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ABSTRACT

Much of the universe is partially ionized by stellar radiation, x-rays, or
cosmic rays, forming weakly-ionized plasma. Many of these environments
are also extremely cold, from Earth’s upper atmosphere to planetary rings,
protoplanetary disks, and interstellar clouds. Within these conditions, small
grains of ice and dust can form and acquire electric charge by collecting free
electrons and ions from the plasma.

This thesis investigates these ice-dusty plasmas in the laboratory, observing
the nucleation, growth, and dynamics of water-ice grains within extremely
cold plasma. It details the construction and operation of a steady-state radio-
frequency plasma in which the electrodes are cryogenically cooled by tandem
cryostats; water vapor injected into the plasma spontaneously nucleates into
ice grains which grow in dendritic fractal shapes to millimeters in length.
Their electric charges confine them to the plasma, where they exhibit complex
dynamics such as vortices, lattices, and instabilities.

Notably, ice grains nucleate homogeneously within the plasma: OH� and
H3O+ ions, formed by reactions between water vapor and free electrons, at-
tract water molecules via ion-dipole interactions to produce stable, electrically-
charged molecule clusters that rapidly grow into ice grains. This process
occurs regardless of the ice phase: amorphous ice forms at lower tempera-
tures and transitions irreversibly to crystalline ice at higher temperatures or
over time, mirroring processes seen in solar system ices. Further experiments
reveal that the complex dynamics of the cloud of ice grains are strongly in-
fluenced by their fractal morphology, as the scaling laws of their masses,
surface areas, and electric charges are vastly different during fractal growth.
This allows them to strongly couple with ambient gas, enhancing momen-
tum transfer between the grains and their surroundings and significantly
increasing their charge-to-mass ratio.

This research offers critical insights into the formation and behavior of ice
grains in ionized environments, with wide-ranging implications across as-
trophysics, materials science, and plasma technology. Understanding these
processes in a controlled laboratory setting offers a window into complex
phenomena across the cosmos.
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Part I

THEORY AND M ETHODS

IN D USTY PLASMAS

“. . . for dust thou art, and unto dust thou shalt return.” -Genesis 3:19

1





3

C h a p t e r 1

AN OVERVIEW OF ICE-DUSTY PLASMAS

Much of the universe is cold, dark, and empty. Diffuse clouds of gas and

microscopic grains of dust and ice, formed from the remnants of long-dead

stars, are bathed in a background of ionizing radiation, forming a complex

system of weakly-ionized plasma and particulate matter. The physical pro-

cesses within these regions are instrumental to the formation of larger, more

energetic, and more complex phenomena, such as stars, nebulae, and galax-

ies. In this thesis, I use both experimental and theoretical methods to study

these icy and dusty plasmas, explore their formation and phase, and examine

their intricate dynamics.

1.1 The what, where, and why of plasma physics

Plasma, often called the "fourth state of matter," forms when a gas is en-

ergized until electrons are stripped from the constituent molecules. This

process,ionization,results in a soup of free ions and electrons which is elec-

trically conducting, responds to and produces electromagnetic �elds, and

exhibits collective behavior due to these long-range forces. This is funda-

mentally distinct behavior from solids, liquids, and gases, in which atoms

interact primarily via collisions.

The transition from gas to plasma does not have a distinct boundary temper-

ature, latent heat, or discontinuity in any speci�c order parameter. Ionization

is thus not a thermodynamic �rst-order phase transition analogous to melt-

ing or vaporization, but instead a gradual, statistical process. The cutoff

between what constitutes a gas versus a plasma is somewhat arbitrary—

indeed, even air at sea level contains a few ions per cubic centimeter, yet it is

generally not argued to be plasma, as the weak ionization does not affect its

large-scale behavior. The medium in a �uorescent lamp is typically only one

part-per-million ionized, yet is undeniably a plasma. Simply,

A system is a plasma when it acts like a plasma;

that is, when its electromagnetic properties in�uence its collective behavior.
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The necessary quali�cations to behave like a plasma are generally listed as

follows:

1. Quasineutrality — electron and ion densities are nearly equal and

uniformly dispersed, such that there is no net charge when looking at

length scales above an intrinsic length � D .

2. Debye screening — plasma acts as a conductor, rearranging charges to

cancel internal electric �elds and screen external ones over the length

� D .

3. Collective behavior — bulk effects due to electromagnetic �elds are

non-negligible, as important (or more important) than kinetic collisions.

Generally, we can separate plasmas into "weakly-ionized," in which ion

densities ni are much lower than neutral densities, ni =nn << 1, and "fully-

ionized" plasmas, in which ions greatly outnumber neutrals ni =nn >> 1.

