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ABSTRACT

Laboratory experiments and the models they inspire are powerful tools for studying
the plasma universe. This dissertation details possible solutions to two important
problems in the plasma universe, namely how solar flares are generated and how
accretion disks transport angular momentum and generate astrophysical jets.

Addressing the first problem, solar coronal loop physics is simulated in a laboratory
experiment. The loop structure composed of braided strands is replicated. The
MHD kink instability and the magnetic Rayleigh Taylor instability (MRTI) are
observed to disrupt the loop structure. The dependence of the MRTI wavelength
on the axial magnetic field is studied. Transient, localized 7.6-keV X-ray bursts
and a several-kilovolt voltage spike are observed to be associated with the breaking
of braided magnetic flux ropes containing 2 eV plasma. These spikes occur when
the braid strand radius is choked down to be at the kinetic scale by either MHD
kink or magnetic Rayleigh–Taylor instabilities. The observed sequence reveals an
MHD to non-MHD cross-scale coupling that is likely responsible for generating
solar energetic particles and X-ray bursts. All the essential components of this
mechanism have been separately observed in the solar corona.

Magnetic flux ropes, the fundamental building block of magnetohydrodynamic
plasma configurations, have often been observed to wrap around each other to form
a helical braided structure with net axial current as observed from the laboratory
experiment and solar coronal loops. Braiding phenomena extend to astrophysical
jets, double helix nebula, and fusion plasma experiments. The equilibrium of
braided flux ropes is more complicated than familiar axisymmetric systems because
it requires balancing forces between the individual braids. A novel method for
constructing these equilibria is developed. This method generates a double helix
equilibrium with net axial current which is characteristic of observed solar loops and
of laboratory-produced braided magnetic flux ropes. To the best of our knowledge,
no previous model has been able to describe braided structures with net axial current.
The net-axial-current equilibrium presented here reproduces the observed braided
structure of the double helix nebula and is expected to be a powerful tool in other
contexts.

Addressing the second problem, the dissertation introduces a first-principles angu-
lar momentum transport mechanism based only on collisions between neutrals and
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charged particles in the presence of gravitational and magnetic fields. The mech-
anism is demonstrated by a 2D N-body simulation of a weakly-ionized system. It
is found that ions and electrons drift in opposite radial directions as a result of col-
liding with Kepler-motion neutrals. This reduces the ordinary angular momentum
of neutrals and increases the canonical angular momentum of charged particles in
a manner such that the net global canonical angular momentum is conserved. The
accumulation of ions at small radius and electrons at large radius produces a radially
outward electric field, while current from the separation of ions and electrons is
radially inward. Consequently, this process provides a gravitational dynamo con-
verting gravitational energy into the electric energy that powers an astrophysical
jet. Because this neutral angular momentum loss depends only on neutrals colliding
with charged particles, it should be ubiquitous. The model predicts an accretion rate
of 3 � 10�8 solar mass per year in good agreement with observed accretion rates.

Based on the conservation of canonical angular momentum and dynamics of charged
particles under collisions with infalling neutrals, the dissertation also investigates the
origin of angular momentum in astrophysical systems. A weakly-ionized, initially
non-rotating cloud of neutral particles is shown to spontaneously start rotating
when infalling. Quantitative scaling predicts an angular momentum generation rate
sufficient to convert neutral infall motion into neutral Keplerian rotation in the outer
region of a protoplanetary accretion disk.



vii

PUBLISHED CONTENT AND CONTRIBUTIONS

1. Zhang, Y. & Bellan, P. M. Magnetic double helix. (under review) (2024).
Y.Z. developed the model from suggestions and guidance of P.M.B.

2. Zhang, Y. & Bellan, P. M. Mechanism for generation of angular momentum
in an astrophysical system. (to be submitted) (2024).
Y.Z. performed the particle simulation from suggestions and guidance of
P.M.B. The interpretation and analytical model was done jointly by Y.Z. and
P.M.B.

3. Zhang, Y., Pree, S. & Bellan, P. M. Generation of laboratory nanoflares from
multiple braided plasma loops. Nature Astronomy 7, 655–661 (2023).
Y.Z. designed the braided loop experiment from suggestions and guidance of
P.M.B. S.P. built the X-ray camera from suggestions and guidance of P.M.B.
Y.Z. and S.P. performed the experiment. The interpretation of the results was
done jointly by all authors. Y.Z. drafted the manuscript. All authors revised
the manuscript together.

