discharge. (D-F): top-down view

of the same phases shown in A-C, taken from an identical discharge on the same day.

Recently, several groups have begun to characterize ball plas-
moid discharges in attempts both to explain the long lifetime of
the plasmoid and to study the mechanism of ball plasmoid forma-
tion [23,24,29,25,26], and this collection of papers has provided a
foundation for more detailed studies of the system. Our goal for
the experiments described in this article is twofold: to expand
the emission spectroscopy performed by Versteegh et al. [23] into
the infrared, and to confirm the molecular assignments obtained
from infrared absorption spectroscopy presented by Friday et al.
[29]. In addition to identifying the molecules which are emitting
in the infrared, we aim to determine rotational temperatures for
each of the emitting molecules, which will provide a more com-
plete picture of the energy distribution of products generated dur-
ing plasmoid formation and will also allow for an approximation of
the gas-kinetic temperature of the plasmoid to be made.

Ball plasmoids are considered to be laboratory analogues of ball
lightning, a puzzling and currently unexplained natural phe-
nomenon which was only recently observed in the field with scien-
tific instrumentation [30]. Although rare, there are numerous
reports available in the literature describing a luminous sphere of
light dancing through the sky, sometimes lasting tens of seconds
before dissipating. Some reports describe a quiet fizzling out of
the light, but others indicate that the ball leaves destruction in
its wake as it disappears with tremendous energy. There is also
debate in the literature over the theories describing the formation
and other properties of ball lightning [31-35], often with little or
no experimental evidence, therefore there is currently no explana-
tion (or set of explanations) as to why ball lightning behaves in
these mysterious ways.

2. Experimental
2.1. Plasmoid discharge source

The equipment and electronics that we use to generate plas-
moid discharges have been described previously [29,26], however
some changes have been made to the circuitry to better control and
monitor the discharge. To provide as accurate a description of the
apparatus as possible, the key components of the system will be
described. The next paragraph describes the general process by
which ball plasmoids are generated, and the following paragraphs

describe additional components of the system. As is always the
issue with performing these measurements, there is a high shot-
to-shot variability in successive plasmoid discharges. Much in the
same way that no two lightning strikes are alike, identical condi-
tions can produce plasmoid discharges with different underlying
characteristics (size, lifetime, amperage, rise velocity, etc.).

The electrode setup is contained within a store-bought five-
gallon polypropylene bucket which is filled with deionized water.
The conductivity of the water is adjusted using concentrated HCI.
Conductivity measurements are taken with a hand-held, water-
proof meter (Oakton PCSTest™35). The cathode is positioned such
that just the tip of the electrode protrudes above the surface of
the water approximately 1-2 mm. The cathode which is used in
all of the following experiments is a solid tungsten rod with a
diameter of 6 mm. The cathode is insulated from the electrolyte
using a tube of alumina with an inner diameter of 6 mm and an
outer diameter of 8 mm. No metal ions from the cathode were
desired to be present in the discharge during these experiments,
so tungsten was chosen for its high durability and resistance to
sputtering and spalling. This cathode was chosen in order to min-
imize ion-neutral and ion-electron interactions caused solely by
electrode materials, thus producing a plasmoid from only mole-
cules in the air and molecules just above the surface of the elec-
trolyte [26]. A copper ring is used as the anode and is positioned
perpendicular to the orientation of the cathode, in other words
the plane of the anode is parallel to the surface of the electrolyte.
This entire electrode is submerged in the weakly conductive aque-
ous solution with a final depth of approximately 12 cm below the
surface of the electrolyte.

Fig. 2 provides an illustration of the circuitry used in our labo-
ratory. A Glassman EK Series high-voltage DC power supply is used
to charge large parallel-plate, oil-filled capacitors (Maxwell) to 1-
10 kV. The capacitors can be used individually or can be wired in
parallel to generate capacitances up to two milliFarads. Three Ross
Engineering E Series high-voltage relays are used to make connec-
tions that will charge the system, send current pulses to the dis-
charge container, or ground the system. An Arduino®Uno
microcontroller board controls the timing of these switches, and
the same microcontroller is used to record voltage and current
measurements via a voltage divider and Hall effect sensor, respec-
tively. High-speed videography is performed with a Pixelink®PL-
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Fig. 2. A simplified circuit diagram of the plasmoid discharge circuit. The “POWER” relay delivers current to the capacitor bank, the “FIRE” relay delivers the pulse to the
electrodes, “BREAK” is the vacuum relay which breaks current to the electrodes, and finally the “GROUND” relay grounds the system. V and A are a voltage divider and a Hall

effect current sensor, respectively.

