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Abstract

In plasmas, generated by a laser in a magnetic field, the interplay between heat

flow and magnetic fields determines the plasma dynamics. Thermal gradients can

advect magnetic fields, while magnetic fields limit thermal conduction. Extended-

magnetohydrodynamics (MHD) simulations with the code HYDRA in three and two

spatial dimensions are presented for a variety of magnetized plasma experiments and

are able to explain phenomena that are produced by coupling laser energy to magne-

tized plasmas. In simulations that model various laser plasmas in magnetic fields, the

plasma parameters β (magnetic) and χ (Hall parameter) cover a broad range being both

larger and smaller than unity. It is shown that simulation results can vary depending on

the terms included in Ohm’s law as well as the set of transport coefficients used. This

thesis focuses on three configurations of magnetized laser-generated plasma where the

magnetic field is parallel to laser propagation, perpendicular to laser propagation, and

in a radially converging geometry. Laser ablation from surfaces above critical density

for laser light shows the formation of localized plasma structures such as jets and discs

in the plasma. In laser-driven magnetized liner inertial confinement fusion (MagLIF)

experiments at OMEGA, a laser is used to preheat the under-dense fuel before the

cylindrical converging implosion. Simulations show how the dynamics associated with

magnetized transport can have a direct effect on neutron yield and bangtime tempera-

tures in OMEGA MagLIF experiments.
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1 Introduction

Real-world plasmas often exist in a magnetic field, that helps to maintain and con-

fine the plasma. Strong magnetic fields can play a pivotal role in the dynamics of a

plasma [1, 2]. Understanding the interactions in these plasmas is important for many

areas of plasma physics ranging from basic and applied plasma physics to astrophysics,

controlled fusion, laser and Z-pinch studies on high energy density (HED) plasma

[3, 4, 5, 6, 7, 8]. Understanding plasma dynamics and transport in laser-generated

plasmas in strong external fields has become an important area of research in iner-

tial confinement fusion (ICF) after the demonstration of fusion yield enhancement in

laser driven implosions [9]. Spherical implosions on the OMEGA Laser facility at the

Laboratory for Laser energetics with an external magnetic field saw yield increases of

15%-30%. The seed magnetic field which was applied by external coil had been shown

to experience flux compression [2] which would bring field strengths from the kilogauss

(kG) regime into the megagauss (MG) regime.

Flux compression can be explained via ideal magnetohydrodynamics (ideal MHD).

Perhaps the simplest description of magnetized plasma in ideal MHD is that the field

lines are ”frozen” into the density of the plasma. As plasma flows or compresses the

magnetic field follows. Fig 1.1 is a cartoon of flux compression in a converging cylin-

drical target. The process is similar to a spherical target, just with different field bending

because of the geometry. Flux compression is a phenomenon seen in implosions and
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Figure 1.1: Schematic of flux compression in a converging cylindrical target filled with

magnetized plasma. The target shell converges and raises the density of the plasma,

and the field lines follow and compress the magnetic field increasing the magnetic field

strength.

HED experiments, however ideal MHD is usually lacking in the ability to accurately

model plasma dynamics in these regimes. In Chapter 2 the theory of magnetized plasma

dynamics will be further expanded upon.

There are currently three active experimental platforms studying magnetized ICF,

and another in development that use lasers and external magnetic fields together hoping

to also benefit from field compressing in implosions. At Sandia National Laboratories

scaling of the magnetized liner inertial fusion (MagLIF) concept has had promising re-

sults [10, 11]. The system uses pulsed power current to drive the implosion via j×B

force, here J is the current density and B the magnetic field, a background axial mag-

netic field, and a laser to heat the fuel before the implosion. A scaled-down platform

called mini-MagLIF was developed and extensively driven by the OMEGA laser sys-
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tem at the Laboratory for Laser Energetics to study various effects in MagLIF [12].

Mini-MagLIF is a laser-driven MagLIF target, with an axial magnetic field, preheated

by laser. An advantage of mini-MagLIF is the relatively high shot rate that allows for a

more broad range of study. Chapter 6 will further detail the ongoing efforts in MagLIF

along with work in mini-MagLIF.

