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Characterizing the Movement of Contaminant Liquid Metal Parti-
cles when Subject to Electric Pulses, Within the Context of Z-pinch

Fusion Reactors

Vignesh Sridhar

(ABSTRACT)

This thesis examines the behavior of contaminant liquid metal particles, known as ejecta,
which are expelled from magnetically-accelerated liquid metal surfaces, in Z-pinch fusion
reactors. These ejecta present significant contamination risks to plasma fuel in fusion reac-
tors. The study employed a liquid electrode setup, exposing a eutectic tin-bismuth mixture
to high-current pulses. Particle motion was tracked and analyzed using high-speed camera
footage processed with advanced techniques, including contrast limited adaptive histogram
equalization (CLAHE), neutral-density filtering, and Sobel edge detection. The research
integrates automated particle tracking algorithms with connected-component labeling and
two-point correlation functions to monitor ejecta trajectories. Results reveal an average
ejected particle velocity of 2.54 m/s (£3.58 m/s), with particle formation likelihood peak-
ing at velocities around 1.14 m/s. These findings indicate that particle ejection dynamics
are influenced by factors such as initial temperature, vacuum conditions, and electrostatic
forces. This research provides crucial insights for optimizing reactor design and mitigating
contamination in future fusion energy applications. The study also proposes directions for
further investigation, including the temperature dependency of particle ejection dynamics

and the implementation of improved heating systems for experimental setups.



Characterizing the Movement of Contaminant Liquid Metal Parti-
cles when Subject to Electric Pulses, Within the Context of Z-pinch

Fusion Reactors

Vignesh Sridhar

(GENERAL AUDIENCE ABSTRACT)

This thesis explores how tiny particles of liquid metal, called ejecta, behave when exposed to
powerful electric pulses in a type of nuclear fusion reactor known as a Z-pinch reactor. These
particles, which are thrown out from the surface of liquid metal during fusion experiments,
can contaminate the fuel and reduce the efficiency of the fusion reactor. The study involves
a series of experiments where a special mixture of metals, tin and bismuth, is subjected
to high electrical currents. Using advanced image processing techniques, such as digital
enhancement and edge detection, the movement of these particles was tracked with high-
speed cameras. The findings reveal that the average speed of these particles is about 2.54
meters per second, and their formation is most likely at speeds around 1.14 meters per second.
The results suggest that factors like temperature, vacuum conditions, and electromagnetic
forces significantly affect how these particles are ejected. Understanding this behavior is
important for improving the design and performance of future fusion reactors, which aim
to provide a clean and almost limitless source of energy. The study also points to further
research opportunities, including examining how different temperatures affect the behavior

of these particles and enhancing the experimental setup to better control heating conditions.
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This diagram shows a Z-pinch configuration, where an axial electric current
(labeled “E” and shown by the black arrows) flows through a plasma column,
generating an azimuthal magnetic field (denoted “B” and illustrated with
curved arrows). The magnetic field circles around the plasma due to the
current. The blue “4” symbol represents positively charged ions while the
pink “-” symbol represents electrons moving in the opposite direction. The
inward magnetic pressure, produced by the interaction between the current

and the azimuthal magnetic field, compresses the plasma. . . . . . . . . . ..

ZaP Experiment diagram. In this configuration, gas is pushed from the left.
The plasma is accelerated through the neutral gas injection plane, and the
assembly region is where the z-pinch occurs. The system is designed to study

the stabilization of the z-pinch over time[7]. . . . . ... ... ... ...

The figure shows the pulse forming network used in this experiment, com-
prised of capacitors, buswork, switches, and transmission lines. The blue and
gray units are the capacitors, which store and discharge energy in controlled
pulses. The wooden platform below the setup ensures stability and insulation.
Wires and switches connect the capacitors to the rest of the system, facili-
tating the transmission of high-voltage pulses used for testing. The white

covering across the top provides electrical insulation. . . . . .. .. ... ..