4. Zhang, Y. & Bellan, P. M. Neutral-charged-particle collisions as the mech-
anism for accretion disk angular momentum transport. The Astrophysical
Journal 930, 167 (2022).
Y.Z. performed the particle simulation from suggestions and guidance of
P.M.B. The interpretation and analytical model was done jointly by Y.Z. and
P.M.B.

5. Zhang, Y., Wongwaitayakornkul, P. & Bellan, P. M. Magnetic Rayleigh–
Taylor instability in an experiment simulating a solar loop. The Astrophysical
Journal Letters 889, L32 (2020).
Y.Z. designed the braided loop experiment from suggestions and guidance of
P.M.B. S.P. built the X-ray camera from suggestions and guidance of P.M.B.
Y.Z. and S.P. performed the experiment. The interpretation of the results was
done jointly by all authors. Y.Z. drafted the manuscript. All authors revised
the manuscript together.



viii

TABLE OF CONTENTS

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Published Content and Contributions . . . . . . . . . . . . . . . . . . . . . . vii
Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
List of Illustrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x
Chapter I: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Plasma Universe . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Plasma Dynamics Models . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Solar Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Protoplanetary Accretion Disk . . . . . . . . . . . . . . . . . . . . . 6
1.5 Laboratory Astrophysics . . . . . . . . . . . . . . . . . . . . . . . . 8
1.6 Thesis Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Chapter II: Caltech Solar Loop Experiment . . . . . . . . . . . . . . . . . . 11
2.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Diagostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 Scaling to Solar Corona . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

Chapter III: Magnetic Rayleigh Taylor Instability . . . . . . . . . . . . . . . 17
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.3 Conclusions and Discussions . . . . . . . . . . . . . . . . . . . . . 23

Chapter IV: Laboratory Nanoflares . . . . . . . . . . . . . . . . . . . . . . . 26
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.2 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

Chapter V: Braided Magnetic Flux Ropes Equilibrium . . . . . . . . . . . . 39
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.2 Helical Current Wire Model . . . . . . . . . . . . . . . . . . . . . . 42
5.3 Main Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

Chapter VI: Neutral-charged-particle Collisions as the Mechanism for Accre-
tion Disk Angular Momentum Transport . . . . . . . . . . . . . . . . . . 50
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
6.2 Simulation Method . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
6.3 Main Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Chapter VII: Mechanism for Generation of Angular Momentum in an Astro-
physical System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
7.2 Simulation Method . . . . . . . . . . . . . . . . . . . . . . . . . . . 66



ix

7.3 Main Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
Chapter VIII: Summary and Future Works . . . . . . . . . . . . . . . . . . . 76

8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
8.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
Appendix A: Green's Function Method . . . . . . . . . . . . . . . . . . . . . 91

A.1 Double Helix Current Wire Magnetic Field Calculation . . . . . . . 91
A.2 Magnetic Force Calculation . . . . . . . . . . . . . . . . . . . . . . 93
A.3 Curl of Magnetic Force . . . . . . . . . . . . . . . . . . . . . . . . 93

Appendix B: Canonical Angular Momentum Conservation . . . . . . . . . . 95
B.1 One Particle System . . . . . . . . . . . . . . . . . . . . . . . . . . 95
B.2 Two Particles System . . . . . . . . . . . . . . . . . . . . . . . . . . 96
B.3 N Particles System . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

Appendix C: Connecting the particle-level physics to �uid-level physics . . . 98
C.1 The Radial Velocity of Charged Particles and Neutrals Derived from

Fluid Equations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
C.2 Non-ideal MHD E�ects . . . . . . . . . . . . . . . . . . . . . . . . 101
C.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103



x

LIST OF ILLUSTRATIONS

Number Page

1.1 Characteristics of typical plasmas.This visual tool illustrates the

relative positions of various scienti�c and natural plasmas based on

their number density= and temperature) . Credit: Contemporary

Physics Education Project. . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Representation of the di�erent layers and features of the Sun.

Credits: Kelvinsong. . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Protoplanetary disks observations.20 nearby protoplanetary disks

observed by Chile's Atacama Large Millimeter/submillimeter Array

(ALMA) in 2018 for its Disk Substructures at High Angular Resolu-

tion Project (DSHARP). Credits: ALMA (ESO/NAOJ/NRAO) [3],

S. Andrewset al [4] . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Jet, disk, and disk atmosphere in the HH 212 protostellar system.