Recent work from Lawrence Livermore National Laboratory showed that by in-

creasing the initial seed field to 60 T(0.6 MG), the compressed field in National Ignition

Facility (NIF) implosions can reach hundreds of megagauss, reduce heat losses, and

even confine the alpha particles [13]. An ongoing campaign is now focused on using

magnetized hohlraums in indirect drive ICF, and the plan is to eventually have mag-

netized T-layered cryotargets [14]. There is even some suggestion that self-generated

fields were important in the ignition shot at NIF, where Raleigh-Taylor growth of spike

structures may have generated a strong enough magnetic field to aid in limiting heat

conduction losses [15, 16]. While currently an unverified theory it does point to the

need to further understand plasma dynamics in magnetized plasmas.

Another platform currently in development by Los Alamos National laboratories

is the plasma jet-driven magneto-inertial fusion (PJMIF), which uses colliding magne-

tized hypersonic jets to form a hot spot and a liner for an implosion. Here laser coupling

has been suggested as a way to generate a background magnetic field to the implosion

[17]. The jets themselves are collimated magnetized plasma however they won’t be

able to carry much of the magnetic field into the system as the hot spot forms. Laser

coupling to plasmas has been predicted to be able to generate magnetic fields via reso-

nantly accelerated thermal electrons by beat waves of two lasers at different frequencies

both near the plasma frequency [18]. Even if field lines are not closed and chaotic the

intent is that enough field lines will be in a configuration that will still undergo field

compression.

For effective alpha particle confinement, the compressed B-field needs to be so large

that the thermal and magnetic pressures become comparable. All the ICF concepts
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mentioned are run on user facilities with a limited number of shots that can be taken.

Depending on geometry the concepts can have various magnetohydrodynamic effects

in different regions or stages of the implosion. Results from these large campaigns can

be so multifaceted that specific effects are not always clear. Simple university scale ex-

periments that can still access the parameter regime magnetized laser plasmas become

important in understanding concepts that are playing a role in the plasma dynamics.

To that end experiments of laser-generated plasmas in strong external magnetic fields

were carried out at the University of Nevada, Reno [19, 20] on Zebra. It is a 1 MA

pulsed power machine that can be coupled with the 1.06 µm Leopard laser that can

shoot in either short pulse (sub-picosecond) or long pulse (nanosecond) configuration.

Experimentalists vary the geometry of targets and coils to study magnetized transport of

plasma in conditions that are relevant to magnetized ICF. Modeling these experiments

can lead to a broader understanding of plasma dynamics and transport.
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2 Theoretical Background

This chapter will delve into the theoretical background that is important for the dynam-

ics of laser-generated plasmas as well as the effect magnetization has on the transport

of the plasma. The first section describes the coupling of laser light to plasma and laser

ablation. The following two sections describe plasma modeling in extended MHD.

2.1 Coupling of Laser Light to Plasma

A laser can couple energy into plasmas through a variety of available mechanisms de-

pending on the plasma density and laser properties. The preferred, and usually domi-

nant mechanism for fusion drivers is through inverse Bremsstrahlung absorption [21].

Inverse Bremsstrahlung absorption occurs when photons of the laser are absorbed as

an electron collides with either an electron or ion. This allows for energy to thermal-

ize locally, unlike other parametric and resonance absorption mechanisms which can

produce suprathermal electrons. An important parameter in determining absorption

mechanisms is the critical density nc [21].

nc =
πmec2

e2λ 2
L

=
1.1×1021

λ 2
L

cm−3 (2.1)

where λL is the laser wavelength given here in µm. Laser light can only propagate up

to the critical density. Laser absorption in the region in the region bellow the critical
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Figure 2.1: A schematic detailing the general structure and regions in the one-

dimensional model of laser ablation where nc is the critical density.

density leads to the formation of an ablation front in the region above the critical den-

sity, that is driven by the ejection of mass away from the target surface. In the region

where the density is below the critical density, resonant and parametric absorption (due

to laser-plasma interactions LPI) can siphon energy away before reaching the critical

density. The calculation of the energy deposited through collisional absorption revolves

around solving for the wave vector k in the local dispersion relation [22].

k2c2

ω2 = ε(x)− sin2
θ (2.2)

where c is the speed of light, ω is the frequency, ε(x) is the dielectric function as a

function of an arbitrary spatial coordinate along the axis of propagation and θ the angle

of incidence. In the WKB approximation, the energy decay rate δ of the laser light

wave (and collisional deposition into the plasma) and the fractional absorption fA are