3-D rendering of chamber holding liquid metal. . . . . . . ... .. ... ..
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Photron FastCam Mini AX 200. The camera (black and red) is placed within
a Faraday cage (gray), an enclosure used to block electromagnetic fields. This

shielding aims to promote data collection by the high-speed camera. . . . . .

Side-view of chamber, as part of the experimental setup. The camera would
ordinarily be placed in the Faraday cage on the right, and the viewport in the
center is used as a place to allow light to enter the chamber on trigger. The
insulated cylinder on the left is the reservoir where the metal is stored in its

solid state when not being used in a trial. . . . .. ... ... ... .....

Path that current takes entering and leaving the chamber the current enters
through the wire, moves down to the base of the chamber, and out via the

walls and to ground. . . . . . ... L

Region around wire as seen in the liquid metal chamber which is used as an

area of interest in particle tracking efforts. . . . . . . .. ... ... ... ..

The particles circled in red are the ejecta particles that need to be tracked. As
noticed, there is very little, and varying, contrast with the background. Only
the particles within the region around the wire are tracked as the background

makes the ejecta particles ‘pop’ out when the images are properly processed.

Edge tracking method applied on a test dated June 24th, 2022. The green
markers are populated around particles that have enough of a difference in
intensity with the surrounding pixels. The green markers are used instead of
lines as the density of markers is used in later steps to calculate the centroid

(shown inred). . . .. .. . ..
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Image resizing for better view for a test performed on June 24th, 2022, uti-
lizing the tenth image shot. The image on the left is the raw image data
captured by the camera, and the image on the right shows the region of in-
terest used in this study. Thus region is highlighted in the red oval within

the image on the left. . . . . . . . . . . o

Histograms associated with initial denoising of images using CLAHE Algo-

rithm, the ‘smoothing’ effect on the pixel intensities is clearly depicted. . . .

CDF of image before and after CLAHE algorithm is applied. The top plot
shows pixel intensities which are concentrated in a narrow range, resulting
in poor contrast. The bottom plot shows that the algorithm redistributes
pixel intensities more evenly by applying localized contrast adjustments and

limiting histogram amplification to prevent noise amplification. . . . . . . .

CLAHE enhanced image (left) and N-D filtered image (right). The image
on the right demonstrates the effect of a N-D filter, which reduces image
brightness and smooths intensity variations without enhancing local details,

resulting in a blurred appearance with reduced contrast and definition.

The image on the left displays the result of applying a Mean Filter for sub-
traction, which smooths the image by averaging pixel values over a uniform
window, leading to less localized smoothing and more block-like artifacts. The
Gaussian filtered image on the right uses Gaussian-weighted kernel, resulting
in more natural blurring and a gradual transition between pixel intensities.
While the Gaussian Filter typically preserves finer details, the Mean Filter
can be advantageous when the primary goal is to reduce high-frequency noise

uniformly across an image, leading to a more generalized smoothing effect). .
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Subtracted figure, binarized. As seen, the variations of the light intensities
are more easily observed. This is a crucial step in setting up the images that
later aids in the calculations of the ejecta positions. In this image, the white

regions are more likely ejecta particles, which will be confirmed in subsequent

Noise variation across frames, logarithmic scale. The red curve, which shows
the noise variance after filtering, is substantially lower, demonstrating the
effectiveness of the median filter in reducing high-frequency noise while pre-
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These plots show the likelihood that an ejecta particle will form, studied at
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Nuclear fusion is potentially one of the most sustainable sources of high-power, clean energy.
Endeavors to achieve break-even fusion have accelerated in the recent past. This body of
work aims to add to a small subset of these efforts. Plasma-facing components (PFCs) in
fusion reactors have a high risk of erosion. A promising method to combat this is through
the use of liquid metals as a self healing PFC layer on top of solid substrate. This research

focuses on implementation of this method within z-pinch fusion reactors.