(a) A composite image for the HH 212 jet in di�erent molecules,

combining the images from the Very Large Telescope [7] and ALMA

[8�10]. Orange image shows the dusty envelope+disk mapped with

ALMA. (b) A zoom-in to the central dusty disk. The asterisk marks

the position of the protostar. A size scale of our solar system is

shown in the lower right corner for comparison. (c) Atmosphere

of the accretion disk detected with ALMA. In the disk atmosphere,

green is for deuterated methanol, blue for methanethiol, and red for

formamide. Credit: ALMA (ESO/NAOJ/NRAO), Leeet al [8�10] . . 8



xi

2.1 Experimental set-up. Plasma loop is created between two copper

electrodes. The electrodes are mounted on the end dome of a 1.0-m-

diameter, 1.5-m-long stainless steel vacuum chamber. Two solenoids

are behind the electrodes to generate an arched magnetic �eld. The

capacitor powering the solenoids is charged to a voltage+1, so the

bias magnetic �eld provided by the solenoids can be expressed as

� = U+1, whereU is a constant. De�ne a Cartesian coordinate

system, as shown, with origin at the midpoint between electrodes,I

along the vertical direction relative to electrode plane, andHalong

the line between the two electrode centers. Diagnostic devices in-

clude a visible-light fast framing camera, a gated linear spectroscopic

array with a 1-ms time resolution, a 128-channel X-ray scintillators

detector array, a high voltage probe Tektronix P6015 measuring the

voltage across the two electrodes, a Rogowski coil measuring the

current �owing through the plasma loop, and magnetic �eld probes

measuring the magnetic �eld. . . . . . . . . . . . . . . . . . . . . . 11

2.2 Plasma gun structure. Plasma loops are generated between the two

copper plates. There are a large number of nozzles connected to a

fast gas valve and a gas cylinder to allow the gas to be pu�ed into the

electrode region. Positioned behind the electrodes are two solenoids,

responsible for generating an arched magnetic �eld. A capacitor bank

is linked to the two electrodes, supplying a discharge voltage to ionize

the gas into plasma. . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Diagram of the single loop apparatus showing the primary steps

to generate a �ux rope: (1) generate arched bias background mag-

netic �eld, (2) pu� in neutral gas, and (3) switch capacitor bank across

electrodes (adapted from [11] with permission). . . . . . . . . . . . . 13

2.4 Comparison between the Caltech experimental plasma loop and

the solar coronal loop. (a) Experimental plasma loop (b) Solar

coronal loop (Credit: TRACE/NASA). . . . . . . . . . . . . . . . . 14



xii

2.5 Plasma parameters of Caltech experiment and scaling to solar

corona. Typical values of the experiment (left column) are scaled

according to the MHD scaling described in the text. The scaled values

(center column) are in good agreement with approximate values for

the solar corona (right column). This close correspondence indicates

magnetohydrodynamic similarity between the two systems and the

relevance of the experimental parameter regime to that of the solar

corona. The experiment plasma is hydrogen plasma with a density

1021 m� 3 and a temperature 5 eV. The solar corona has a density

1016 m� 3 and a temperature 200 eV [14]. . . . . . . . . . . . . . . . 16

3.1 MRTI observation. The image shows the MRTI in a time series

images ofN2 plasma loop evolution. The table shows comparison

between the observed growth rate and the calculated growth rate from

the MRTI theory and comparison between the observed acceleration

and the calculated acceleration from hoop force theory. . . . . . . . . 20

3.2 MRTI dependence on axial magnetic �eld. (a) Time series images

of N2 plasma loop evolution (upper shot# 7385 and+1 = 30 V, lower

shot# 7281 and+1 = 60 V). (b) Plot of the wavelength of the MRTI

versus di�erent bias voltage. (c) Plot ofBversus+2
1 (each data point

is from 10 shots and the error bar represents the spread over these

shots). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.3 Comparison with the MRTI theory under cylinder geometry. (a)

G� andW� versusU with � 2 = 3•77. (b - f) Comparison between the

observed growth rate and the calculated growth rate from the MRTI

theory under cylindrical geometry (each data point is from 10 shots

and the error bar represents the spread over these shots). . . . . . . . 22

3.4 Comparison with solar observation. The image shows the MRTI

in a quiescent prominence observed on 2007 August 8th 20:01:22 and

20:02:24 UT in the HU line from HINODE Solar Optical Telescope

[44]. The table shows dimensionless scaling of the experiment to

solar prominences. . . . . . . . . . . . . . . . . . . . . . . . . . . . 25



xiii

4.1 Time series images of experimental plasma loop evolution and X-

ray and voltage measurements(a) A two-strand braided structure is

observed in a time series images of hydrogen plasma loop evolution.

