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Abstract 

The development and diagnosis of an atmospheric pressure, non-transferred, DC arc plasma torch 

for investigating magnetohydrodynamic experiments is presented. Utilizing a custom AC starter 

circuit coupled with a high power DC power supply a long, laminar plasma jet was successfully 

generated by adjusting voltage and current characteristics, gas flow rates, and torch geometry 

(nozzle diameter and length). A complete and detailed description of the design and operation 

conditions of our torch is presented such that our results may be reproduced. Utilizing copper, 

aluminum, and tungsten alloy electrode components in conjunction with an electrically isolated 

water cooling system allows for continuous torch operation. The 50 kV AC starter circuit is coupled 

with a 15 kW DC power supply via a series injection transformer as a part of the custom arc starter 

circuit components. Axial and tangential gas flow, with nitrogen as the working gas, is regulated to 

generate a stable, laminar, atmospheric plasma torch with a jet length of over 80 cm under ideal 

operating conditions. To visualize the plasma interface in magnetohydrodynamics experiments, a 

technique was developed to image the cylindrical plasma jet in both the R-Z plane (axial) and R-θ 

plane (cross sectional) using planar-laser Mie scattering from particles added to the surrounding gas. 

Plasma emission wavelengths are filtered out allowing scattered light from the particle laden-flow 

field illuminated at 532 nm by an Nd:YAG laser, to be isolated. Plasma electron temperature and 

degree of ionization were estimated using a technique based on the well-known Fowler-Milne 

spectroscopic method. Electron temperatures of up to 14,000 K and degree of ionization up to 27% 

at the torch exit were obtained.  

Keywords: Magnetohydrodynamics, Richtmyer-Meshkov Instability, Plasma Torch, PIV 

Nomenclature 
𝐼 arc current (A) 𝑌𝑗 mol fraction of jth species 

I intensity  𝑍 charge state 

𝐴 saturation ionization constant (atm-1 m-1) 𝐽 current density (A m-2) 𝛼𝑑 degree of dissociation 

𝐴𝑛𝑚 spontaneous emission transition probability (s-1) 𝐾 equilibrium constant 𝛼𝑖 degree of ionization 

𝐵 surrounding gas breakdown constant (V atm-1 m-1) 𝑘𝐵 Boltzmann’s constant (J K-1) 𝛤 particle flux (kg m-1 s-1) 

𝐵⃑⃑ magnetic induction vector [T] 𝑚𝑗 mass of jth species (kg) 𝜖𝑛𝑚 total line emission coefficient 

𝑐 speed of light in a vacuum (m s-1) 𝑛𝑗 number density - jth species (m-3) 𝜖(𝑟) radial emissivity 

𝐷 mass diffusivity coefficient (m2 s-1) 𝑃 pressure (atm) 𝜆𝑛𝑚 wavelength (nm) 

𝑑 electrode gap distance (mm) 𝑄𝑗 atomic partition function 𝜇 mobility (m2 V-1 s-1) 

𝐸⃑⃑ electric field (V m-1) 𝑅̅ universal gas constant (J kg-1 K-1) 𝜈 collisional frequency (s-1) 

𝐸𝑚 energy level (eV) 𝑇 temperature (K) 𝜌 mass density (kg m-3) 

𝑒 elementary charge (C) 𝑉⃑⃑ velocity vector (m s-1) 𝜎 electrical conductivity (Ω-1 m-1) 

𝐺° Gibbs energy function 𝑉 arc voltage (V) 𝛾𝑠𝑒 secondary emission coefficient  

𝑔𝑚 statistical weight 𝑉𝐵𝐷 breakdown voltage (V) 𝜔𝑐 cyclotron frequency (s-1) 

ℎ Planck’s constant (J s) v velocity (m s-1)   
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1. Introduction 

Magnetohydrodynamic (MHD) instabilities involve the 

coupling of hydrodynamic instabilities with magnetic field 

effects in a conducting fluid (e.g., plasma). Hydrodynamic 

instabilities (HI) such as the Richtmyer-Meshkov Instability 

(RMI) are ubiquitous in many high energy density (HED) 

applications. HED applications include areas such as 

astrophysics, thermonuclear weapons, and inertial confinement 

fusion. Fluid mixing present in these applications is encouraged 

by HI, which can result in a lowered energy yield. Studying 

these systems, however, is complicated due to the high energies 

involved and thus the majority of HED research is performed at 

large scale facilities such as the National Ignition Facility (NIF), 

located at Lawrence Livermore National Laboratory, and the 

Omega Laser Facility at the University of Rochester. 

Magnetic effects are being explored as an option to increase 

the efficiency of inertial confinement fusion (ICF) [1]. The 

addition of externally applied magnetic fields can be found in 

the Omega experiments using a spherical target as well as in 

Magnetized Linear Inertial Fusion (MagLIF), studied at Sandia 

National Laboratory [2], [3]. In both experiments, plasmas are 

created during the compression of the fusion fuel, and fluid 

interfaces experience HIs such as the Richtmyer-Meshkov (from 

impulsive/shock accelerations), Rayleigh-Taylor (RT, from 

steady accelerations), and Kelvin-Helmholtz (KH, from shear) 

instabilities, leading to fluid mixing and degrading the fusion 

yield [4]–[6]. The implementation of a magnetic field can 

limit/suppress the ability of HIs to develop detrimental mixing 

effects [7]. The ability to investigate MHD effects on HIs in a 

smaller, university laboratory setting would be highly beneficial. 

One approach to doing so is to impulsively accelerate (shock) an 

atmospheric-pressure plasma cylindrical interface (i.e. a plasma 

torch) using a low-energy shock tube facility, then apply a strong 

external magnetic field to examine MHD effects on the RMI. 

Since the mid-1950’s, plasma torches have been studied for a 

wide variety of applications, including material processing for 

surface modification, biomedical treatment for wound healing 

and sterilization, metallurgy, metal cutting, waste management, 

laser and space technology, and scientific research of plasma 

chemistry and physics [8]. An extensive amount of research has 

been performed on plasma torch devices, their design, and the 

conditions in which they operate under, not only displaying their 

adaptive capabilities, but their unique ability to be implemented 

towards a multitude of scientific, industrial, and commercial 

uses. 

Many applications of plasma torches require that they operate 

at atmospheric-pressure, at which it is more difficult to ionize 

gases due to the substantial increase in required breakdown 

voltage and current necessary to initiate and sustain the plasma. 

Previous studies have focused on the development and 

characterization of laminar atmospheric-pressure plasma torches 

(APPTs) and focused on issues pertaining to optimal voltage-

current relationships, gas flow rates, and torch design 

parameters [9]. Understanding the rolls of these parameters 

imperative when developing and producing an optimal APPT. 

Comparison of plasma characteristics may be evaluated using 

similarity theory, in which one experimental property is used to 

determine the effect of others without physical experimentation 

[10], [11]. Plasma jet velocity measurements have been made 

using particle imaging methods by injecting particles into the 

plasma in order to understand plasma flow conditions [12], [13].  

A variety of optical methods have also been used to diagnose 

APPTs. Methods such as laser scattering techniques (LST) via 

Thomson, Rayleigh, and Raman scattering to obtain plasma 

characteristics have been performed [14], [15]. Additional 

methods include quantitative shadowgraphy, Schlieren imagery, 

spectroscopic methods, and the atomic Boltzmann method, each 

of which provide unique insights to various plasma 

characteristics such as plasma temperature [16]–[20]. Significant 

contributions to our understanding of the nature of atmospheric-

pressure plasma through optical emission spectroscopic 

methods have been provided by Murphy [21], Haidar and 

Farmer [22], and Scott et al. [23]. These studies measured the 

temperature and composition of single-element or multi-element 

thermal plasmas by implementation and modification of the 

Fowler-Milne spectroscopic method using the Abel inversion 

technique. Although traditionally applied to free-burning arcs, 

this method proves to be an excellent diagnostic for non-

transferred APPTs after some modifications [24], [25]. 

This paper presents the design of a long, laminar APPT with 

characteristics suitable for studying MHD effects in the RMI. 

The properties of this torch are measured by implementing and 

improving on the previous diagnostic methods, setting the stage 

for future experiments to investigate MHD suppression of the 

RMI. 