Nuclear fission is widely used commercially today. This process is a reaction which splits
nuclei apart, releasing energy in the process. Most fission power plants in the United States
split uranium-235 [1]. Fusion, on the other hand, is a process wherein two lighter nuclei merge
to form a nucleus that is heavier than each of the smaller nuclei. However, the products
of this reaction are less massive than the reacting nuclei. The ‘leftover’ mass is released as
energy [2]. The fuel used in fusion reactions may be in the form of plasma. Fusion reactors
heat plasma to temperatures of over 100 million degrees Celsius using magnetic fields (the
z-pinch concept is examined here) or high-powered lasers confine the plasma for sufficient

time that fusion reactions produce more energy than required to assemble the fuel [59].

In this research effort, a wire is employed as a surrogate for a plasma column. This wire
delivers large electric current pulses which come into contact with the liquid metal. This
liquid metal is held within a heated chamber for testing in liquid form, but is solid at room

temperature. The phenomena that occur when the liquid metal is exposed to these large
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current pulses all happen within a few milliseconds. The phenomena are observed through
a high-speed camera. The main objective in this research is to characterize the velocity of
some of the liquid metal particles that pose a potential contamination risk in the fuel. These
particles have different trajectories when compared to the larger pool of liquid metal in the
chamber. Liquid metal - electric current interactions are analyzed within the context of their

behaviors in a Z-pinch concept fusion reactor (discussed in the next section).

00 OUoibtt booidd 0bbobiobud

The most commonly proposed fusion reaction for energy production is the deuterium-tritium
(D-T) reaction. Both are isotopes of hydrogen. Deuterium has an atomic mass of 2.014
atomic mass units (AMU), while tritium has an atomic mass of 3.016 AMU. In a reaction,
this is 5.030 AMU of D-T being fused, which provides 4.0026 AMU of helium, a neutron of
1.009 AMU is ejected, and 14.1 MeV of energy is released [2]. Equation 1.1 shows that this

energy is due to the mass difference of 0.02 AMU between the products and the reactants

[6].

DT 1S Het +5n (1.1)

This D-T reaction is interesting for a few reasons, notably including the abundance of fuel.
Deuterium is considered naturally abundant, as it accounts for 0.0312% of all hydrogen in
the oceans. Tritium, meanwhile, can be bred from lithium during the fusion reaction itself
as the resulting neutrons interact with lithium, showing in equations 1.2 and 1.3. Neutron

bombardment of lithium-6 or lithium-7 can produce tritium via the following reactions [60]:
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®Li+n ¥ T+ (1.2)

Li+n ¥ T+ +n (1.3)

This is an important reason why the usage of liquid metals in fusion reactors is investigated,
and will be discussed in the subsequent sections. Currently, lithium reserves in the Earth’s
crust can last us 250-600 years of fusion energy [3]. However, lithium can also be extracted
from seawater, which leads to an ‘unlimited’ (a few million years’ worth) supply of both
deuterium and tritium [61]. Reportedly, concentrations of lithium vary from 170 to 190

g/L in seawater [62]. It should be noted that the British diplomat Claude MacDonald
once declared ninety-nine years to be ‘as good as forever’ in reference to his nation’s lease
of Hong Kong, suggesting that there was ample time to worry about Hong Kong’s return
to China. However, we might have slightly longer than Mr. MacDonald to solve the fuel

supply challenges posed by fusion energy [63].

Apart from the abundance of fuel, developing fusion energy also comes with a whole host of
advantages. These include a significant decrease in safety concerns due to the high tempera-
tures at which these reactions occur and the small amounts of input materials used, both of
which lead to a reduced potential for harmful runaway reactions when compared to fission

processes [64].

Currently, fusion reactors consume more energy than they produce, with a major challenge
being the endurance of plasma-facing materials while preventing contamination of plasma
by wall materials. The Liquid Electrode eXperiment (LEX) at Virginia Tech addresses these

challenges by studying the dynamic behavior of liquid electrodes under current densities
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relevant to z-pinch fusion reactors.