With the expansion of the plasma loop, a kink instability occurs near

the top of the loop. It chokes the strand radius down and breaks the

strand at later time. A local hard X-ray burst is observed from the

boxed regions in frames 7 and 8. The uncertainty in the origin of the

X-rays is due to the size of the pinhole and the spread of the signal on

the camera. Image is false colored. (b) A 1-D X-ray `movie' of the

solar loop plasma. A localized X-ray source is observed from pixels

20-30 at around 3.6̀s. (c) A line out of the PMT traces is shown.

(d) The voltage across the electrode. Just prior to the X-ray burst, a

transient voltage spike appears across the electrodes. . . . . . . . . . 28

4.2 X-ray energy measurements.(a) A schematic diagram of the foil

array placed in front of the scintillators of the X-ray detector. The

foils arranged along the detector have either no additional foils (i.e.,

a control measurement), 36, 72, or 108 micron thick aluminum foils.

(b) The NIST values of the attenuation length of X-rays of di�erent

energy through aluminum. The K-shell peak transmission window

around 1.5 keV can be ignored because the polyimide window has a

transmission fraction ofŸ 1 � 10� 6 for photon energies less than 2

keV, and the transmission fraction of the air between the window and

the detector surface has a transmission fraction less than 0.01. (c)

An example of the energy measurement. (d) An example line out of

the measured signal. Gray bands indicate the �lter placement, with

darker bands indicating a thicker layer. . . . . . . . . . . . . . . . . . 31



xiv

4.3 Solar loop experiment circuit simulation. (a) Experiment circuit

diagram. The plasma part of the circuit is represented as an inductor

and a time-dependent resistor. The plasma inductance is assumed to

be 50 nH, which is obtained by simplifying the plasma loop as a half

circle loop of wire with 5 cm loop major radius and 1 cm minor (wire)

radius. The voltage and current spikes are both peak functions, so

the corresponding resistance change is presumed to be also a peak

function. We use Gaussian function' ?;0B<0 = ' 0 exp¹� 0¹C� C0º2º

to represent the transient change of the plasma resistance where' 0

is the peak resistance value, andC0 is the resistance peak time, and

0 is related to the full width at half maximum (FWHM). They are

chosen according to the relative voltage spike amplitude, voltage peak

time and the voltage spike FWHM. In the simulation,' 0 = 0•4 
 ,

C0 = 3•65 ` s and0 = 5 ` s� 2 are used. The corresponding plasma

resistance is plotted in (b). (c, d) Voltage and current measurement

from experiment Shot# 9258. As shown in (a), the voltage measured

in (c) is the voltage across the plasma part and an extra inductor. We

also measured the voltage across the plasma part by connecting two

voltage probes directly to the top electrode and bottom electrode and

then subtracting the two voltages. The voltage trace across the plasma

is similar but has a several kV larger voltage spike compared with

(c). (e, f) Voltage and current curves from the simulation. Voltage

and current spikes similar to the experimentally observed spikes are

reproduced by the transient resistance increase. . . . . . . . . . . . . 32

4.4 Magnetic Rayleigh Taylor instability observation. A four-strand

braided structure is shown in time series images of hydrogen plasma

loop evolution. With the expansion of the plasma loop, a magnetic

Rayleigh Taylor instability occurs on the loop and plays the same role

as a kink instability to choke the strand radius down and break the

strand at later time. . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.5 Two experimental nano�are events.(a) The image shows a braided

structure of 2 strands in a time series images of hydrogen plasma loop

evolution. (b) X-ray traces are shown. They show two separate X-ray

bursts. (c) The voltage across the electrodes. Just prior two separate

X-ray bursts, two separate voltage spikes are measured. . . . . . . . . 34



xv

4.1 Plasma parameters of Caltech experiment and scaling to solar

corona. Typical values of the experiment (left column) are scaled

according to the MHD scaling described in the text. The scaled

values (center column) are in good agreement with approximate val-

ues for the solar corona (right column). This close correspondence

indicates magnetohydrodynamic similarity between the two systems

and the relevance of the experimental parameter regime to that of the

solar corona. The experiment plasma has a density1021 m� 3 and

a temperature 5 eV. The solar corona has a density1016 m� 3 and a

temperature 200 eV [14]. . . . . . . . . . . . . . . . . . . . . . . . 35

4.5 Comparison between solar observation and experimental obser-

vation. (a-c) SDO/AIA 171 (T� 0.6 MK) Å EUV images showing

the development of kink instability, associated CME, and �are which

occurred in active region NOAA 11163 on 2011 February 24. (d-

f) Experimental images showing the similar process as (a-c). (g)