2. Background 

2.1 Generating an Atmospheric Pressure Plasma 

One method to produce a plasma, formed by ionizing a gas, 

uses electrical current passed through a normally insulating 

fluid. This current is induced by an electric potential between 

two electrodes, forming a discharge. A discharge occurs due to 

the transfer of electrons, which in turn creates ions from the 

medium in which it flows, resulting in a plasma. To induce a 

discharge, a self-sustaining spark (arc) must first be generated 

between the electrodes, termed the anode (positive electrode) 

and cathode (negative electrode). The electric potential required 

for this spark depends on the distance between the electrodes, 𝑑, 

the gas type (species), and the gas pressure, 𝑝. 
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This is a complex process called the electric breakdown [8], 

[26]. The breakdown of a gas is governed by Paschen’s Law, 

𝑉𝐵𝐷 =  𝐵(𝑝𝑑) (ln[𝐴(𝑝𝑑)] − ln [ln 1 +
1

𝛾𝑠𝑒

])⁄  (1) 

Using Eq. (1) and the numerical parameters specific to a 

particular gas, the required breakdown voltage as a function of 

the combined gas pressure and electrode spacing, commonly 

known as Paschen Curves, matches those shown in Fig. 1. 

Figure 1 shows the minimum breakdown voltage for a 

specific gas at a given pressure and electrode spacing distance. 

It can be seen that at atmospheric pressure or the larger the gap 

spacing between the electrodes, the higher the minimum 

breakdown voltage. Once the required breakdown voltage is 

achieved, a spark forms.  A transition from spark to arc must 

then be achieved. The spark-to-arc transition is achieved nearly 

instantaneously at atmospheric pressure when a large current is 

induced between the electrodes, resulting in a self-sustaining arc 

discharge that ionizes the fluid and forms a plasma. This electron 

emission process is often thermionic in nature. Thermionic 

emission is driven by a current, which is supplied by a high-

current DC (HCDC) power supply to the electrodes after spark 

formation. The voltage-current (VI) characteristics pertaining to 

the regions of electric breakdown, spark formation, and arc 

establishment are shown in Fig. 2. 

For atmospheric-pressure plasmas, the electric potential 

between the anode and cathode increases to the threshold value 

of the breakdown voltage, from the left to the peak of the curve 

in Fig. 2. The working gas then becomes ionized, and thus 

readily conducts current supplied by the HCDC power supply. 

Once transition to an arc occurs, the required voltage decreases 

rapidly as the current increases rapidly [8].  

Different methods have been implemented to produce 

atmospheric plasma, such as RF induction coils, transferred arcs 

(e.g., free-burning arcs), non-transferred arcs (e.g., APPT), and 

plasma arc heaters, all of which can be traced back to the 

governing conditions necessary for electric breakdown [8]. 

Because the plasma torch developed for this work was designed 

to be implemented inside a shock tube, the plasma containing 

region must be sustained in an unobstructed atmospheric 

environment and is desired to possess a minimum length of 14.5 

cm (a length sufficient to cross the shock tube cross section) 

[27]. Since non-transferred arc plasma torches provide the 

largest free (requiring no additional support components) 

plasma jet length, this method was selected for our device. 

2.2 Torch Operational Considerations 

Many different gases and mixtures of gases have been 

utilized in the study of atmospheric pressure plasmas.  In 

particular, argon, air, helium, and oxygen have been popular 

choices. For our purposes, nitrogen is ideal due to its inherent 

physical properties in the ionized state.  Its limited and ideally 

located emission lines enable convenient diagnostics (discussed 

later in more detail in section 4.1). For nitrogen, a breakdown 

potential upwards of 10kV is required at atmospheric pressure 

with an electrode spacing of 2 mm, as is needed for our torch 

design which is designed to interface well with future shock tube 

experiments. 

The V-I characteristics of the torch must also be considered 

in its design. Many studies have been performed on atmospheric 

pressure plasma torches specific to the voltage-current 

characteristic of the arc. Pan et al. examined the V-I 

characteristics of a laminar argon DC APPT utilizing arc 

voltages of 33-50 V, and arc currents of 75-220 A [28].  Planche 

et al. implemented arc currents from 200-600 A with arc 

voltages of 50-80 V to investigate plasma jet velocities [12]. Das 

et al. measured V-I characteristics of DC arc plasma utilizing 

arc voltages of 20-50 V and arc currents of 150-400 A [29]. It is 

known that as arc current increases, the arc voltage and plasma 

jet length also increase. Thus, an arc voltage of up to 100 V, an 

arc current of up to 200 A was chosen to develop a laminar 

plasma jet with sufficient length to be implemented within the 

FMSTL shock tube for future investigation of the MHD RMI.  

Of equally importance to the V-I characteristics of the arc, the 

gas flow rates also govern the length and stability of the plasma 

 
Fig. 1 Paschen curves generated for various gases. 

 
Fig. 2 V-I characteristics for pre (left of peak) and post arc (right of 

peak) conditions. 
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jet.  Both axial and tangential gas flows are used in the torch to 

achieve laminar flow operating conditions. The tangential gas 

flow rotates the arc attachment around the nozzle to ensure even 

erosion of the anode. Previous works used gas axial flow rates 

in the range of 5-27 SLM (standard liters per minute) for 

generating a long laminar atmospheric pressure plasma jet [30]. 

Digital mass flow regulators were used with our torch to vary 

the ratio of axial and tangential gas flow as well as the total gas 

flow rate supplied to the torch. 

As plasma is generated via the arc, the respective cathode and 

anode materials are subjected to extreme temperatures, beyond 

the melting point of all metals. Therefore, it is necessary to 

quickly remove heat from the anode and cathode components. A 

water cooling system can provide efficient and rapid cooling of 

these components, but requires additional electrical isolation 

considerations.  Previous works utilized water cooling flow rates 

of 10-20 SLM while observing plasma torch electrical 

characteristics [10], [29]. Valincius et al. investigated thermal 

characteristics of a plasma torch finding that the temperature rise 

of the cathode was much smaller than that of the anode [31]. To 

cool the anode and cathode, individual and electrically isolated 

water cooling systems were designed into the respective sections 

of our torch. 

3. Plasma Generation Method 

3.1 Apparatus Design 

Although much research has been published on APPTs, the 

process of coupling a high voltage starter circuit, necessary to 

meet the breakdown voltage and initiate a spark, with a HCDC 

power source, needed to sustain the arc, is seldom discussed. For 

our work, a high voltage alternating current (HVAC) source is 

used to initiate the spark since it is easy to achieve voltages of 

over 10kV with AC, and the spark is only a temporary state that 

is unaffected by the fluctuating nature of AC. Typically, 

combined AC/DC signals are undesirable in electrical circuits 

due to fault currents arising that are harmful to the power sources 

and subsequent circuital components. However, the ability to 

transition seamlessly from spark to arc requires the integration 

of HVAC and HCDC signals. Thus, a custom, in-house 

fabricated, HVAC starter circuit was developed and constructed. 

The HVAC starter circuit is comprised of the following major 

components: capacitors, resistors, ignition coil, spark gap 

switch, and a transformer. The constructed starter circuit is 

shown in Fig. 3. 

To generate the spark, 120VAC is supplied from a wall outlet, 

controlled by a rheostat, and is sent to a power resistor and thin 

film capacitor before entering an ignition coil transformer which 

steps up the voltage to 50kV. The thin film capacitor is 

discharged into the ignition coil such that the intrinsic 

resistances in the discharge path reduce the capacitor discharge 

rate; thus, discharging into a positive resistance. The HVAC 

signal, generated by the ignition coil, is then sent to a series of 

ultra-high voltage (UHV) capacitors which are in parallel to a 

spark gap switch. The spark gap, located on the primary side of 

a series injection transformer (SIT), acts to complete the circuit 

loop on the primary side of the SIT. Once the peak voltage of 

the ignition coil is achieved, the ignition coil “fires”, and a large 

potential between the spark gap switch is generated whilst 

simultaneous discharging of the UHV capacitors occurs. As the 

spark gap switch is broken down (HVAC sparks between the 

electrodes), the UHV capacitors discharge their stored energy 

through the primary side of the SIT completing the circuit loop. 

The HVAC signal is injected to the secondary side of the SIT 

providing an electric potential to the anode and cathode of the 

torch that is sufficient to meet the breakdown voltage within the 

APPT. 

The use of a MetGlas™ core within the SIT was chosen 

because of its high magnetic permeability and extremely low 

core loss properties. Additionally, due to the high frequency of 

the starter circuit spark gap switching, UHV capacitors were 

implemented to help sustain the breakdown potential.  The 

signal from the UHV capacitors is injected into the secondary 

side of the SIT, and therefore to the torch spark gap, resulting in 

a nearly instantaneous discharge since this path has little to no 

resistance. The capacitor’s current increases rapidly such that 

the current impulse is ultimately higher than conventional 

predictive methods allow for; thus, producing a greater degree 

of electron flow. The HCDC signal (from DC power supply) is 

preset to provide the desired arc current and allows spark-to-arc 

transition to occur within the torch. In essence, the HVAC signal 

crosses the breakdown potential initiating a spark that provides 

a path for current to flow from the HCDC signal creating the 

sustained arc within the APPT.  