Z-pinch fusion is a theoretically simple form of magnetic confinement of plasmas. The
concept of magnetic confinement employs the use of a magnetic field to confine the movement
of plasma [8]. A steady magnetic field does not directly change the magnitude of the velocity
of a charged particle (such as plasma). Instead, it affects only the direction of the particle’s
velocity, causing the particle to follow a curved path (like a circular or spiral motion). This
phenomenon is due to the Lorentz force, which acts perpendicular to both the magnetic
field and the particle’s velocity. As a result, the steady magnetic field changes the particle’s
direction without affecting its speed (magnitude of velocity), assuming no other forces are
acting on it [9]. The z-pinch idea is one that involves a current flowing through a plasma
column. The self-generated magnetic field acts as a counterbalance to the radial plasma
pressure that acts outward. The magnetic field acts inward and ‘pinches’ the plasma into

compression. The diagram below shows a z-pinch configuration.
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Figure 1.1: This diagram shows a Z-pinch configuration, where an axial electric current
(labeled “E” and shown by the black arrows) flows through a plasma column, generating an
azimuthal magnetic field (denoted “B” and illustrated with curved arrows). The magnetic
field circles around the plasma due to the current. The blue “4” symbol represents positively
charged ions while the pink “-” symbol represents electrons moving in the opposite direction.
The inward magnetic pressure, produced by the interaction between the current and the
azimuthal magnetic field, compresses the plasma.

A Z-pinch can be produced through various methods, including gas injection [72], wire arrays
[73], or linear-driven configurations [74], each relying on the rapid compression of plasma by
strong electromagnetic forces. In a typical gas-puff Z-pinch, neutral gas, such as deuterium or
tritium, is injected into a central chamber and then ionized by a high-voltage pulse, forming
a conductive plasma column. A powerful pulsed electrical current is then driven through the
plasma, creating an intense azimuthal magnetic field that compresses the plasma towards

the axis, increasing its temperature and density to conditions suitable for nuclear fusion [65].

In proposed energy-producing Z-pinch reactors, this process must be rapidly repeated to
sustain energy production. The cycle begins with the injection and ionization of fresh gas,
followed by the compression phase, where the plasma is pinched to achieve high densities and

temperatures. After reaching the peak compression (stagnation) state, the plasma begins
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to expand outward. The reactor then clears the chamber of residual plasma and impurities,
prepares the chamber environment for the next pulse, and re-injects gas, aiming for minimal

delay between pulses to maximize energy output [66].

Efficient control of the electromagnetic forces during each pinch event is essential for main-
taining plasma confinement, optimizing plasma conditions, and mitigating the intense ther-
mal and neutron loads produced. Stability in the plasma depends on carefully managing
these forces and plasma conditions. The precise synchronization of these processes, along
with advanced materials for reactor walls and rapid cooling systems, are key factors in

achieving the desired fusion power output and reactor longevity.

The z-pinch configuration is susceptible to instabilities, which has been an impediment to
usage as a fusion source. The perturbations form local fluctuations in the magnetic field,
which leads to m = 0 and m = 1 (‘sausage’ and ‘kink’) modes, which rapidly deteriorates
the confinement of plasma [10]. Liquid metals can absorb and dissipate the intense heat and
particle fluxes generated by the plasma, reducing wall erosion and maintaining structural
integrity. Additionally, the self-healing properties of liquid metal walls and their ability to
absorb impurities contribute to maintaining plasma integrity. While these features improve
confinement by reducing contamination, they do not directly counter the ‘sausage’ (m = 0)
or ‘kink” (m = 1) modes of instability, which are more closely related to magnetic forces and

plasma current distribution [67].

The O0O0OOOOODIOOOOO COOODOIOO provides a stability criterion for plasmas confined in a
toroidal geometry within the magnetohydrodynamic (MHD) framework, ensuring that the
ratio of the toroidal magnetic field (Bt) to the poloidal magnetic field (B ) is sufficient to

prevent certain types of instabilities. The condition is mathematically expressed as
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_Bra _ .
q(a) = BR > 1,

where ((@) is the safety factor, a is the minor radius of the torus, and R is the major radius.
In this context, the safety factor q represents the number of times a magnetic field line wraps

around the torus toroidally for each poloidal loop.