RHESSI hard X-ray �ux pro�les (12�25 and 25�50 keV). Hard X-ray

bursts are observed during the process. (h) hard X-ray signals ob-

served in the experiment associated with this process. (a, b, c, g) are

reproduced by permission of the AAS [68]. . . . . . . . . . . . . . . 37

5.1 A thought experiment on the interaction between two helically

braided current wires under di�erent angular wavenumbers. The

: = 0 corresponds to two parallel current wires. They attract each

other. The: = 1 corresponds to tightly coiled solenoids. The two

helical wires repel each other. As the physics should be continuous,

there must be a: = : 4@as presented in the middle with a zero

interaction force. This corresponds to the equilibrium state. . . . . . 41

5.2 Equlibrium of two helically braided current wires. (a) �5G versus
�: under �1 = 0•5. �5G = 0 corresponds to the equilibrium state, and

: 4@=0.685. (b) The equilibrium axial wavenumber�: 4@versus minor

radius�1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46



xvi

5.3 Braided double helix equilibrium with �1 = 0•5 and �: 4@= 0•685.

(a) The equilibrium diagram with two braiding current wires. Two

colors are used to distinguish the two wires but they are the same.

The physical quantities on the�I = 0 plane are plotted in (b-e). (b)

The axial current density�� I = � I • � I 0 distribution. Uniform axial cur-

rent distributes inside of the cross-section (c) The azimuthal current

density �� \ = � \ • � I 0 distribution. (d) TheG� Hdirection magnetic
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C h a p t e r 1

INTRODUCTION

1.1 Plasma Universe

Plasma is often referred to as the fourth state of matter, alongside solids, liquids,

and gases. It is a state of matter in which atoms or molecules are ionized, meaning

they have lost or gained electrons, resulting in a mixture of positively charged ions

and free electrons. This ionized state gives plasma unique properties, such as the

ability to conduct electricity, respond to electric and magnetic �elds, and exhibit

complex collective behavior. Figure 1.1 shows typical plasmas and their parameters

of number density and temperature.

Figure 1.1: Characteristics of typical plasmas. This visual tool illustrates the
relative positions of various scienti�c and natural plasmas based on their number
density= and temperature) . Credit: Contemporary Physics Education Project.
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Understanding and controlling plasmas is essential in various �elds, including fusion

energy research, space science, astrophysics, and materials science. Plasma physics

is the branch of physics that studies the behavior, properties, and applications of

plasmas.

1.2 Plasma Dynamics Models

In plasma dynamics, three main models are commonly used: Vlasov theory, two-

�uid theory, and magnetohydrodynamics (MHD). Each model o�ers a di�erent

level of detail and complexity in describing plasma behavior. A comprehensive

discussion of plasma physics can be found in the book,Fundamentals of Plasma

Physicsby Paul M. Bellan [1].

Kinetic Description

The Vlasov theory is a kinetic modeling approach. It is the most detailed and char-

acterizes plasma dynamics. Rather than studying the evolution of every individual

particle, the Vlasov model follows the temporal evolution of particle distribution

functions 5¹x–v– Cº. Given the acceleration of the particlesa, we can describe the

evolution of 5¹x–v– Cº using the Vlasov equation

m 5
mC

¸ v �
m 5
mx

¸ a �
m 5
mv

= 0• (1.1)

Typically, the acceleration is from the Lorentz force witha = @
< ¹E ¸ v � Bº.

Two-Fluid Description

By taking the integral of the distribution function and various degrees of the velocity,

the averaged �uid description is derived. Fluid description considers the evolution

of �uid quantities of every speciesf , density=f ¹x– Cº =
¯

5f ¹x–v– Cº 3v, mean

velocity uf ¹x– Cº =
¯

v 5f ¹x–v– Cº 3v on space. A set of partial di�erential equa-

tions governing these mean quantities is obtained by integrating various degrees of

velocity with the Vlasov equation and a collision operator.

Continuity Equation
m=f
mC

¸ r � ¹=f uf º = 0 (1.2)

Equation of Motion

=f < f
3uf

3C
= =f @f ¹E ¸ uf � Bº � r %f � RfU (1.3)

where%f is the pressure, andRfU is the collision force between �uid speciesf and

U.
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The �uid model is obtained through the integration over velocity space, resulting in

the loss of detailed information regarding the velocity distribution function.