B&42U camera with a frame rate of 98 fps. Discharge parameters
are chosen based both on the geometry of the setup and an opti-
mization of safety to personnel and equipment, therefore no dis-
charges above 7KkV are ever performed due to physical
limitations of the equipment (temperature rating of power resis-
tors, arcing concerns, etc.). Future additions and improvement to
the circuitry will allow for larger voltages and capacitances to be
used safely and successfully.

The parameters of the discharges described in this article are
the following: the capacitor (873 pF) was charged to 6 kV, the con-
ductivity of the electrolyte was set to 320 puSiemen, and the tip of
the cathode was set flush to the tip of the alumina insulator which
was positioned to protrude approx. 1-2 mm above the surface of
the electrolyte. The conductivity of the electrolyte did not change
significantly between experiments due to resistive heating. All
spectra were recorded on the same day, under identical conditions.

2.2. Spectroscopic measurements

Infrared emission spectroscopy was performed using a Bruker
VERTEX 70 Fourier-transform infrared spectrometer in a double-
pass configuration at 4 cm™! resolution and a (mirror) scan rate of
40 kHz. Spectra were collected between 1000 and 5000 cm™'. The
time-domain interferogram data from the spectrometer were high-
pass filtered using a second-order Butterworth filter, Hanning apo-
dized, and Hilbert transformed (phase correction) to generate emis-
sion spectra. The lineshapes in these spectra are ultimately dictated
by the response function of the instrument (a Hanning function
Fourier transformed to a sinc function in this case), thus the experi-
mental lineshapes are best described by a Lorentzian profile with a
FWHM of 4 cm™!. Only one scan was used for each measurement,
and it is important to note that the spectrometer and discharge elec-
tronics (each with their own small internal triggering delays) were
triggered by hand. The spectrometer and discharge were triggered
independently by two individuals after a countdown; no time-
resolved measurements could be performed using this setup.

Fig. 3 provides a birds-eye view of the experimental setup. The
HeNe laser within the instrument was used in conjunction with
additional optics placed outside of the instrument to align the light
emitted from the plasmoid into the spectrometer. To confirm the
placement of the optics, a flame from a butane lighter was held
where the plasmoid would be discharged and at points along
which the emitted light was presumed to be traveling. The inten-
sity counts on the detector were monitored in real time as the
flame was brought in and out of the optical path. The intensity
counts at the detector would increase by a few orders of magnitude
when emitted light from the flame was detected. An opaque sheet
was also placed between the plasmoid and the optics to isolate the

emitted light. A hole was cut into the sheet such that the tip of the
electrode was masked but the plasmoid itself was not. This elimi-
nated the possibility of light from the hot cathode interfering with
our measurements. This also minimized reflections off of other sur-
faces in the laboratory.

3. Results and discussion
3.1. Emission spectra

Fig. 4 shows several spectra that were obtained over the course
of the experiment. A cursory examination of these data shows that
water dominates the spectra, but a closer inspection shows that
emission from hydroxyl radical is also present. Using the HITRAN
[36] database in conjunction with the PGOPHER [37] program, a
simulated mixture of these molecules was generated and com-
pared to the experimental spectra. The simulated spectrum dis-
played in Fig. 4 (the uppermost spectrum) shows good
agreement with the experiment in terms of the molecules that
are emitting from the plasmoid.

Given that there was a significant pathlength between the plas-
moid and the spectrometer in these experiments, it was necessary
to account for absorption by water and CO, along this optical path.
In order to address this issue, the observed spectra were divided by
an absorbance spectrum of CO, and water (298 K, 2.06 m path-
length, Lorentzian lineshape; 4 cm™! linewidth, 1 atm) generated
using HITRAN online (http://hitran.iao.ru/). In each spectrum this
resulted in a significant increase in emission signal in the regions
where atmospheric CO, and water readily self-absorb, however
there is little effect on the intensity between 2400 and
3200 cm™! (where emission from OH is present). The corrected
spectra used in fitting can be found in the supplementary material.

As would be expected, the difficulties associated with obtaining
a spectrum after triggering the discharge resulted in missing the
emission from the plasmoid in some cases. Some of the spectra
exhibited only a broad and featureless continuum spanning
approximately 2000 cm™; these spectra were rejected as unus-
able. Furthermore, there were trials in which we thought that
emission from the plasmoid was collected by the instrument, how-
ever only instrumental noise was observed in the spectra, which
speaks to the importance of triggering the discharge and spectrom-
eter simultaneously.