δ = 2Im
∫

k(x)dx (2.3)

fA = 1− exp(−2δ ) (2.4)

In laser ablation from a target whose surface has a gradient in density, and the

maximum density is higher than the critical density typically has the structure shown

in Figure 2.1. The region between the ablation front and critical density surface is
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known as the conduction layer. In the conduction region, the transport of heat from the

critical surface is dependent on the electron heat conduction to the ablation front. A

simple relation for the thickness of the conduction layer can be calculated with some

assumptions. Assume stationary flow in a simple planar geometry, and Spitzer heat

conduction q =−κ0T
5
2 dT

dx where κ0 [21] is the heat conduction coefficient. We take the

form of the hydrodynamic energy flux equation [21].

(esp + pV + ek)ρu+q≈ 0 (2.5)

where esp is the specific energy, p the plasma pressure, V specific volume, ρ density, ek

the kinetic energy, and u the fluid velocity of the plasma. We ignore any flux beyond the

ablation front and take the kinetic energy term to be negligible at the ablation front. In

laser ablation, we can take relations in the deflagration limit(ρc < ρ0) where the density

in the shock front is higher than the initial density of the material. Specifically, we take

the Chapman-Jouget deflagration limit [23] which allows for,

IL = 4ρcc3
T (2.6)

where IL is the laser intensity ρc is the critical mass density, and cT is the isothermal

sound speed which is related to the temperature by c2
T = ΓT where Γ == Ze2/akBT

is the plasma parameter defined with the atomic number Z, the electron charge e, the

Boltzmann constant kB, and the average inter-particle distance a. We can relate the

temperature at the critical surface (the critical temperature) to the laser intensity by,

Tc =
I

2
3
L

(4ρc)
2
3 Γ

(2.7)

We take the enthalpy as e+ pV = 5
2ΓT , and use mass conservation ρu = ρc(ΓTc)

1
2 Eq.

2.2, becomes,

κ0T
5
2

dT
dx

=
5
2

ΓT ρc(ΓTc)
1/2 (2.8)

We integrate and solve for the relation of the temperature to the distance x

T (x) = Tc

(
1− 25

4
ρc(ΓTc)

3/2

κ0T 7/2
c

x

)2/5

(2.9)
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we can then express the thickness of the conduction layer as,

xa =
4κ0

25ρcΓ3/2Tc
(2.10)

The heat conduction in the plasma has a direct effect on the thickness of the conduction

layer in this simple one-dimensional exercise. In reality, the coronal plasma will not

generally be isothermal and temperature will drop as we move further out in the coronal

plasma. In magnetized plasmas heat conduction perpendicular to the magnetic field

lines is limited and leads to various effects that we seek to model and understand.

The ablation plasma is generally thought of as isotropic, Fig. 2.2 shows a simple,

schematic of what happens when introducing a magnetic field to laser ablation. Laser

ablation from a target would form a symmetrical blow-off plasma from ablation mov-

ing isotropically away from the laser spot. Introducing a magnetic field limits flow in

directions perpendicular to the flow. The plasma blow-off structure is collimated by

fields that are parallel to propagation. This is a simple picture meant as a precursor to

the effects that will be presented in this thesis.

2.2 Modeling of Plasmas in Magnetic Fields

Magnetization breaks the general isotropy in plasmas, causing heat flux to become

dependent on its direction related to the magnetic field lines. In unmagnetized plasmas

the transport of heat is mediated by Coulomb collisions of electrons whose range is

quantified by the electron mean-free path λm f p = vTe/νe where vTe =
√

kTe/me is the

electron thermal velocity, and νe is the electron collision frequency. In an unmagnetized

plasma, thermal electrons travel the mean-free path between collisions in any direction.

In a magnetized plasma the electrons moving perpendicular to the magnetic field will

undergo helical orbits with the Larmor radius rL = vTe/ωe with gyro-frequency ωe =

eB
mec . Particle paths now depend on the direction, and heat flux is limited in the direction

perpendicular to the magnetic field.
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Figure 2.2: A schematic of how magnetic field would affect plasma flow from ablation

depending on the field orientation. Flow perpendicular to the magnetic field is limited

and changes the structure of the plasma.
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In order to model magnetized plasmas, most models follow the derivation of mag-

netohydrodynamics (MHD) using the Braginskii formulation [24]. The hydrodynamic

description of a plasma comes from taking moments of the Boltzmann equation func-

tion for the distribution function fa(⃗r, t, v⃗) of species a.