 
Fig. 3 Custom HVAC starter circuit. 1) 120VAC input,  

2) rheostat dimmer switch, 3) power resistor, 4) ignition coil,  

5) thin film capacitor, 6) spark gap switch, 7) UHV capacitors,  

8) HCDC (+), 9) series injection transformer, 10) HCDC (-),  

11) small power resistor. *Circuit diagram seen in Appendix A. 
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An Agilent Technologies N8932A 15 kW DC autoranging 

power supply was used to provide, control, and vary the HCDC 

signal. The HCDC supply was chosen based on parameters 

reported in previous APPT works. Pan et al. used an arc current 

of 200 A to produce a long, laminar, stable plasma jet with 

similar torch geometry and working gas [30]. Our HCDC supply 

can produce up to 200 VDC and 200 A.  

To ensure the power supply would deliver 200 A to the torch 

during operation, water cooled power resistors (WCPRs) were 

implemented in series with the torch electrodes. The WCPRs 

were selected and wired in parallel such that they were capable 

of handling a 200 A current with an equivalent total resistance 

of 0.23 Ω. The WCPRs stabilized the VI requirements of the 

torch during the spark-to-arc transition where there is a sharp, 

instantaneous, decrease in voltage that is beyond the slew rate 

(change in VI per unit time) of the power supply that would 

otherwise resulting in a low DC potential and failure of the 

spark-to-arc transition occurring.  

Both the spark gap (in the HVAC starter circuit) and torch 

spark in the APPT generate large electromagnetic fields, leaving 

the data acquisition and torch control electronics susceptible to 

electromagnetic interference (EMI). To alleviate this a Faraday 

cage was constructed to house the HVAC starter circuit and 

reduce EMI from the starter spark gap. All non-HCDC supply 

lines were fitted with iron core electrical chokes and grounding 

sheaths, and twisted wire techniques were used where applicable 

to further reduce EMI. Additionally, high frequency high 

voltage silicon rectifiers and DC electrolytic capacitors were 

wired in parallel with the HCDC power terminals to protect it 

from the HVAC signal. 

3.2 Torch Mechanical Design Considerations 

When designing the plasma torch careful consideration was 

given to safety, repeatability, and efficiency. The major 

components of the torch are split into two sections, the anode 

(top) section and the cathode (bottom) section. The two sections 

were designed to be electrically isolated using alumina 

insulating disks. This ensured that electric breakdown occurred 

between the anode and cathode in the arc chamber section rather 

than spuriously occurring between assembly components. As a 

point of safety, the entirety of the cathode section is housed 

inside the anode section, which is operated at the ground 

potential, such that during operation, only the ground potential 

was physically accessible. Fig. 4 (A) shows a cross section of 

the torch design. 

Material properties are important to arc generation and 

specific materials are desired for the anode and cathode 

components. The use of materials with low boiling points and 

thus higher current densities will aid in the transmission of 

electrons through the arc as the anode and cathode sections are 

heated [26]. Additionally, materials with higher electrical 

resistivity result in faster material erosion rates [26]. This can be 

counteracted by high gas flow rates which decrease cathode 

erosion. A thoriated tungsten rod was used for our cathode and 

our anode comprised of Copper 182 alloy. The remaining 

components of the torch body (not in contact with the arc) were 

fabricated from 6061-T6 aluminum. 

Modular sections were used in the torch to allow for efficient 

design modifications and repair. To optimize the plasma jet 

length the modular design was leveraged to test different nozzle 

diameters, ranging from 4-10mm, and lengths, from 15-80mm. 

Additionally, the copper alloy sections were designed as press 

fit inserts to the top and bottom sections of the anode. Therefore, 

the anode could be replaced easily, without having to replace the 

entirety of the anode section, to ensure repeatable operation as 

erosion occurred. 

Given the large amount of heat transfer that occurs from the 

plasma to the anode and cathode components, it is impossible to 

operate the torch for long periods of time, given material 

limitations (i.e., melting temperature), without an active cooling 

system. This active cooling is achieved in our torch by water 

cooling loops within both sections. Since the anode section is 

driven to a ground potential, a once-through cooling circuit is 

used where tap water is filtered, flowed through the section and 

dumped to a drain. The cathode section, at the HVAC or HCDC 

 
Fig. 4 (A) APPT cut-out diagram 1) anode, 2) nozzle, 3) anode 

water cooling inlet, 4) anode water cooling outlet, 5) HCDC (+),  

6) axial gas (blue) inlet, 7) tangential gas (red) inlet, 8) alumina 

washers, 9) cathode water cooling inlet, 10) cathode water cooling 

outlet, 11) HCDC (-), 12) thoriated tungsten cathode. (B) Top view of 

axial and tangential gas flow component. (C) Isometric cutout 

representation of axial (blue) and tangential (red) gas flow paths.  
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potential, requires a more sophisticated approach to cooling. An 

electrically isolated, closed-loop deionized water cooling 

system, due to its lower electrical conductivity properties than 

tap water, is used to ensure that the electrical potential of the 

cathode is not transmitted through the water cooling loop, (i.e., 

outside the cathode section). The selection of nitrogen as the 

working gas also provides additional cooling capacity, as 

nitrogen has a higher specific heat, due to its diatomic nature, 

than many other commonly used gases (e.g., argon).  

After much experimentation a final torch design was selected 

with a nozzle length of 15 mm and diameter of 4mm. For this 

paper, various gas (tangential and axial) flow rates and arc 

currents were tested to achieve the maximum plasma jet length. 

Axial gas is injected into the anode section and flows upwards 

around the cathode section through flow ports which are parallel 

to the nozzle central axis. Tangential gas flow is also injected in 

the anode section through axially offset flow ports, 

perpendicular to the nozzle central axis, where it mixes with the 

axial gas from below. The axial gas provides the majority of the 

working gas to be ionize and its flowrate is the main contributor 

in determining the stability of the plasma flow. The tangential 

gas subsequently aids in even distribution of anode erosion and 

ablation effects from the arc attachment within the nozzle. This 

can be visualized in Fig. 4 (B) and (C).  A regiment of diagnostic 

techniques, discussed later, were used to quantify the effect on 

the plasma jet length and ionized region length. Additional 

measurements were performed to estimate the degree of 

ionization and plasma temperature at the optimized flow 

conditions.  

4. Diagnostic Methods 

4.1 2D Monochromatic Imagery Method 

Many different diagnostic methods have been implemented 

to understand and characterize atmospheric pressure plasmas 

over the past few decades. Each presents its own set of 

advantages and limitations. Invasive techniques such as 

Langmuir and Caloric probes have been used to accurately 

measure electron densities and temperatures, but are 

traditionally used on low pressure or low temperature plasmas 

[32]. These probes acquire 1D data so they must be moved 

through the plasma to acquire spatially measured data, and are 

therefore less reliable for temporally-varying plasmas. 

Additionally, they are intrusive and can alter the plasma flow 

field undesirably.  

Many noninvasive techniques have been developed to 

overcome the disadvantages of intrusive probes. Quantitative 

shadowgraphy and Schlieren imaging have been used to 

determine the rotational temperatures of gas and visualize the 

hydrodynamic characteristics of plasma jets [17], [18]. Laser 

scattering methods (LSMs) are another type of nonintrusive 

optical diagnostic. LSMs have been used on atmospheric-

pressure plasmas to investigate the gas temperature using 

Rayleigh scattering, electron temperature and electron density 

via Thomson scattering (TS), and molecular densities and 

rotational temperature by Raman scattering [16]. TS is used also 

to spatially and temporally resolve the electron density and 

energy distribution when the gas temperature is a few orders of 

magnitude less than the electron temperature [14]. Since 

atmospheric plasmas do not always operate within the laminar 

regime, plasma turbulence imaging has been performed using 

TS as well [33]. 