3.2. Fitting
The PGOPHER [37] program was used to fit the corrected spec-

tra to simulated spectra of water and hydroxyl radical. At the out-
set of our rotational analysis we attempted to fit a mixture of both
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clarity. Spectra were obtained under identical conditions.

of these molecules to the experimental data, however PGOPHER's
functionality allows for only a single rotational temperature to
be floated during fitting. We expected the temperatures of differ-
ent plasmoid constituent molecules to be rather different from
one another, therefore, each molecule was fit separately. Further-
more, vibrational excitation (and relaxation) occurs differently
for each degree of freedom in nonequilibrium air discharges, thus
the three vibrational modes of water are also expected to have
slightly different values of rotational temperature. The generic fit-
ting procedure involved generating a spectrum of the molecule of
interest using the HITRAN line list (imported directly into PGO-
PHER), modifying the simulation to reflect emission data as per
Western'’s [37] suggestions, overlaying an experimental spectrum
in the software, adjusting the scale of the experimental spectra,
and finally floating the value for rotational temperature until the
fit converged.

When first fitting the data to a spectrum of water we noticed
that the fits would converge on a rotational temperature, however
some of the residuals appeared to be the result of an unphysical fit.
Indeed, when good results were returned from fits to the stretching
modes, fits to the bending mode were poor. To resolve this issue,
the stretching modes and bending mode of water were analyzed
independently; the symmetric and asymmetric stretching modes
were fit together, but the bending mode was fit separately. As a
result of significant hot band emission, the emission profile of
the bending mode was not fully reproduced by the PGOPHER sim-
ulations (although hot bands were included in the simulations),
resulting in fits taking longer to converge. Fits were performed
between 3200-4300 cm~' and 1000-2500 cm™! for the stretching
modes and bending mode, respectively (see supplemental mate-
rial). Numerical results from each of the fits to H,O are shown in
Table 1, and an example of a complete fit is provided in Fig. 5.
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Table 1
Calculated rotational temperatures for the vibrational bands of water.
Shot T K] Tt [K]
1 2300 2000
2 3300 1800
3 1700 2400
4 2200 1400
5 2300 1700
Average 2400 + 400 1900 + 300

The rotational temperatures we report show the extent of molecu-
lar excitation in the discharge and are comparable to those
obtained from the emission of water in oxy-acetylene flames [38].

A similar procedure was used to determine the rotational tem-
perature of hydroxyl radical. The spectra were fit from 2800 to
3200 cm~}, again holding the Lorentzian linewidth constant at
4 cm~'. An example of a fit to OH is shown in Fig. 6, and numerical
results of the fits are presented in Table 2. In one particular
instance (Shot 3, shown in Fig. 4), the intensity of the signals in
the OH emission region were comparable to the noise floor, which
resulted in the fits not converging on a rotational temperature.
Therefore the values we report for hydroxyl radical are obtained
from four separate spectra rather than five. The average rotational
temperature of OH was found to be 9200 K, which is high for ambi-
ent plasmas. This value is however lower than what has previously
been reported for this system [23]; the measurements reported
herein were most likely made later in the discharge when com-
pared to those of Versteegh et al. Since the rotational temperature
of each constituent molecule must rapidly decrease to room tem-
perature over the course of the discharge, it follows that the rota-
tional temperature would be lower when probing later in the
discharge. Time-dependent measurements would be extremely
beneficial for the confirmation of rotational temperatures at differ-
ent stages of the discharge.

There is also an unknown source of emission in the experimen-
tal spectra between approximately 2250-2400 cm~'. There are

6x10°

Intensity (Arb.)

Obs-Calc (Arb.)

4x10°

several potential molecular sources for this emission, including
CO; and CO; the 4.3 pm band of CO, [39] and the vibrational band
of CO [40] overlap in this region, however this signal is most likely
not a result of emission from CO, as the vibrational band of CO is
centered approximately 100 wavenumbers to the red of the
anomalous feature. We attempted to fit the corrected spectra to
a simulation of CO, in the same fashion described above, but fits
to this molecule did not fully reproduce the shape or intensity of
the observed feature, even at high temperatures (see Fig. 7). This
region is further complicated by the fact that self-absorption by
CO, readily occurs in this frequency range. Thus the identity of
the cause of the signal in this region remains a mystery; however,
the emission profiles shown in Fig. 7 do seem to correspond to that
of CO, in some way. Friday et al. [29] present evidence which sug-
gests that CO, may be present in the plasmoid as a result of elec-
trode oxidation, but this does not refute the possibility of
gaseous CO, emitting from plasmoids produced with a tungsten
electrode. Additional measurements of discharges with less shot-
to-shot variability would allow for a much more concrete under-
standing of emission in this region, and improved spectral resolu-
tion would allow for a more traditional Boltzmann analysis of a set
of known transitions.