∂ fa

∂ t
+ v⃗ ·∇ fa +

F⃗a

ma
·∇v fa =Ca (2.11)

Here Ca is the collision operator for species a which gives the change in the distribution

function due to collisions per unit time, the particle velocity vector v⃗, and ∇v the ve-

locity gradient operator. With the electromagnetic force F⃗a = ea

(
E⃗ + v⃗× B⃗

)
, Eq. 2.11

governs the evolution of the distribution function for the kinetic model. The hydrody-

namic description simplifies the equation by assuming a Maxwellian distribution,

f 0
a (⃗r, t, v⃗) =

n

(2πT/m)3/2 e−
m
2T (⃗v−V⃗ )2

(2.12)

with temperature T , density n, and bulk velocity V⃗ . In the Braginskii formulation, the

plasma state is treated as close to Maxwellian with a correction, fa = f 0
a + f 1

a , where

the correction to the distribution function determines the transport coefficients. The

following relations are introduced based on the average ⟨A⟩=
∫

A f 0
a d⃗v

na(⃗r, t) =
∫

fad⃗v (2.13)

V⃗a(⃗r, t) =
1
na

∫
v⃗ fad⃗v (2.14)

Ta(⃗r, t) =
ma

3na

∫ (⃗
v−V⃗a

)2
fad⃗v (2.15)

←→p = ma

∫ (⃗
v−V⃗a

)
⊗
(⃗

v−V⃗a

)
fad⃗v (2.16)

R⃗ =
∫

ma

(⃗
v−V⃗a

)
Cad⃗v (2.17)

q⃗ =
∫ ma

2

[(⃗
v−V⃗a

)2
]

v⃗ fad⃗v (2.18)

Q =
∫ ma

2

[(⃗
v−V⃗a

)2
]

Cad⃗v (2.19)

where←→p is the pressure tensor, whose diagonal trace contains the scalar pressure in the

isotropic case p = naT , q is the heat flux density, and Q is the heat generated by particle
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collisions with other species. After using the moments of Eq. 2.11 with relations 2.13-

2.19 for electrons and ions, the continuity equation, equation of motion and the heat

balance equation are.

∂ne

∂ t
+∇ · (neV⃗e) = 0 (2.20)

∂ni

∂ t
+∇ · (niV⃗i) = 0 (2.21)

mene

(
∂V⃗e

∂ t
+V⃗e∇ ·V⃗e

)
=−∇ ·←→pe − ene

(
E⃗ +

1
c

V⃗e× B⃗
)
+ R⃗ (2.22)

mini

(
∂V⃗i

∂ t
+V⃗i∇ ·V⃗i

)
=−∇ ·←→pi +Zeni

(
E⃗ +

1
c

V⃗i× B⃗
)
− R⃗ (2.23)

3
2

ne

(
∂Te

∂ t
+V⃗e ·∇Te

)
=−∇q⃗e− (←→pe ·∇) ·V⃗e +Qe (2.24)

3
2

ni

(
∂Ti

∂ t
+V⃗i ·∇Ti

)
=−∇q⃗i− (←→pi ·∇) ·V⃗i +Qi (2.25)

The hydrodynamic single fluid equations can be attained by neglecting the electron

inertial mass ρ = mini and defining the bulk velocity to be the ion velocity V⃗ = V⃗i. We

introduce the charge density that can be written as ρe = e(Zni− ne) and the current

density as j⃗ = ρeV⃗ − en⃗u where u⃗ = V⃗e−V⃗i. Then the Eqs. 2.20 and 2.21 become.