The spectroscopic determination of radial temperature 

distribution profiles is one of the most prevalent methods 

implemented for measuring atmospheric plasmas. Utilizing 

emission spectroscopy as a diagnostic technique is based on the 

observance of emitted light intensity pertaining to the spectral 

distribution of the plasma and is used to recover radial 

temperature distributions. The Fowler-Milne spectroscopic 

technique has been implemented by researcher such as Haddad 

et al., Farmer et al., Scott et al., Haidar et al., and Thornton, to 

name a few [22], [23], [34]–[37]. The modified Fowler-Milne 

spectroscopic method can be used to determine both the 

composition and temperature of multi-element thermal plasmas 

as shown by Murphy [21]. Other methods utilizing a 

monochromator have been performed utilizing emission 

spectroscopy [38]. These methods, however, can lack the ability 

to inquire space-time data instantaneously, simultaneously, or to 

a high degree of accuracy; radial profile temperature 

distributions traditionally require obtaining individual data 

points as a spectrometer or monochromator is incrementally 

swept across a plasma. This creates disadvantages similar to 

some of those of swept probes, and data resolution is lost in both 

space and time. Moreover, these techniques have been 

traditionally implemented on free-burning arcs (transferred 

arcs). Thus, we have sought to expand on these techniques to 

produce instantaneous 2D temperature profiles for our non-

transferred APPT where the temperature of the plasma is of most 

important to us since it is, by definition, a conducting fluid, and 

thus able to be influenced by an external magnetic field, which 

is apropos to the RMI-MHD experiment. 

To our knowledge, none of the methods used to diagnose and 

characterize an atmospheric pressure plasma torch have 

attempted to fully define 2D plasma characteristics such as 

temperature distribution, electron number density, and degree of 

ionization simultaneously and instantaneously for a non-

transferred thermal APPT. This was accomplished for our work 

by developing a 2D imaging technique, the 2D Monochromatic 

Imagery Method (2DMIM), based on a combination of 

monochromatic and spectroscopic techniques to measure the 

entirety of the plasma flow field at a single instant in time. 

2DMIM is based off the Fowler-Milne spectroscopic method 
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and utilizes an atomic element’s total line emission coefficient 

to determine the radial temperature distribution profile as 

computed from the measured emission intensity profile 

produced by the APPT corresponding to axial height location.  

Two components are needed to diagnose an atmospheric 

pressure plasma spectroscopically. The first is to theoretically 

determine the total line emission coefficient of a specific 

emission line (wavelength) pertaining an atomic element of the 

working gas. The second component needed is to experimentally 

measure the intensity emitted by the plasma at that specific 

wavelength. Traditionally, intensity measurements are taken at 

specific spatial locations by spectrometers by scanning through 

a range of wavelengths. Additional points along the radial 

direction of the plasma are chosen and the process repeated to 

formulate a 1D intensity plot.  Alternatively, the intensity at a 

specific wavelength can be measured by a monochromator as it 

spatially scans across one dimension of a plasma. Both methods 

lack the ability to be either highly spatially resolved, temporally 

resolved, or both. This is the foundation that the 2DMIM is built 

upon. By utilizing a high resolution CCD camera affixed with a 

narrow bandpass filter to image a single emission line of the 

torch, an instantaneous 2D intensity measurement is acquired. 

The 2DMIM allows for a precise depiction of the plasma flow 

field, with each pixel of data corresponding to the intensity of 

radiated light emitted from the torch both axially and radially. 

As with the Fowler-Milne method, the calculation of the 

theoretical total line emission coefficient must be performed and 

is governed by,  

𝜖𝑛𝑚 =  
ℎ𝑐

4𝜋𝜆𝑛𝑚

𝑔𝑚𝐴𝑛𝑚

𝑛𝑗(𝑇)

𝑄𝑗(𝑇)
𝑒𝑥𝑝 (

−𝐸𝑚
𝑘𝐵𝑇⁄ ) (2) 

where the wavelength 𝜆𝑛𝑚 of the emitted radiation of species 𝑗 

is proportional to the emission coefficient 𝜖𝑛𝑚 at a specific 

temperature 𝑇. Specifically, the total line emission coefficient 

𝜖𝑛𝑚 represents a transition of electrons from upper energy level 

𝑚 to a lower level 𝑛, where ℎ, 𝑐, 𝑔𝑚, 𝐴𝑛𝑚, 𝑛𝑗, 𝑄𝑗 , 𝐸𝑚 and 𝑘𝐵 are 

Planck’s constant, the speed of light in a vacuum, the statistical 

weight of the upper energy level 𝑚, the spontaneous emission 

transitional probability from the upper to lower energy level, the 

atomic partition function of species 𝑗 [39], the excitation energy 

of upper level 𝑚, and Boltzmann’s constant respectively. 

Equation (2) is used to calculate 𝜖𝑛𝑚 over a range of 

temperatures and normalized such that the maximum emission 

coefficient value is unity, occurring at a specific temperature 

deemed, the “normal temperature”. Utilization of Eq. (2) 

assumes that the plasma is in local thermodynamic equilibrium 

(LTE) and has a maximum well defined temperature 

corresponding to a peak emission coefficient. To validate the 

LTE assumption and present the methods for determining the 

variables in Eq. (2), the following theory is presented.  

 Atmospheric pressure plasmas are dominated by collisions. 

The fraction of energy transferred from particle to particle is 

dependent on the respective masses of elastically colliding 

particles. The more comparable the masses, the more effective 

the collisions (i.e., the greater the energy transfer). Collisions are 

responsible for maintaining LTE, because it is the electrons that 

remove energy from the electric field and transfer it to the heavy 

particles, thus generating plasma. Inelastic collisions between 

atoms and electrons or electrons and ions govern excitation and 

ionization processes as well as the respective inverse processes 

like recombination, de-excitation, and attachment. The energy 

exchange between heavy particles enforces a Maxwellian 

velocity distribution and results in a kinetic temperature deemed 

the gas temperature. The energy exchange between electrons 

enforces a Maxwellian velocity distribution of the electron 

velocities, establishing the kinetic temperature of the free 

electrons. Should the electron density be too low, there will exist 

a temperature difference between the electrons or the ions due 

to the lack of collisions. Should the energy gain per mean free 

path be small in comparison to the thermal energy, both 

electrons and heavy gas particles obey a Maxwellian velocity 

distribution where the electron and heavy gas kinetic 

temperatures can be calculated.  

 The electron temperature possesses an important 

consequence for the excited state population of atomic 

(molecular) levels and the ionization (dissociation) process. A 

high number density of free electrons with electron 

temperature  𝑇𝑒 causes the excited energy levels to follow a 

Boltzmann distribution, which is used in conjunction with the 

Saha equation to determine the ratio of the number density of 

heavy (neutral) particles, ions, or electrons to the total number 

density of all particles present as a function of temperature. 

Here, the ground state of the atom is included in the excitation-

ionization equilibrium computations [40]. If the heavy particle 

gas temperature and the electron temperature are equal then the 

plasma is in LTE.  Plasma in this state is fully described by the 

pressure and temperature of the gas as well as the relative 

concentrations of different atomic elements. For plasma with 

singly ionized charges present, the following equilibrium 

relationships are valid in conjunction with the Boltzmann and 

Saha equations. The equation of state is given by  

𝑝 = 𝑘𝐵𝑇𝑒(𝑛𝑜 + 𝑛𝑖 + 𝑛𝑒) (3) 

where 𝑛𝑜, 𝑛𝑖 , 𝑛𝑒 represent the number density of neutrals, singly 

charges ions, and electrons, respectively. The equation of local 

electrical neutrality given by 

𝑛𝑖 = 𝑛𝑒 (4) 

which states that there is no space charge, a condition fulfilled 

in electric arcs. 

Calculation of species composition and the degree-of-

ionization profile produced by the APPT was performed by 

Page 7 of 18 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-118370.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS D: APPLIED PHYSICS 

J. Phys. D. Appl. Phys. xx (2019)  300-314  PII:xxxxxx 

 

xxxx-xxxx/xx/xxxxxx+xx$xx.xx   © 2019 IOP Publishing Ltd Printed in the UK  307 

 

simultaneously solving for equilibrium composition through 

minimization of the Gibbs free energy function for the 

dissociation and ionization reactions. Further explanation of this 

procedure can be found in [41] with corresponding data 

presented in [42].  For molecular nitrogen (N2), dissociation into 

atomic nitrogen (N) and then ionization into a nitrogen cation 

(N+) and an electron (e-), is given by following reaction:  

1

2
 𝑁2  ⇌  𝑁 ⇌  𝑁+ + 𝑒− (5) 

The dissociation and ionization product reactant equations are 

then utilized to compute the mole fractions of each of the 

dissociated and ionized components of the reactions, given by 

𝑌𝑁2
=

𝑛𝑁2
𝑛𝑇𝑂𝑇

⁄  𝑌𝑁 =
𝑛𝑁

𝑛𝑇𝑂𝑇
⁄ =  𝛼𝑑  

𝑌𝑁+ =
𝑛𝑁+

𝑛𝑇𝑂𝑇
⁄ = 𝛼𝑖  =  𝑌𝑒− =

𝑛𝑒−

𝑛𝑇𝑂𝑇
⁄   

(6) 

where 𝑌𝑁2
, 𝑌𝑁 , 𝑌𝑁+ , 𝑌𝑒− , 𝛼𝑑 , 𝛼𝑖 are the mole fractions of 

molecular nitrogen, atomic nitrogen, nitrogen cations, and 

electrons, degree of dissociation and ionization respectively. 