However, this criterion applies specifically to toroidal confinement devices, such as tokamaks,
where both toroidal and poloidal magnetic fields exist. In a Z-pinch configuration, which
lacks an axial (toroidal) magnetic field and has no major radius, the safety factor q would
be undefined. Alternative stabilizing mechanisms, such as using close-fitting conductors
around the plasma, are explored to address stability concerns in Z-pinches. However, while
liquid metal coatings may help with heat management and impurity absorption, they do
not directly contribute to stabilization. A wall positioned close enough to impact plasma
stability would be infeasible in a Z-pinch reactor due to the extreme proximity required,

whether the material is liquid or solid. [68].

Figure 1.2 depicts the ZaP Flow Z-pinch experiment that was performed at the University
of Washington [7].
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Figure 1.2: ZaP Experiment diagram. In this configuration, gas is pushed from the left.
The plasma is accelerated through the neutral gas injection plane, and the assembly region
is where the z-pinch occurs. The system is designed to study the stabilization of the z-pinch
over timel[7].

In this configuration, a flowing liquid metal layer would be used at the ‘electrode end wall’
section. This configuration is designed to study the stabilization mechanisms of the Z-pinch
by utilizing sheared axial plasma flows to mitigate instabilities such as the sausage and
kink modes. The inner electrode provides a path for the current that generates a magnetic
field, which induces the plasma to compress via the Lorentz force. The outer electrode
helps to contain the plasma, while the vacuum vessel maintains the required low-pressure
environment. The ZaP experiment aims to demonstrate longer plasma confinement times
and higher densities, which are critical for advancing the feasibility of Z-pinch fusion as a

compact and efficient energy source [69] [70].
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Liquid metals as plasma facing components within fusion reactors is not a new idea, and has
been under consideration since the 1950s. In 1979, Badger et al. [12] discussed a design for a
toroidal fusion reactor at the University of Wisconsin. This paper also laid out potential uses
for liquid metals in fusion reactors. Among the advantages they outlined was the ability of
liquid metals to reduce the irradiation of structural components, specifically by acting as a
barrier to the high-energy neutrons produced in the fusion process. Since then, other studies
have investigated the advantages of using liquid metals in fusion reactors. The research in

this thesis focuses on three of these advantages:

1. liquid metals can limit damage due to erosion within the chamber,

2. liquid metals are suitable for heat transfer, which are crucial to managing the high

thermal loads within the fusion reactor,

3. if lithium is used as one of the constituents in the alloy, tritium fuel can be bred to

supply the reactor in the future.

All three of these points are important as they increase commercial efficiency and make
nuclear fusion a more viable target. The third item in the list is particularly crucial to the
overarching goal of making fusion a self-sustaining energy source. Self-breeding will enable
this long-term operation. The most stable isotopes of lithium are lithium-6 and lithium-7.
The following fission reactions are the most common involving interactions between lithium
and a neutron. All produce tritium, as shown, and also an alpha particle which is akin to

“He [13]:

Li+n @ +T+478MeV (Ey = 2:47 MeV, threshold energy) (1.4)
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Li+n ¥ +T+n (1.5)

Li+n ¥ 2T +2n (1.6)

While the goal is to use lithium as a consituent of the liquid metal, a eutectic mix of tin
and bismuth (SnBi) was used in the research presented in this thesis. A eutectic mix is a
homogeneous mixture that has a melting point that is lower than that of its constituents
[14]. Tin has a melting point of 505 K, while bismuth has a melting point of 544 K [15] [16].
The physical properties of tin and bismuth are suitable for the experiments that are analyzed
in this thesis, particularly low melting point, low vapor pressure, and low relative magnetic
permeability. This research uses a 58% bismuth, and 42% tin mixture, which results in a
melting point of 411 K [17]. The mass density of this mixture is 8:603  10%kg/m?, and its
viscosity is 2:825 10 3Pa s at 423 K. These values are important for the estimation of the

mass of the ejected particles.