∂ρ

∂ t
+∇ · (ρV⃗ ) = 0 (2.26)

∂ρe

∂ t
+∇ · j⃗ = 0 (2.27)

Using quasi-neutrality (taking the plasma as macroscopically charge neutral) one ob-

tains Zni = ne so j⃗ = −ene⃗u. The expressions for Maxwell’s equations are simplified

to

∇ · j⃗ = 0 (2.28)

∇× E⃗ =−1
c

∂ B⃗
∂ t

(2.29)

∇× B⃗ =
4π

c
j⃗ (2.30)

∇ · B⃗ = 0 (2.31)
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We can combine the electron and ion equations for a single equation of motion

ρ

(
∂V⃗
∂ t

+V⃗ ∇ ·V⃗

)
=−∇ ·←→p +

1
c

j⃗× B⃗+Frem, (2.32)

where the quantity Frem contains external forces. The force of the magnetic field acting

on the plasma is contained in the second term of Eq. 2.32 on the RHS. Using Eq. 2.30

it can be seen that the term j⃗× B⃗ breaks down into two parts,

j⃗× B⃗
c

=
(B⃗ ·∇)B⃗

4π
−∇

(
B2

8π

)
(2.33)

the first term on the RHS is attributed to the tension in magnetic field lines, and the

second term contains the magnetic field pressure in the plasma. Modeling of plasma

dynamics in a magnetic field includes both the magnetic field and thermal motion. The

relative role of the magnetic and thermal effects is characterized by the parameter mag-

netic plasma β = (nkT )/
(
B2/8π

)
that is equal to the ratio of the thermal to magnetic

pressure.

Ignoring the electron inertia in 2.22 also allows for a generalized relation for Ohm’s

Law,

E =− 1
ene

∇ ·←→pe −
1
c

V × B⃗+
1

(cene)
j⃗× B⃗− 1

ene
R⃗ (2.34)

The magnetic field dynamics in the plasma are determined by 2.34 and 2.29. The

continuity Eqs. 2.26 and 2.27, modified Maxwell’s Eqs. 2.28-2.31, the equation of

motion 2.32, Ohm’s law 2.34 and the heat balance equations for electron and ions 2.24

and 2.25 form a complete closed set of equations.

2.3 Heat Transport in Plasmas

Heat flux in plasmas is obtained using corrections to the Maxwellian distribution, and

is connected to quantities such as the current density and the thermal gradients of the
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plasma by transport coefficients. They are present in the quantities q⃗, Qe, and R⃗, where

heat transferred through collisions can be taken in the ion frame of reference so that:

Qi = Q∆ ≈
ne

τe

2me

mi

3
2
(Te−Ti) (2.35)

Qe = R⃗ · u⃗−Q∆. (2.36)

The force from collisions is separated into two parts the frictional force from collisions

R⃗u and the thermal force from collisions R⃗T .

R⃗ = R⃗u + R⃗T =
1

nee
←→
α · j⃗−

←→
β ·∇Te (2.37)

Here ←→α and
←→
β are the transport tensors represented generally as ←→ψ that act on an

arbitrary vector quantity s⃗ in the following manner

←→
ψ · s⃗ = ψ∥⃗b

(⃗
b · s⃗
)
+ψ⊥⃗b× (⃗s× b⃗)±ψ∧⃗b× s⃗ (2.38)

where b⃗ = B⃗/
∣∣∣B⃗∣∣∣, and ψ∥, ψ⊥, and ψ∧ are elements of the tensor←→ψ and the subscripts

are related to direction parallel to the field ∥, perpendicular to the field ⊥, and the

direction perpendicular to both the field and s⃗ ∧. The transport tensors
←→
β and←→κ use

the positive sign in Eq. 2.38 and←→α and
←→
κ i use the negative sign of in Eq. 2.38. The

heat flux for electrons and ions are defined also using Braginskii tensors

q⃗i =−
←→
κ

i ·∇Ti (2.39)

q⃗e =−←→κ ·∇Te−
Te

nee
←→
β · j⃗ (2.40)

Transport coefficients are themselves ratios of polynomials of the electron Hall param-

eter χ = ωe/νe for←→κ ,
←→
β , ←→α , and the ion Hall parameter for

←→
κ i . The transport and

generation of a magnetic field can be described by combining Eqs. 2.29, 2.34, and 2.37.

∂ B⃗
∂ t

=−c∇×
[
−1

c
V × B⃗+

1
(cene)

j⃗× B⃗− 1
ene

∇ ·←→pe

+
1

ene

(
1

nee
←→
α · j⃗−

←→
β ·∇Te

)]
(2.41)
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The transport tensor ←→α is sometimes re-defined as ←→η = 1
(nee)2

←→
α . In the context of

applying magnetic fields that limit heat conduction, the equation of magnetic field trans-

port 2.41 and heat flux 2.40 and 2.39 are pivotal in understanding the interplay between

thermal effects and the magnetic field effects.