These mole fractions are used in computing the equilibrium 

constants for each respective reaction given by degree of 

dissociation and ionization,  

−
Δ𝐺°𝑑(𝑇)

𝑅̅𝑇
= ln 𝐾𝑑(𝑇) = ln [

𝑌𝑁

(𝑌𝑁2
)

1/2
(

𝑃

𝑃0
)

1 2⁄

] (7) 

−
Δ𝐺°𝑖(𝑇)

𝑅̅𝑇
= ln 𝐾𝑖(𝑇) = ln [

𝑌𝑁+ + 𝑌𝑒−  

𝑌𝑁

(
𝑃

𝑃0
)] (8) 

where Δ𝐺°𝑑 , Δ𝐺°𝑖 , 𝑅̅, 𝑇, 𝐾𝑑 , 𝐾𝑖 are the change in the Gibbs 

function for the dissociation reaction and ionization reaction, 

universal gas constant, temperature of the reaction, dissociation 

equilibrium constant and ionization equilibrium constant 

respectively [43]. Thus, two equations, (7) and (8), and two 

unknowns, 𝛼𝑑 and 𝛼𝑖, are simultaneously solved to compute the 

equilibrium constants as a function of temperature, 𝑇, for the 

dissociation and ionization process. The equilibrium constants, 

𝐾𝑑 and 𝐾𝑖, are then used to solve for the respective mole 

fractions, 𝑌𝑁2
, 𝑌𝑁 , 𝑌𝑁+ , 𝑌𝑒−, of the dissociation and ionization 

process as a function of temperature; hence, allowing for the 

degree of ionization, 𝛼𝑖(𝑇) to be found. The respective mole 

fractions are then used to determine the corresponding number 

density for each species as a function of temperature. With the 

number densities computed for each species, they are 

implemented in Eq. (2) as the final component to solve for the 

total line emission coefficient value vs. temperature. These 

equations describe the mathematical model for computation of 

the total line emission coefficient profile used for spectroscopic 

diagnosis of atmospheric pressure plasmas. 

The second component needed to diagnose plasma 

spectroscopically via the 2DMIM, is the measurement of the 

intensity profile produced by the plasma. The 2D, chord-

integrated intensity profile is experimentally measured in the X-

Y plane using a CCD camera. This profile is used to determine 

the normalized emission coefficient in the R-Z plane by 

performing an Abel inversion. In this process, the measured 

chord-integrated intensity (X-Y plane) is transformed into the 

radial distribution function of the emission coefficient. This 

process assumes that the plasma is optically thin, rotationally 

symmetric, and the emitted radiation is isotropic; thus, no 

absorption within the plasma occurs. Abel inversion recovers 

three-dimensional data from the measured chord-integrated two-

dimensional data. Fig. 5 illustrates the Abel inversion and 

relevant variables. 

 The chord integrated intensity must be expressed as a 

continuous function and is given by  

I(𝑥) = 2 ∫
𝜖(𝑟)𝑟

√𝑟2 − 𝑥2
𝑑𝑟

𝑅

𝑥

 (9) 

which is analytically inverted to obtain the emission coefficient 

given by 

𝜖(𝑟) = −
1

𝜋
∫

𝐼′(𝑥)

√𝑥2 − 𝑟2
𝑑𝑥

𝑅

𝑟

 (10) 

Once the emission coefficient is recovered from the intensity 

data, it is then normalized. Various methods to recover the radial 

emission profile from the 2D intensity data have been 

performed, including curve fitting and Fourier transform 

methods [44]. These methods can result in considerable fitting 

errors and inaccuracies. Since it is the goal of the 2DMIM to 

recover a 2D R-Z profile of the emission from the APPT, the 

method incorporated Abel inversion through generation of an 

upper triangular area matrix constructed by geometric 

relationships, as developed by Cho et al. [45]. This method 

allows for traditional Abel inversion fitting errors and 

inaccuracies to be forgone. The matrix, given in Eq. (11), shows 

how the emissivity profile is recovered from each row of pixel 

intensity data gathered by the CCD camera:  

 
Fig. 5 Diagram for converting radial intensity to radial emissivity 

for axisymmetric cylindrical plasma source via Abel Inversion.  
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[(

𝑆11 𝑆12 ⋯ 𝑆1𝑛

0 𝑆22 ⋯ 𝑆2𝑛

⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝑆𝑛𝑛

)] [

𝜖1

𝜖2

⋮
𝜖𝑛

] =
𝑑

2
[

𝐼1

𝐼2

⋮
𝐼𝑛

] (11) 

 With the normalized radial distribution of emission 

coefficient per row of pixel data, and the theoretical line 

emission coefficient vs. temperature profile computed, 2D 

spectroscopic measurements of temperature can be made. 

Careful considerations must be taken into account when 

utilizing the measured emission profile of an APPT for deriving 

temperature. For an atmospheric-pressure plasma in LTE, the 

spectral line intensity increases initially with an increase in 

temperature. This is a result of the increase in number density of 

atoms making transitions to the upper energy state. As the 

plasma continues to ionize and expand, the number density then 

decreases. This is governed by the balance of the number 

density, 𝑛𝑗(𝑇), term and the temperature, 𝑇, term in the exponent 

of Eq. (2). That is, as temperature continues to increase and the 

gas achieves a higher degree of ionization, there is a reduction 

in the theoretical line emission coefficient as the gas continues 

to ionize. This results in a peak in the total line emission 

coefficient profile corresponding to the normal temperature and 

provides a point where the curve of the experimentally-

determined normalized emission coefficient passes through a 

maximum (i.e., 𝜖𝑛𝑚
′(𝑇) = 𝜖′(𝑟) = 0). For the case of free-

burning arcs, the plasma temperature on the arc axis exceeds this 

normal temperature. Therefore, experimentally determined 

emission coefficients can be calibrated to temperature using a 

point at the normal temperature.  

For non-transferred APPTs, however, the normal temperature 

occurs very near the plasma torch body and is difficult to 

measure optically. The maximum temperature occurs at the 

center axis for much of the observable torch length and does not 

satisfy the off-axis criterion for the Fowler-Milne technique. To 

overcome this, the non-transferred APPT was temporarily 

converted into a transferred arc plasma apparatus to allow 

optical measurement of the normal temperature. This allowed 

the imaging system to be calibrated against this intensity value 

(radial emission coefficient), and for the temperature to be 

determined (see section 5.2 for more). 

To validate the correlation between the data of the 

experimentally-acquired emission coefficient in the R-Z plane 

and the theoretically computed emission coefficient values using 

Eq. (2), observation of the plasma emitting photons at the 

respective theoretical emission wavelength must be achieved. 

Observation of these wavelengths emitted by the plasma implies 

that a known energy transition, from an upper to a lower energy 

state, is occurring as a result of the ionized plasma undergoing 

diffusion, recombination, and de-excitation, resulting in the 

emission of photons.  It is this energy transition and photon 

emission process that connects the intensity values emitted by 

the plasma at a specific wavelength to the corresponding 

temperature relationship governed by Eq. (2)-(11).   

To determine the best wavelength to use for the 2DMIM, the 

emission line spectral distribution intensity plot, shown in Fig. 

6, was generated from the tabulated values of NIST for 

dissociated and singly ionized nitrogen [46]. To measure a single 

wavelength from the spectral distribution of the APPT, a single 

line emission must be filtered out. The line must be completely 

isolated to ensure that the emission coefficient is not influenced 

by neighboring emission lines (either singly-ionized or doubly-

ionized emission lines). From Fig. 6, the 528.12 nm N-I nitrogen 

emission line is a good choice based on spectral isolation. The 

closest neighboring emission lines are for singly ionized plasma 

and are sufficiently far away (~20 nm) to be eliminated by 

optical filters. The 528.12 nm line corresponds to the transition 

(2s22p2(3P)4p [13.2709 eV] → 2s2p4 [10.9239 eV]) with a 

transition probability of               𝐴𝑘𝑖 = 0.00245 × 10-8 s-1 and an 

oscillator strength of              𝑓𝑖𝑘 = 0.00103.  

Other authors implementing the Fowler-Milne spectroscopic 

technique have used the 746.83 nm N-I line for nitrogen while 

performing temperature measurements for free burning arcs 

[20]. This can be attributed to the fact that the 746.83 nm 

emission line has decreased upper energy state [11.99 eV] and 

lower energy state [10.33 eV] quantities and that the respective 

energy states’ difference is less than that for the 528.12 nm line 

(1.66 eV vs. 2.35 eV). Additionally, the transition probability 

and oscillator strength is greater for the 746.83 nm line,       (𝐴𝑘𝑖 

= 0.196 × 10-8 s-1, 𝑓𝑖𝑘  = 0.109), than for the 528.12 nm line. 