These liquid metals also hold significant promise in broader applications. Beyond their po-
tential contribution to fusion technology for energy production, they offer possibilities in
aerospace applications, particularly in space propulsion. A shielding effect comes from the
high density of low-Z (low atomic number) nuclei, which help scatter and slow down neu-
trons. Hydrogen nuclei, with their lower atomic number, are even more effective in providing
neutron shielding in space environments, protecting electronic systems and astronauts from
the harmful high-energy neutrons in deuterium-tritium fusion reactions [71]. The fusion re-
action in the propulsion system would theoretically release a significant amount of energy,
which would heat the propellant and convert it into high-velocity plasma. This process
increases the exhaust velocity and thrust of the rocket. Additionally, in proposed fusion
propulsion systems, energetic neutrons generated from reactions can interact with materials

like lithium, potentially leading to secondary reactions. Although secondary fusion reactions
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may produce additional particles, these particles are not directed and therefore have a negli-
gible effect on the device’s overall thrust. The primary mechanism for increased propulsion
efficiency comes from the high energy released in the fusion reaction itself, which drives the

exhaust velocity, rather than a substantial increase in mass flow [5].

B O O Y

In the context of the Liquid Electrode eXperiment at Virginia Tech, ejecta refer to small
particles of liquid metal that are expelled from the pool of liquid when exposed to a current.
These introduce impurities into plasma in a repetitively pulsed fusion reactor, compromising
the purity of the fuel, which in turn reduces the likelihood of plasma-plasma reactions. Un-
derstanding and mitigating the impact of ejecta is crucial for enhancing the performance and
longevity of future z-pinch fusion reactors. Detecting and tracking these ejecta particles pro-
vides a foundation for developing strategies to minimize contamination, thereby optimizing

plasma performance.

Identifying the conditions that lead to increased ejecta production, this research informs the
design of reactor components and operational protocols that mitigate these effects. Such
insights could be the key to achieve long-term sustainability and cost-effectiveness in fusion
energy production. This work focuses on developing an image processing sequence that can
detect these particles in the absence of stable illumination. These techniques can be used in

various other fields for similar applications.
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The Liquid Electrode eXperiment at Virginia Tech was constructed to observe how liquefied
metal reacts when exposed to pulsed currents, and as a result, magnetic fields. The electricity
flow simulates a column of plasma that would interact with the liquid metal in a z-pinch
fusion reactor. The inclusion of liquid metal in such a reactor could increase fuel efficiency
due to tritium breeding, and increase the life-span of fusion reactors when a self-sustaining

D-T reaction is realized.

The setup was designed in order to deliver a current to a pool of liquid metal. There are
eight capacitors that make up a pulse forming network. A custom power feed-through pushes
the current through a network of wires, through target wires of varying radii (depending on

test objectives) in the range of 1.59 - 2.38 mm. Figure 2.1 shows the pulse forming network.
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Figure 2.1: The figure shows the pulse forming network used in this experiment, comprised
of capacitors, buswork, switches, and transmission lines. The blue and gray units are the
capacitors, which store and discharge energy in controlled pulses. The wooden platform
below the setup ensures stability and insulation. Wires and switches connect the capacitors
to the rest of the system, facilitating the transmission of high-voltage pulses used for testing.
The white covering across the top provides electrical insulation.

Figure 2.1 shows the two legs of the capacitor bank. One of the legs has four capacitors of
6 nF, and the other leg has two capacitors of 100 pF each, and two of 6 nF. The system in
total is capable of applied potentials up to 20 kV, and is capable of delivering current pulses
of up to 250 kA. For the tests used in this work, the potentials were in the range of 5-7 kV,

and the PFN delivered current pulses of around 100 kKA.
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