MHD Description

Particle motion in the two-�uid system is described by the mean quantities of indi-

vidual species. The MHD model couples together the mean quantities of di�erent

species and approximates the plasma as a single, �nite-pressure, electrically con-

ducting �uid. De�ning d =
Í

f
< f =f , U = 1

d
Í

f
< f =f uf , J =

Í

f
=f @f uf , and

%=
Í

f
%f , the following are the derived MHD equations:

Continuity Equation
md
mC

¸ r � ¹dUº = 0 (1.4)

Equation of Motion

d
3U
3C

= �r %¸
1
` 0

¹r � Bº � B (1.5)

Induction Equation
mB
mC

= r � ¹u � Bº (1.6)

Equation of State
m%
mC

¸ * � r %¸ W%r � * = 0– (1.7)

MHD works for large scale plasma phenomena. It is valid for phenomena with a

length scale larger than the ion skin depth and the ion cyclotron radius and a time

scale longer than the ion cyclotron periods.

An important dimensionless parameter is

V =
%

� 2
�

2` 0
– (1.8)

which is the ratio between the plasma pressure and magnetic pressure. In general,

whenVis much less than 1 (V � 1), the magnetic �eld dominates over the plasma

pressure, and the plasma is said to be magnetically dominated. Conversely, whenV

is much greater than 1 (V � 1), the plasma pressure dominates over the magnetic

pressure, and the plasma is said to be pressure dominated.

There is no intrinsic physical scale inside of the MHD equations. The scaling allows

for three free transformation parameters01, 02, 03 following invariant transforma-

tions: ! •01 ! ! 0, d0•02 ! d0, � 0
� p

03 ! � 0, %0•03 ! %0,
p

02•03E0 ! E0.
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This scaling allows one-to-one correspondence between laboratory and astrophysi-

cal scales [2].

1.3 Solar Physics

Solar physics is the branch of astrophysics that focuses on the study of the Sun, our

nearest star. It encompasses a wide range of phenomena occurring in and around

the Sun, including its structure, dynamics, and in�uence on the solar system and

beyond. Solar physics plays a crucial role in understanding fundamental processes

such as solar particle acceleration, magnetic �eld dynamics, solar activity cycles,

and space weather.

Figure 1.2: Representation of the di�erent layers and features of the Sun.
Credits: Kelvinsong.

The following is a brief introduction to solar structure and terminology.

Sun's structure

The Sun has a radius of 696 Mm and is composed of various layers and an exten-

sive atmosphere. From the center outward, it consists of the core, radiative zone,

convective zone, photosphere, chromosphere, and corona. Each of these layers has

distinct characteristics and plays a crucial role in the Sun's structure and behavior.

Core: At the very center lies the core, where temperatures and pressures are

incredibly high. The core of the Sun extends from the center to about 0.25 solar radii.

Nuclear fusion occurs here, primarily converting hydrogen into helium through

nuclear fusion. This process releases immense amounts of energy, which radiates
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outward.

Radiative Zone: Surrounding the core is the radiative zone from the core out

to about 0.7 solar radii. In this zone, energy generated in the core travels outward

primarily through radiation. Photons generated in the core bounce around, gradually

losing energy as they move toward the surface.

Convection Zone: The Sun's convection zone extends from 0.7 solar radii to near

the surface. Here, energy is transported by the movement of hot plasma, similar to

the way water boils and circulates in a pot on a stove. This convective motion brings

heat to the surface.

Photosphere: The photosphere is the visible surface of the Sun, where most of

the visible light that we see is emitted. It is a relatively thin layer, approximately

0.5 Mm thick, and is optically thick, meaning that light is absorbed and re-emitted

multiple times before escaping into space. The temperature here is around 5,500 K.

Sunspots are occasionally observed on the photosphere as visibly dark patches.

Chromosphere: Chromosphere is 2.5 Mm thick and optically thin layer above

the photosphere. The temperature of the chromosphere increases gradually with

altitude, ranging up to around 20,000 K near the top.

Corona: The outermost layer of the Sun's atmosphere is the corona. It extends

millions of kilometers into space and is much hotter than the surface of the Sun,

reaching temperatures of millions of Kelvin. The corona is visible during total solar

eclipses as a faint, white halo around the Sun.

Solar coronal loop

Solar coronal loops are prominent structures in the Sun's corona, the outermost

layer of its atmosphere, characterized by elongated loops or arcs of hot, glowing

plasma. These loops are formed by the Sun's complex and dynamic magnetic �eld

lines, which extend from the solar surface into the corona. The intense magnetic

�elds present in the Sun's atmosphere guide and con�ne the plasma along these

magnetic �eld lines, giving rise to the loop-like shapes observed. Coronal loops are

often visible in images of the sun taken in extreme ultraviolet or X-ray wavelengths.