The average rotational temperature for OH reported here is lim-
ited by the spectral resolution and lack of a thorough Boltzmann
analysis, however the procedure used to fit the data provide a rea-
sonable estimate of the rotational temperature. The high tempera-
tures of water and hydroxyl radical indicate that upper vibrational
and rotational states of plasmoid constituent molecules are highly
populated, which is expected for a nonequilibrium air plasma.
These upper states could be populated directly during the dis-
charge via vibrational/rotational excitation processes, or by chem-
ical reactions in the plasmoid. For example, highly-excited OH
radicals are thought to be generated by electron impact ionization
of water molecules, while other less excited radicals could be gen-
erated by excitation of previously-formed OH via other mecha-
nisms. A more thorough analysis of better-resolved transitions
could facilitate a two or three temperature model of OH rotational
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Fig. 5. Example of a fit to the stretching modes of water. This fit is to the spectrum obtained from Shot 4 (see Table 1).
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Table 2
Calculated rotational temperatures for hydroxyl radical.
Shot T [K]
1 7600
2 8200
3a N/A
4 12,200
5 8600
Average 9200 + 1500

¢ S/N results in fits that do not converge.
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Fig. 7. Comparison of the emission profiles of CO, at room and high temperatures
to the unexplained signal observed between 2100 and 2400 cm™! in an exper-
imental spectrum (Shot 1 in this case).

distribution, which has been studied extensively in the literature
[41,42].

When comparing the spectra collected in this set of experi-
ments to the spectrum presented by Friday et al. [29] (referred to

as “the absorption spectrum” here for clarity), several differences
can be noted. First, our emission spectra show signals indicative
of OH from 2800 to 3200 cm™!, while no evidence of OH absorption
is present in the absorption spectrum. Our spectra also show high
S/N for all of the vibrational modes of water, while the absorption
signals corresponding to the bending mode shown in the absorp-
tion spectrum have a much smaller S/N. It is not surprising that
the S/N of the bending mode is much greater in the emission spec-
tra - it is likely that the plasmoid is highly vibrationally and rota-
tionally excited and emission from these excited state molecules is
occurring frequently. The high temperature of the plasmoid also
increases the contribution from vibrational hot band transitions,
which are especially prevalent in the bending mode. The two unas-
signed features presented in the absorption spectrum are not
directly observable in our emission spectra, however this does
not immediately dismiss the presence of these signals in our spec-
tra as the observed emission profiles are incredibly complex. This
complexity is further increased by the possible presence of water
clusters in the plasmoid, as many of the rovibrational bands of pro-
tonated water clusters are centered within the rovibrational bands
of free water molecules [43]. It is unclear at this level of spectral
resolution whether emission from protonated water clusters is
being detected, but this notion should not be dismissed since the
protonated water dimer and trimer have been shown to be present
in ball plasmoid discharges [26].

It is difficult to make a direct comparison between emission and
absorption spectra collected from ball plasmoid discharges
because very little is known about the optical thickness of these
plasmoids. Emission spectroscopy of optically thick spheres results
in collection of signals from the outermost edge of the sphere,
which is not the ideal case for ball plasmoids, as plasmoids have
been shown to be surrounded by an “envelope” which is cooler
than the interior of the plasmoid [23]. The temperature differences
between the interior and exterior of the plasmoid most likely facil-
itate different chemistry in the center of the plasmoid and at the
air-plasmoid interface, and further study of this system with
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improved spatial resolution is needed in order to study the differ-
ent temperature regimes with ball plasmoid discharges.

4. Conclusion

In this work we have presented the first analysis of ball plas-
moid emission in the infrared. Using a relatively simple spectro-
scopic setup, we were able to collect spectra that show emission
from water and hydroxyl radical. These molecules are unsurprising
to observe in ambient plasma discharges and have been observed
in this type of discharge using absorption spectroscopy [29]. We
are able to report quantitative information about the plasmoid
after reducing the spectral collection time (compared to the
three-second acquisition time of Friday et al.), but more impor-
tantly this analysis centered on fitting spectra which show rota-
tional structure of constituent molecules. The rotational
temperatures that were extracted from the fits of the observed
spectra begin to show the energy distribution among molecules
in the plasmoid and confirm the measurements of Versteegh
et al,, reinforcing the fact that ball plasmoid discharges are highly
nonthermal and result in rapid heating and rapid cooling of con-
stituent molecules.

In order to move this work forward experimentally and answer
the ultimate question of why ball plasmoid recombination occurs
much more slowly than is expected, a twofold approach is being
undertaken. First, we are expanding the spectral regions in which
we are probing; we are working to examine the plasmoid in the
near-IR and in the UV/visible to monitor molecules such as Nj
and N;. As the principal component of ambient air, it is highly
likely that the molecular processes in which nitrogen participates
are key to understanding the relaxation processes of the plasmoid.
We also plan to re-examine hydroxyl radical with improved spec-
tral and temporal resolution compared to the previous work [23].
This will facilitate a greater understanding of the energy distribu-
tion as a function of time and will also provide insight into the
reactions which are (or are not) occurring during the three phases
of the discharge.
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