Performing the spectroscopic techniques described here proves 

to be more difficult if examining the 528.12 nm line compared 

to the 746.83 nm line. However, due to the need to image both 

the plasma emissions and 532 nm laser illuminated particles 

simultaneously (within one filtered image) and the availability 

of sufficient (center wavelength and bandwidth) bandpass 

filters, the 528.12 nm line was chosen. The final necessity that 

needs to be addressed to perform spectroscopic investigation of 

plasma is that the plasma must be considered optically thin (i.e., 

that plasma-emitted blackbody radiation is not absorbed by the 

plasma). This is also achieved through neglecting the self-

 
Fig. 6 Dissociated (neutral N-I) and singly ionized nitrogen (N-II) 

line emission wavelength vs. intensity profile.    
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absorption of the 528.12 nm emission line, consistent with other 

researchers’ spectroscopic temperature measurements [20].  

To acquire the 2D chord-integrated intensity emitted by the 

APPT, a CCD camera was effectively converted into a 2D 

monochromator. The CCD camera utilized was a TSI, Inc. 

29MP camera affixed with an AF Nikkor 50mm lens with 

aperture set to f/22. The camera was operated in 12 bit RAW 

mode and affixed with diopter lenses and an Andover 

Corporation 532 nm bandpass filter with a ±10 nm wavelength 

range (FWHM). This filter transmitted the 528.12 nm emission 

line while reducing all other lines by a factor of 104 or greater 

(OD4). Spectrophotometry data on the filters can be seen in 

Appendix A, Fig. A-2.  

This optical system was implemented to ensure that a 

maximum amount of the CCD camera’s sensor gathered 

intensity data produced by the torch while still satisfying the 

parallel ray projection criterion, in order to achieve the highly 

spatially-resolved motivation for 2DMIM. The camera was 

controlled by utilizing the imaging software Insight4G and the 

exposure time was limited to 100 μs. Both the aperture and 

exposure were chosen to prevent overexposure whilst achieving 

a high signal to noise ratio. 

4.2 Solid Particle PIV Apparatus Design  

Another optical method used to determine characteristics of 

a flow field (in this case for a plasma) is particle imaging 

velocimetry (PIV). PIV uses light reflected from a particle field 

that follows the gas. A pair of images is acquired at two times 

and statistical correlation performed to determine the particle 

velocity field. This method requires particles to be injected 

either into the working gas (plasma), pre-ionization, or into the 

surrounding non-ionized gas. Other methods to measure plasma 

flow velocity have been implemented such as laser scattering 

techniques, and laser Doppler anemometry. Similar methods 

have been previously performed to examine velocity 

distributions of the plasma flow field and have applications such 

as the surface treatment of materials [10].  

 In this work we adapt previous PIV techniques to visualize 

the plasma interface. In the future we will develop this method 

further to acquire velocities at the interface. For now, we only 

require a method to image the plasma interface morphology in 

the R-θ plane within our shock-tube facility for future shock-

driven MHD-RMI experiments. To develop this diagnostic 

technique, visualization of both the axial (R-Z) and cross 

sectional (R-θ) planes were performed by imaging the particle-

laden flow field surrounding the plasma while filtering out the 

plasma’s emissions.   

 The plasma’s emissions were blocked by fitting our 29 MP 

CCD camera with a ThorLabs 532±1 nm laser line filter that 

transmitted only 532nm laser light reflected from the particles. 

Titanium dioxide particles of 0.3-1.0 μm diameter 

(manufacturer specifications) were chosen based on their ability 

to survive near the plasma (high melting and vaporization 

temperatures - of ~2,116 K and ~3,245 K respectively).  

 To illuminate the particles, a Nd:YAG laser, frequency 

doubled to 532 nm (≈200 mJ/pulse), was used with 

supplementary optics to generate a thin laser sheet to illuminate 

either the axial or cross-sectional plane. The particle-laden flow 

field was confined in a volume with equivalent cross section to 

the FMSTL shock tube (0.146 m × 0.146 m × 1.0m) termed the 

Mock Tube (MT). The MT and a schematic of the experiment 

are shown in Fig. 7 and Fig. 8. The MT was constructed of 

polycarbonate sheets to allow for optical access. The APPT 

nozzle was mounted flush with the inside of the bottom wall of 

the MT and a circular exit was made in the top wall to allow the 

high temperature plasma to escape. Particles were supplied to 

the MT by a solid particle generator system (TSI model 9309). 

To image the R-θ plane, a similar setup was implemented, 

however, the camera was oriented slightly off-axis of the plasma 

torch to ensure that the plasma itself would not come into contact 

with the CCD camera, thus resulting in damage to the 

equipment. More details on this can be found in section 5.2 

which discusses the results of the images acquired while 

implementing this diagnostic method.  

5. Results 

5.1  Operating conditions of a nitrogen APPT 

 There are three basic components utilized when developing and 

diagnosing an APPT, arc voltage, arc current, and gas flow rate 

(both axial and tangential flow rates).  The parameters used are 

shown in Table 1. These three parameters were optimized to 

produce a stable laminar APPT with the longest jet length 

possible. 

 
Fig. 7 Conceptual representation of solid particle PIV Mock Test 

Apparatus with R-Z laser plane illuminated. 

 
Fig. 8 Constructed Mock Test Apparatus for PIV application. 
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Jet length was first measured using visible spectrum 

emissions, imaged by a DSLR camera. Fig. 9 shows a visible 

spectrum emission image of the torch in operation (right) and a 

calibration image for measuring the torch height (left). The 

image on the right was taken when the torch was operated with 

an arc current of 170 A, an arc voltage of 49 V, and gas flow 

rates of 3.2 SLM axial and 0.6 SLM tangential. As shown in the 

right image, two distinct regions are visible. Region 1 depicts a 

highly luminous core surrounded by a luminous aureola deemed, 

the plasma region. Region 1 contains both ions and electrons, 

and is dominated by the various types of collisions, obeying the 

local quasineutrality assumption; thus, a plasma. Region 2 hosts 

both excited atoms and collisions but does not constitute a 

plasma, as there are no longer photons emitted at wavelengths 

corresponding to the dissociated or ionized emission spectrum; 

rather, the hot gas is simply incandescent. Ionized or dissociated 

molecules could exists in minute quantities beyond the bounds 

of region 2 however, are below the threshold of the equipment 

utilized.   

Often distinguishing between what is truly a plasma (Region 

1), and what is just subsequent thermal emissions from non-

ionized hot gas (total jet length) is forgone, because total jet 

length is denoted as plasma length. To separate these regions, 

images were taken with a DSLR camera for diagnosing the total 

jet length while simultaneously capturing images of singly 

ionized nitrogen emissions at 528.12 nm using a CCD camera 

and the 2DMIM to measure what is deemed the ionized region 

jet length. The ionized region jet length was determined by 

locating the highest point within the intensity field, captured by 

the CCD camera, that satisfied a minimum signal-to-noise ratio 

of S/N = 10, that occurred consistently within a 10x10 pixel grid. 

For diagnostic purposes, the nozzle diameter of the APPT was 

set to 4 mm and the nozzle length was 28 mm. These two 

parameters were chosen based on preliminary experiments 

showing that a smaller nozzle diameter (vs. 6, 8, or 10mm) and 

long nozzle length (vs. 18 or 23mm) allowed for an adequate 

flow development region within the torch, and thus eliminating 

turbulence to ensue. Longer nozzle lengths were also tested but 

reduced the ionized region jet length. 

 Shown in Fig. 10 are the V-I characteristics of the APPT for 

three gas flow rates. The three gas flow rates used consisted of 

axial gas flow rates of 5, 7, and 10 SLM with the tangential flow 

rate kept constant at 1 SLM. The arc current was set by the 

HCDC power supply and the corresponding arc voltage was 

recorded. As seen in Fig. 10, while keeping the gas flow rate 

constant and increasing the arc current, the arc voltage also 

increases. As the gas flow rate increases with a constant arc 

current, so too does the required arc voltage. Fig. 11 displays 

both the total jet length and the ionized region jet length as the 

axial gas flow rate was increased. The tangential gas flow rate 

Table 1. APPT opperating parameters. 

Arc Voltage:     40 – 80 V 

Arc Current:   100 – 200 A 

Axial Gas Flow Rate:   1 – 10 SLM 

Tangential Gas Flow Rate: 
  0.4 – 2.5 SLM  

  10% – 50 % of total flow 

 

 
Fig. 9 Calibration image (left) and APPT image (right) showing ionized 

region jet length (Region 1) at 20 cm and total jet length (Region 2) at 

80 cm in length. 