These structures can vary in size, from relatively small loops to giant arcs that

span hundreds of thousands of kilometers. Coronal loops are important features for

understanding the sun's magnetic activity and are closely studied by solar physicists

to gain insights into processes such as solar �ares, coronal mass ejections, and solar

wind acceleration.
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Solar �are

A solar �are is a relatively intense, localized emission of electromagnetic radiation

in the Sun's atmosphere generated from magnetic �eld energy release. The elec-

tromagnetic radiation is of a broad spectrum from thermal emissions of extreme

ultraviolet lights to non-thermal emissions of hard X-rays. Energetic particles are

also observed during a solar �are.

1.4 Protoplanetary Accretion Disk

A protoplanetary disk is a structure formed around a young star during the process of

planetary system formation. It consists of gas and dust particles orbiting the central

star in a �attened, disk-like shape. These disks are often observed around young

stars that are still in the process of accumulating material from their surrounding

molecular clouds. Twenty nearby protoplanetary disk observations are shown in

Figure 1.3. The formation of a protoplanetary disk begins with the collapse of a

dense region within a molecular cloud, which eventually gives rise to a young star

surrounded by a disk of leftover material. As the particles within the disk collide and

stick together, they gradually grow in size through a process called accretion. Over

time, these small particles coalesce to form larger objects, such as planetesimals,

which serve as the building blocks for planets.

Protoplanetary disks are typically cold and weakly ionized. They have inner radii

of a few a.u., outer radii of 100 a.u., and poloidal magnetic �elds� 1 milligauss

[5]. Particles in the accretion disk undergo Keplerian motion and gradually accrete

onto the central star. The accretion rates ranges from10� 9 to 10� 7 " � yr� 1 [6].

Bidirectional astrophysical jets are generated from protoplanetary disks as shown in

Figure 1.4. The lifetime of a protoplanetary disk is around a few million years.

Understanding protoplanetary disks is essential for unraveling the mysteries of planet

formation and the diversity of planetary systems observed in the universe.

Two important questions

Two important questions related to the protoplanetary disk have not been solved.

The �rst problem is the angular momentum transport. Particles in the accretion disk

are in Kepler motion. The angular momentum is
p

� " � A. Accretion means the

decrease of the radial distanceA. To maintain the Kepler motion, particles need to

reduce their angular momentum. Consequently, a mechanism is needed to remove

the angular momentum to allow the particles to accrete.
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Figure 1.3: Protoplanetary disks observations.20 nearby protoplanetary disks
observed by Chile's Atacama Large Millimeter/submillimeter Array (ALMA) in
2018 for its Disk Substructures at High Angular Resolution Project (DSHARP).
Credits: ALMA (ESO/NAOJ/NRAO) [3], S. Andrewset al [4]

.

The second problem is on the jet generation. Jets are driven byJ � B magnetic

force, whereJ is the electric current density andB is the magnetic �eld. To sustain

the electric currents required to generate these jets, an energy source is needed to

provide the necessary electrical energy. As the accretion disk is an isolated system,

the electric energy must ultimately come from the gravitational energy released
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during the accretion process. A mechanism is needed to convert gravitational

energy into electrical energy.

Figure 1.4: Jet, disk, and disk atmosphere in the HH 212 protostellar system.
(a) A composite image for the HH 212 jet in di�erent molecules, combining the
images from the Very Large Telescope [7] and ALMA [8�10]. Orange image shows
the dusty envelope+disk mapped with ALMA. (b) A zoom-in to the central dusty
disk. The asterisk marks the position of the protostar. A size scale of our solar system
is shown in the lower right corner for comparison. (c) Atmosphere of the accretion
disk detected with ALMA. In the disk atmosphere, green is for deuterated methanol,
blue for methanethiol, and red for formamide. Credit: ALMA (ESO/NAOJ/NRAO),
Leeet al [8�10]

.

1.5 Laboratory Astrophysics

Laboratory astrophysics is a �eld that aims to simulate and study astrophysical

phenomena and processes in controlled laboratory settings. By recreating extreme

conditions found in space, researchers can gain insights into fundamental physical

processes, test theoretical models, and interpret astronomical observations.

The constraints on observational access, as well as limitations in desired spatial and

temporal resolutions, pose challenges in astrophysical research. Theoretical models
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and simulations are bound by computational constraints, simplifying assumptions,

and achievable parameters. Laboratory experiments o�er a valuable avenue for

exploring con�gurations similar to astrophysical systems on Earth. Notably, both

laboratory experiments and astrophysical systems adhere to the same fundamental

laws of physics and can be described by dimensionless equations. The scalability of

laboratory experiments to real astrophysical systems is a key advantage, providing

insights into phenomena that are challenging to observe directly. Conducting exper-

iments under controlled conditions allows researchers to isolate speci�c variables,

explore parameter space, and gain a deeper understanding of the underlying physics.