Plasma in nature and technology

About 99% of visible matter in the universe exists in the plasma state, at

temperatures spanning several orders of magnitude, and with ion densities

spanning several dozenorders of magnitude. Energetic phenomena such

as stellar winds, the solar corona, and astrophysical jets are hot and fully-

ionized. Fusion plasmas within stellar interiors are particularly hot and

dense. In contrast, interstellar clouds, planetary ionospheres, and proto-

planetary disks are low-temperature, weakly ionized plasmas and often

intermixed with cosmic dust and ice.

Plasma is also integral to our technology: Hot dense plasmas undergo nu-

clear fusion in hot and dense plasma within fusion reactors and thermonu-

clear bombs. Low-temperature plasmas are ubiquitous, used in neon signs,

plasma TVs, �uorescent lighting, as well as a host of manufacturing, medical,

and sterilization processes. In Figure 1.1, plasmas in nature and technol-

ogy are shown on a parameter space of ion density (ni ) versus electron

temperature (Te).

This thesis mainly concerns weakly-ionized, low-temperature plasmas. The

physics of these are especially complicated compared to fully-ionized plas-

mas. Constant ionization and recombination cause these systems to be out
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Figure 1.1: Common plasma environments and their electron temperatures
and densities.

of thermal equilibrium. Particle transport and energetics are dominated

by interactions between charged and neutral particles, such as elastic scat-

tering, charge exchange, and chemical reactions. Surface interactions at

plasma boundaries further complicate behavior. Consequently, models such

as magnetohydrodynamics, invaluable for fully ionized plasmas, fall short

in capturing this complexity.

Radiative properties

Plasmas emit light; this is what allows us to study them through telescopes

from across the cosmos, and is one of their most common technological ap-

plications. The dominant light emission from plasmas is spectral line emission.

As plasmas continuously ionize and recombine, energetic electrons decay to

lower-energy orbitals,and release photons of corresponding energies. Figure

1.2 shows the dominant lines of hydrogen and their corresponding electron

orbital decays.

As each element emits distinct spectral lines, the emission spectra of a plasma

function as a �ngerprint, revealing their molecular and ionic composition.

Because higher-energy electrons produce smaller-wavelength photons, the

ratios of various spectral lines change with the electron temperature and
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Figure 1.2: Line emission from hydrogen; wavelengths given in nanometers.
Three series of emission are shown: the Lyman series (UV), Balmer series
(visible), and Paschen series (infrared).

the ionization fraction of the plasma. Lines are also affected by the particle

velocity due to the Doppler effect and by strong electromagnetic �elds.

Dynamical description

To describe plasma behavior, we can apply a statistical "Vlasov" model, mod-

eling each particle species (ions, electrons, or neutrals) with a distribution

function f � (~x;~v; t), which describes the number of particles at any given po-

sition x, with velocity v at time t. The index � 2 [e; i; n] refers to the particle

species.

If the distribution function is known, we can often simplify the model by

only considering momentsof the distribution; this is called a �uid model.

Integrating over all possible velocities gives the number density of each

particle species:

n� (x; t ) =
Z 1

�1
f (~x;~v; t)d~v: (1.1)

In a given reference frame, the distribution at any point in space can be

approximated using an average velocity of the species,

~u� (~x) =
Z 1

�1
~vf (~x;~v; t)d~v; (1.2)
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together with a thermal velocity

vT;� (~x) �

r
kB T�

m�
; (1.3)

where kB is the Boltzmann constant and m� is the species mass. This quanti-

�es the spread of velocities about the average value, or equivalently, a thermal

energyde�ned by a temperature T� . These distributions and their moments

are illustrated in Figure 1.3.

Figure 1.3: Illustrations of position and velocity distributions. Left: spread of
e� and i+ in (x; y), with regions of nonzero density, the quasineutral region
(ne = ni ) and electric �elds indicated. Right: ion velocity distribution in
(vx ; vy), with average velocity and thermal velocity indicated (right)

If the system undergoes enough collisions to reach thermal equilibrium, all

species' velocity distributions will reach a Maxwell-Boltzmann distribution,

with a temperature well-de�ned by the distribution's standard deviation.

However, plasmas are often out-of-equilibrium, as they are relatively col-

lisionless and have energy inputs from external �elds, so a single system

temperature often does not accurately describe the system. However, it's

often suf�cient to model eachparticle species as being in equilibrium with

itself, treating each particle species as a separate, interacting �uid with its

own n� , ~u� , and T� .

Debye shielding

Plasmas are excellent electric conductors due to the high mobility of their

electrons and ions. In general, the ion and electron densities are approx-
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imately equal, and become uniformly mixed to minimize their potential

energy, leading to quasi-neutrality (see Fig. 1.3). When an electric �eld

is applied across the plasma, the charged particles undergo attraction or

repulsion, rearranging to "screen" of the �eld from the rest of the plasma;

this phenomena is called Debye shielding.