 
Fig. 10 V-I characteristics of APPT with nitrogen gas flow rates of 1 

SLM tangential and 5,7, and 10 SLM axial. 
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and the power delivered to the arc were both held constant at   1 

SLM and 15 kW, respectively. The power was held constant by 

operating the HCDC power supply in constant power mode.  

As the axial gas flow rate increased, the total jet length 

increased up to 3 SLM, followed by a decrease thereafter. This 

was visually determined to be the result of a transition between 

laminar to transitional to turbulent flow regimes. Interestingly, 

although the overall jet length began to decrease as the axial 

flow rate increased past 3 SLM, the ionized region jet length  

increased until it became nearly equivalent to the overall jet 

length at axial flow rates of 6-7 SLM. Axial flow rates of 7 SLM 

or greater resulted in turbulent effects dominating the flow, and 

thus a slow decrease of both the ionized region jet length and the 

total jet length. 

 The last study performed when developing the APPT was to 

determine how the ratio of axial to tangential gas flow rates 

affected the total and ionized region jet lengths. This was 

accomplished by operating the torch HCDC power supply in 

constant power mode (15kW) and keeping the overall gas flow 

rate constant while varying the ratio of axial to tangential gas 

flow rates from 10% to 50%. The resulting plot for using total 

gas flow rates of 3 SLM and 5 SLM is shown in Fig. 12. As this 

plot shows, the jet length was  not strongly affected by the flow 

ratio, though the longest jet lengths were achieved at a ratio of 

70% axial to 30% tangential gas flow rate. 

 While implementing this diagnostic technique, other 

important factors, specifically repeatability of jet length 

observations, deserve consideration. The overall jet length as 

shown in Fig. 9 does not coincide with the plots produced in Fig. 

11 and Fig. 12. This is attributed to the fact that a newly 

constructed nozzle anode section and cathode tip, not yet 

subjected to ablation and erosion effects, produces a much 

longer, laminar jet. As the APPT is operated, the initial jet length 

as observed in Fig. 9 decreases, but quickly (~10 min) settles 

into a stable condition where reproducible lengths are 

observable for many hours of operation.  While the results 

portrayed in this diagnostic section are similar to results 

published in literature, the ability to implement fresh 

components for each jet length data point would be extremely 

arduous. Should new components be implemented, the results 

will scale accordingly; ultimately yielding the same overall 

trends for jet length optimization and ionized region vs. total jet 

length. Future design modifications may allow us to maintain 

this initial longer total jet length. However, the ionized region, 

necessary for future MHD-RMI experiments, is not significantly 

affected by overall jet length. Thus, constantly implementing 

fresh components may not be beneficial.  

5.2 2DMIM Temperature and Degree of Ionization 

The result of computing the 528.12 nm emission line’s 

normalized theoretical total line emission coefficient over a 

range of temperature is shown in Fig. 13. The respective variable 

values required to do so with Eq. (5)-(8) can be found in [39], 

and [42]. As Fig. 13 shows, there exists a peak emission 

coefficient value corresponding to the normal temperature value 

for singly ionized nitrogen emission. This plot only shows the 

normalized emission coefficient for the 528.12 nm line for 

computational purposes and is comparable to other sources [22]. 

The resulting mole fraction for each species component of the 

dissociation and ionization reaction, as computed from Eq. (5)-

(8), can be visualized in Fig. 14 where the second ionization 

reaction was also included to achieve better accuracy when 

computing the degree of single ionization in the APPT.  

 
Fig. 11   Ionized region jet length and total jet length vs varying axial 

gas flow rate at constant tangential gas flow rate of 1 SLM and constant 

power of 15 kW. 

 

Fig. 12 Ionized region jet length and total jet length vs percent of 

tangential gas flow rate for total gas flow rates of 3 and 5 SLM. 
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 Calibration of the radial temperature distribution versus 

intensity was performed by first deriving the radial temperature 

distribution from the measured radial intensity distribution of 

our APPT while temporarily converted into a transferred arc. As 

mentioned in section 4.1, calibration required observation of the 

arc where the normal temperature could be observed as an off-

axis maximum in intensity. The calibration image used to do so 

is shown in Fig. 15 where the arc current was set to 200 A, the 

gas flow rate was set to 3 SLM, and the distance between the 

cathode and anode was 3 mm.   

 The off axis maximum radial emission coefficient and 

normal temperature occurred 0.3 mm above the thoriated 

tungsten cathode tip. Although this observation fulfilled the 

Fowler-Milne based 2DMIM implementation requirements, the 

decrease in the Abel inverted emission profile towards the 

centerline of the transferred arc was less pronounced when 

observing the 528.12 nm lines emission than previous literary 

results published on the 746.83 nm line [22]. Given that the 

746.83 nm line upper and lower energy levels are more readily 

achieved (satisfied), as well as having an increased oscillator 

strength and transitional probability, observation of the off axis 

maximum normalized emission coefficient, and thus a more 

pronounced decrease in number density resulting in a higher 

corresponding temperature towards the center axis of the arc, is 

deemed easier to visualize spectroscopically for the 746.83 nm 

line than for the 528.12 nm emission line of ionized nitrogen. 

 With the optical system calibrated, spatially resolved 2-D 

temperature and degree of ionization profiles could be made for 

the APPT in the non-transferred arc configuration. Performing 

the Abel inversion on the intensity image was done per row of 

data such that the maximum intensity value was taken to 

correspond to the centerline axis of the torch. The left and right 

side of the image (relative to the centerline of the torch) were 

then Abel inverted separately so as to preserve some of the torch 

asymmetry. The left image in Fig. 16 shows the bandpass filtered 

image (528.12 nm line emission), temperature (center) and 

degree of ionization (right) profiles for our APPT operating at 

 
Fig. 13 Theoretical normalized total line emission coefficient vs 

temperature for 528.12 nm N I emission line. 

 
Fig. 14 Molar fractions of molecular nitrogen (N2), atomic nitrogen 

(N), singly ionized nitrogen (N+), doubly ionized nitrogen (N++), and 

electrons (e-) vs. temperature. 

 
Fig. 15 A) APPT transferred arc apparatus close up image.  

B) Transferred arc RAW CCD taken image for calibration of the optical 

system. 

 

Fig. 16 RAW CCD taken image (left), R-Z plasma temperature plot 

(middle), and degree of ionization plot (right) for MIPDT applied to 

APPT at 2.1 SLM axial, 0.9 SLM tangential gas flow rates, 200 A arc 

current. 

A) 

B) 

Cathode 

Anode 

Cathode 

Anode 
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2.1 SLM axial and 0.9 SLM tangential gas flow rates with an arc 

current of 200 A. These parameters were chosen to ensure that 

the entirety of the plasma containing region would be captured 

and to ensure a high level of spatial resolution (540 x 2100 

pixels) would be achieved. Ionized region jet lengths greater 

than the one imaged in Fig. 16 would ultimately result in the 

entirety of the plasma containing region not being captured by 

the calibrated optical system. That is, the transferred arc, used 

for calibration was set at a distance such that the sufficient 

resolution could be achieved, and subsequent measurements of 

the non-transferred APPT must be kept in the same position, 

limiting the camera field-of-view. Larger torches were imaged 

but the entirety of the ionized region was not visible. In future 

work we will develop more a more advantageous camera field-

of-view to allow for full torch imaging using the 2DMIM. Our 

resolution using this field-of-view is significantly higher than 

previous spectroscopic and monochromatic methods have 

reported. 

 The total jet length achieved for these conditions was 280 

mm. However, the ionized region jet length was only 64 mm for 

this specific case, as shown in Fig. 16. As the plasma is ejected 

out of the nozzle, the intensity values measured decreases both 

axially and radially. This is due to recombination, de-excitation, 

and diffusion effects that return the ionized gas (N+ + e-) to its 

dissociated (atomic nitrogen, N) and then initial (molecular 

nitrogen, N2) state. The maximum plasma temperature occurred 

at the exit of the nozzle and was found to be nearly that of the 

normal temperature, ~14,000 K with a maximum degree of 

ionization of ~27%. This is to be expected as arc root attachment 

within the nozzle is very close to the exit. Additionally, the 

radial plasma temperature profile just above the nozzle exit is 

shown in Fig. 18. Previous monochromatic and spectroscopic 

investigations of APPTs have depicted a Gaussian profile when 

examining the radial temperature distribution. Implementing the 

2DMIM however allows for more accurately defined profile to 

be achieved that shows the profile is, in fact, non-Gaussian. At 

the edge of the plasma-atmosphere interface there is a steep, 

noticeable, and clearly defined gradient where the temperature 

drops sharply from ~7450 K to equilibrium with atmospheric 

(room) temperature ~300 K. This is explained by cross 

examining the results shown in Fig. 14, with the results of Fig. 