Laboratory astrophysics advances our understanding of the universe by bridging the

gap between theoretical models, observational data, and empirical knowledge of

fundamental physical processes.

1.6 Thesis Overview

This dissertation explores experimental and theoretical investigations into two sig-

ni�cant questions: the generation of solar �ares (discussed in Chapters 3, 4, and 5)

and the mechanisms by which accretion disks transport angular momentum and give

rise to astrophysical jets (explored in Chapters 6 and 7). The research conducted

in this dissertation encompasses a diverse array of approaches, including labora-

tory experiments, theoretical modeling, and numerical simulations, each addressing

distinct aspects related to these overarching questions.

How solar �ares are generated

Chapter 3 presents an experimental study of one MHD instability, magnetic Rayleigh

Taylor instability. We observed MRTI developed on a laboratory plasma loop and

showed that MRTI wavelength increases with the increase of background magnetic

�eld strength. This provides a possible explanation of the di�erent observed plume

dynamics in the solar prominences and also points out a possible magnetic �eld

measurement method from the MRTI wavelength.

Chapter 4 covers laboratory-created nano�ares. We replicated the braided feature

of solar coronal loops. Transient, localized 7.6-keV X-ray bursts are observed in

braided magnetic �ux ropes of a 2-eV plasma when the braid strand radius is choked

down to be at the kinetic scale by either MHD kink or magnetic Rayleigh�Taylor

instabilities. This X-ray burst is of nano�are feature with multiple separated ob-

served X-ray bursts observed from multiple strands breaking at di�erent times. This

sequence of observations reveals a cross-scale coupling from MHD to non-MHD
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physics that is likely responsible for generating solar energetic particles and X-ray

bursts.

Chapter 5 presents a helical current wire model to construct the observed braiding

behavior in nature and laboratory. A double helix equilibrium with the net axial

current is derived, which is characteristic of observed solar loops and laboratory-

produced braided magnetic �ux ropes.

How accretion disks transport angular momentum and generate astrophysical

jets

Chapters 6 and 7 shift focus to a new topic: the transport of angular momentum

within accretion disks.

Chapter 6 covers a model of angular momentum transport and jet generation based

only on the collisions between neutrals and charged particles and the basic con-

served quantity canonical angular momentum. Collisions between neutrals and

charged particles cause: (i) ions to move radially inwards, (ii) electrons to move ra-

dially outwards, (iii) neutrals to lose ordinary angular momentum, and (iv) charged

particles to gain canonical angular momentum. Neutrals thus spiral inward due to

their decrease of ordinary angular momentum. Quantitative scaling of the model

using plausible disk density, temperature, and magnetic �eld strength gives an ac-

cretion rate in good agreement with observed accretion rates. This mechanism also

naturally provides a gravitational dynamo process converting gravitational energy

into electric �eld energy that powers astrophysical jets.

Chapter 7 builds upon the model developed in Chapter 6, extending it to a system

characterized by radially free-falling particles. It provides a possible solution for

spinning up an astrophysical system.
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C h a p t e r 2

CALTECH SOLAR LOOP EXPERIMENT

2.1 Experimental Setup

The experimental plasma is generated in a 1.5 m long, 1 m diameter stainless steel

chamber having� 10� 7 torr base pressure. The chamber is considerably larger than

the plasma and simulates a half-in�nite space.

Figure 2.1: Experimental set-up. Plasma loop is created between two copper
electrodes. The electrodes are mounted on the end dome of a 1.0-m-diameter, 1.5-
m-long stainless steel vacuum chamber. Two solenoids are behind the electrodes to
generate an arched magnetic �eld. The capacitor powering the solenoids is charged
to a voltage+1, so the bias magnetic �eld provided by the solenoids can be expressed
as� = U+1, whereUis a constant. De�ne a Cartesian coordinate system, as shown,
with origin at the midpoint between electrodes,I along the vertical direction relative
to electrode plane, andHalong the line between the two electrode centers. Diagnostic
devices include a visible-light fast framing camera, a gated linear spectroscopic array
with a 1-ms time resolution, a 128-channel X-ray scintillators detector array, a high
voltage probe Tektronix P6015 measuring the voltage across the two electrodes, a
Rogowski coil measuring the current �owing through the plasma loop, and magnetic
�eld probes measuring the magnetic �eld.
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