In a steady electric �eld ~E = �r � . The equation of motion for each �uid

(electrons or ions) contains a term for the inertia, the electric �eld, and the

pressure:

m�
D~u�

Dt
= � q� r � �

r p�

n�
; (1.4)

where D=Dt signi�es a convective derivative. In a static system, all time-

dependent terms can be dropped, thermal equilibrium is reached, and pres-

sure can be de�ned using the ideal gas law. The equation of motion simpli�es

to:

n� q� r � + kB T� r n� = 0: (1.5)

Solving this equation, we see that the density pro�le is altered by the electric

�eld:

n� = n�; 0 exp
�

�
q� �

kB T�

�
: (1.6)

Depending on the charge of the particle, therefore, the density is either

exponentially enhanced or depleted; this creates a region of net charge,

called the "Debye sheath," which screens the applied �eld from the rest of

the plasma. We can �nd the electric potential using Poisson's equation:

r 2� = �
1
� 0

(qi ni � qene): (1.7)

When � << k B T, the total electric potential is given by:

� (r ) = � 0 e� r=� D ; (1.8)

where � D is the Debye length,

� D =

s
� 0kBP

� =[ i;e] n�; 0q2
� =T�

�

s
� 0kB Te

ne;0q2
e

: (1.9)

This is the scaling length in which the plasma shields electric �elds and

maintains quasineutrality. When averaging lengths larger than the Debye

length, there is no net charge density, and no net electric �eld.
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Plasma oscillations

Debye shielding occurs only when particles have time to respond to the

applied �elds. The response rate is a characteristic plasma frequency— if

the �eld changes more quickly than the plasma frequency, Debye shielding

cannot be fully established.

The plasma frequency can be calculated as follows. Imagine a spherical

shell of quasi-neutral plasma with a radius r . If you were to expand the

electron shell radius by �r , leaving ions behind, the electron shell would

have a chargeq = � 4�en er 2�r , and the left-behind ion shell would have an

equal and opposite charge. An electric �eld would be produced between

them, ~E = ene�r=� 0. The equation of motion is thus:

me
d2r
dt

=
e2ne

� 0
�r: (1.10)

Linearizing, such that r 00(t) = r0 + �r 00(t), yields a 2nd-order differential

equation,

�r 00(t) =
nee2

me� 0
�r: (1.11)

This gives simple harmonic motion at the electron plasma frequency,

! p;e =

s
neq2

e

me� 0
: (1.12)

The plasma frequency of ions takes the same form, considerably smaller due

to the inverse dependence on mass. Consequently, electrons are primarily

responsible for Debye shielding, as they respond to applied �elds more

quickly.

As the particles undergo random motion in the plasma, perturbations cause

oscillations at the plasma frequency. Sudden perturbations to the plasma by

external �elds also excite transient oscillations at this frequency; particles

are unable to respond to �elds changing at faster frequencies, while Debye

shielding is established on longer timescales.

1.2 What is a dusty plasma?

In a dusty plasma, "dust grains" ranging in size from nanometers to hundreds

of microns are dispersed in the sea of free electrons and ions. They collide
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with electrons and ions from the plasma, which stick to them, imparting the

grains with large net charges that in�uences the composition and dynamics

of both the grains themselves and the surrounding plasma. The grains

can then be treated as a third particle species within the plasma alongside

electrons and ions, but one with a vastly different charge-to-mass ratio

and a variable charge that depends on the local collision frequency with

electrons and ions. This complexity leads to emergent phenomena such as

self-organization and phase transitions within the dust-plasma system.

Why study dusty plasmas?

While the study of pristine (i.e., non-dusty) plasma has a 100-year history,

dusty plasma research has only gained prominence in the past three to four

decades. Initial study of dusty plasmas was mainly theoretical, focused on

natural phenomena throughout the solar system and astrophysics. Exam-

ples are widespread, as shown in Fig. 1.4, including clouds in the Earth's

mesosphere [7], regolith levitating above the lunar surface [8], aerosols in

extraterrestrial atmospheres, the tails of comets [9], ring systems [10], inter-

stellar clouds, [11] and accretion disks [12].

Later, the behavior of particulates in laboratory plasmas for industrial appli-

cations such as semiconductor processing [13], sanitation [14], and nanopar-

ticle synthesis [15, 16], lead to an explosion in experimental dusty plasma

research. This focused on particle formation, especially from reactions of

silane gas and ions, controlling the dynamics of the dust particles, and effects

of grain nucleation on plasma properties and chemistry.

Now, laboratory dusty plasmas are increasingly used to study the funda-

mental physics of many-body systems. As �rst suggested by Ikezi [17],

microspheres injected into plasma can form Coulomb crystals which ex-

perience lattice waves, melting and re-crystalizing, and a host of dynamic

instabilities [15, 18–20]. In bringing many-body physics to the human scale,

the dusty plasma serves as a macroscopic model of condensed matter.

De�ning characteristics

Because of the large scale separation in mass, cross-section, and charge be-

tween the grains, the ions, and the electrons, no singular model can properly
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