16 where there is no longer any significant presence of electrons 

or ions below this temperature, and thus no emission. 

5.3 Plasma-Particle Field Interface Imaging via PIV 

Apparatus 

 The plasma emission was found to be much greater than the 

illuminated particle field over a longer exposure (100+ µs) as 

seen in Fig. 17 (a), necessitating the use of a narrow bandpass 

filter. Keeping the CCD camera exposure (duration of intensity 

data acquisition) to 100 µs (near the limit of the camera) also 

minimized the continuous plasma emission intensity integrated 

over the duration of the exposure. Since the duration of the laser 

pulse, and thus particle field illumination time, is approximately 

4 ns, the reflected laser signal compared to the plasma emissions 

will increase as the exposure time is decreased to 4 ns. From Fig. 

17 (b), it can be seen that plasma emission is still visible while 

using the 532±10 filter but that there is a large reduction in the 

illumination intensity of the plasma compared to using no filter, 

Fig. 17 (a). Here, the laser illuminated particle field intensity is 

on the same order to that of the plasma emission intensity.  

Additionally, there is a boundary layer evident between the 

plasma and the surrounding particle-laden atmosphere. This is 

consistent with the results shown in Fig. 18 where the particles 

that would otherwise be present, have evaporated due to the high 

temperature imposed on them by the plasma. The particles 

 
Fig. 17   CCD image of R-Z plane taken a) without any bandpass filter 

present   b) with 523±10 nm bandpass filter present   c) with 523±1 nm 

laser line filter. d) CCD image of R-Θ plane taken with 523±1 nm laser 

line filter present. Red dashed lines indicate plasma boundary. 

 
Fig. 18 Radial temperature distribution profile at nozzle exit for 

APPT as shown in Fig. 16. Dashed section indicates plasma 

temperature measurements with unresolvable N-I concentration 

quantities. 
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melting temperature is 2,116 K while the vaporization 

temperature 3,245 K. Using simple 1D calculation for particle 

heating and phase change the particle life is estimated to be on 

the order of 100 µs [47], [48].  

 The elimination of the plasma emission is visible in Fig. 17 

(c), where the dark column in the middle of the figure is the 

plasma flow region. Additionally, the illuminated particles 

appear only in a circular section of the camera field-of-view with 

the narrow bandpass filter affixed even though particles in the 

full field-of-view are illuminated by the laser sheet. This is 

attributed to the angle of incidence of scattered (reflected) light 

from the particles (rays), as the wavelengths passed by the 

narrow bandpass filter shift towards the blue spectrum (the 

center wavelength of 532 nm is blocked) as the angle of incident 

light decreases. Thus, less particle illumination (i.e. laser light 

reflected off the particles as convergent or divergent rays) is 

passed through the laser line filter in regions away from the 

center of the field-of-view. In Fig. 17 (a-c), there are also 

structures formed outside the plasma boundary (shown in 

dashed red lines) which occur due to particle injection into the 

atmospheric surroundings within the MT section. 

 To visualize the R-θ plane, the laser sheet was rotated 90° and 

the following image shown in Fig. 17 (d), resulted. As with 

many PIV experiments implemented to investigate 

hydrodynamic instabilities such as the RMI, a cross sectional 

image of the R-θ plane is desired to deduce the extent of the 

instability that arises, post shock conditions, as it evolves in 

time. Since the R-θ plane is not able to be captured with the 

camera positioned directly above the plasma jet column, the 

image was acquired at an off-axis angle from the plasma column 

(perpendicular to the laser sheet) and the image was corrected 

using for angle. Therefore, developing this method can be used 

for PIV measurements in future MHD-RMI experiments once 

implemented in the FMSTL shock tube. 

 

 Conclusions 

 The development and diagnosis of a non-transferred DC arc 

atmospheric pressure plasma torch is presented. Diagnosis is 

performed utilizing the 2D monochromatic imagery method 

(2DMIM, developed in this work), and a particle Mie scattering 

method (similar to particle image velocimetry). These 

measurements will be used to provide observation of the 

magnetohydrodynamic Richtmyer-Meshkov instability (MHD 

RMI) in future shock-driven fluid mixing experiments with an 

applied external magnetic field. The temperature measurements 

presented in this paper will help in establishing the initial 

conditions for the MHD RMI, estimating the ionization fraction 

and ability of the magnetic fields to damp the instability. The 

Mie scattering method for visualizing the interface will be used 

to examine the morphology of the interface as the instability 

develops in shock-driven experiments and can be qualitatively 

compared to simulation results for validation.  

 Developing the spatially resolved, nearly instantaneous, 

2DMIM provided new insights to the plasma temperature and 

degree of ionization profiles for non-transferred APPT utilizing 

nitrogen where traditional spectroscopic and monochromatic 

methods fall short. The particle Mie scattering method allowed 

for visualization of the surrounding cold gas, and thus the 

interface of the plasma torch. Notably, this technique allows 

visualization in both the R-Z and R-θ planes, meaning the 

symmetry of the torch can be examined, and in future shock-

driven experiments the MHD RMI can be observed. Using the 

measurements, a long laminar atmospheric pressure plasma 

torch, using nitrogen as its working gas, was produced with a 

total jet length of 80 cm and an ionized region jet length of 20 

cm. The torch length was optimized by varying the torch nozzle 

dimensions, arc voltage and amperage, and gas flow rates. With 

the plasma torch diagnosed and optimized to sufficient lengths, 

and visualization methods developed we can move to 

investigating the MHD RMI experimentally within our shock 

tube.   
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Fig A-1. Circuital schematic representing the electrical components of 

the custom HVAC starter circuit used to generate spark in APPT. 

 

Table A-1: Components used in Fig. A-1 for the custom HVAC 

starter circuit. 

V1 – 120VAC @ 60 Hz: Power from wall outlet. 

Rheostat – Lutron Rotary Light Dimmer, 120VAC, 1000 W. 

R1 – 10 Ω, 225 W Ohmite Power Resistor. 

C1 – 10 μF, 600V Thin Film Capacitor. 

L1 – MSD Ignition Coil, 8mH, Vmax = 50kV. 

Spark Gap – Starter circuit spark gap. 

C2 – 2000 pF, 40kV TDK UVH Capacitor. 

C3 – 2000 pF, 40kV TDK UVH Capacitor. 

R2 – 100 Ω, 12 W Ohmite Power Resistor. 

L2 – 8:12 Series Injection Transformer, MetGlas Core. 

HCDC PS – Agilent N8932A 15kW autoranging power supply. 

R3 – Water cooled power resistors (33 parallel wired water heater 

resistors), Rtotal = 0.23 Ω. 

APPT Spark Gap – Connection to APPT cathode (-) and anode (+) 

where arc is generated. 

Shown in Fig. A-1 and Table A-1 are the electric circuit diagram 

and component specifications for the torch and starter circuit. 

Shown in Fig. A-2 shows the measured transmittance curves for 

the optical filters used.  

 

Fig. A-2: Transmittance vs. wavelength of Andover 532±10nm 

bandpass filter and Thor Labs 532±1 nm laser line filter. Solid lines 

indicate manufacturers’ data; data points with corresponding colors 

indicate measured data as acquired by a Shimadzu UV-2401±0.3nm 

spectrophotometer. 

 Fig. A-3 shows the torch emission spectrum acquired by an 

Ocean Optics USB4000 VIS-NIR spectrometer at the central 

axis of the torch near the nozzle exit (purple line). Additionally, 

the transmission spectrum of the Andover bandpass filter (also 

in Fig. A-2), used for the 2DMIM, is shown (red points). The 

product of the transmittance and torch spectrum (pink dashed 

line) represents the torch spectrum received at the CCD camera 

and used for the 2DMIM. The 528.12 N-I emission line is shown 

as a reference (green line). From this data it can be observed that 

~80% of the total light acquired by the CCD camera equipped 

with the Andover filter, is from the 528.12 nm N-I line. The 

remainder, in this case, is due to emission continuum, which is 

expected to also scale with the strength of the adjacent 528.1nm 

line. No other line emissions are present in this range as must be 

satisfied when utilizing the 2DMIM method.  

 
Fig. A-3: APPT emission spectrum in the filter range as acquired by 

the Ocean Optics USB4000 VIS-NIR spectrometer.  Additionally, the 

red points show transmittance data from Fig. A-2 (Shimadzu UV-2401 

spectrophotometer) for comparison.  
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