The first term on the RHS of Eq. 2.41 is the induction term. Without the other

terms, Eq. 2.41 reduces to the ideal MHD Ohm’s Law [25] leading to the frozen-in-

field condition where the magnetic field lines are ”frozen in place” to the bulk plasma

motion. The second and third terms in Eq. 2.41 are known as the finite ion-Larmor

radius terms and are, respectively, the Hall term and the Biermann battery term. The

last two terms in Eq. 2.41 are the resistivity and thermal force terms. A brief review of

the meaning of each term is provided below.

2.3.1 Induction Term

The induction term of Ohm’s Law has the form

R⃗i = ∇×
(

V⃗ × B⃗
)
. (2.42)

which describes how the magnetic field lines move with the plasma known as the frozen

field regime used in ideal MHD. In this regime, the magnetic field lines are tied to the

fluid particles of the plasma [25]. Dynamics of the plasma motion can strengthen,

weaken, or change the direction of the magnetic field by compression, expansion, or

curvature.

2.3.2 Hall Term

The Hall term arises from the currents moving perpendicular to the magnetic field,

including the contribution from the resistivity tensor as follows:

R⃗H =
1

ene
∇×

(
j⃗× B⃗

)
+ c∇×

(
η∧
|B|

j⃗× B⃗
)

(2.43)
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Eq. 2.43 has been shown to be essential to accurately model magnetic reconnection in

astrophysical plasmas [26].

2.3.3 Biermann Battery Term

The Biermann battery term is proportional to the electron pressure gradient and leads

to the generation of magnetic fields in laser-generated plasmas even in the absence of

an external magnetic field:

R⃗B = c∇×
(

∇Pe

nee

)
. (2.44)

The fields are generated by the laser interacting with plasma when temperature and

density gradients are not aligned [27, 28]:

B⃗BB ∼ (∇Te×∇ne) (2.45)

2.3.4 Diffusive (Resistive) Term

The diffusive term (also known as the resistive term) allows the magnetic fields to dif-

fuse through the plasma. The resistive tensor acts on the current density of the plasma.

and the diffusive term has the form:

R⃗
′
u =−c∇×

(
η∥ j⃗∥+η⊥ j⃗⊥−η∧⃗b× j⃗

)
. (2.46)

The form of Eq. 2.46 is defined by the term in Eq. 2.41, that is proportional to the

convolution of the tensor ←→η and vector j⃗, here we take j⃗∥ = b⃗ ·
(⃗

b · j⃗
)

is the vector

parallel to magnetic field, j⃗⊥ = b⃗×
(

j⃗× b⃗
)

is the vector perpendicular to the magnetic

field, and the third vector is perpendicular to both b⃗ and j⃗. The coefficients η∥, η⊥, and

η∧ characterize transport the last term on the RHS from Eq. 2.46 is sometimes included

as part of the Hall term since it exhibits the same form, then the diffusive contribution

is reduced to:

R⃗u =−c∇×
(

η∥ j⃗∥+η⊥ j⃗⊥
)

(2.47)
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2.3.5 Electrothermal Term

The electrothermal terms in Eq. 2.41 include the elements of Braginskii tensors, and

similar to Eq. 2.46, can be written as a sum of three vectors perpendicular to each other:

R⃗T = c∇×
(

β∥
ene

∇∥kTe +
β⊥
ene

∇⊥kTe

+
β∧
ene

b⃗×∇kTe

)
. (2.48)

The electrothermal cross term in Eq. 2.48 is called the Nernst term and has been

shown to have the effect of advecting the magnetic field against the temperature gradi-

ent away out of a hot spot [28, 29]. The other terms in Eq. 2.48 are called the Seebeck

or the cross-gradient Nernst term which can lead to twisting of the field lines:

R⃗T,Nernst = c∇×
[

β∧
ene

(⃗
b×∇kTe

)]
, (2.49)

R⃗T,Seebeck = c∇×
[

1
ene

(
β⊥∇⊥kTe +β∥∇∥kTe

)]
. (2.50)

2.3.6 Electron Heat Conduction Terms

The electron heat conduction terms in Eq.2.40 can be written out by component:

q⃗e,u =−
(

Te

nee

)(
β∥ j∥+β⊥ j⊥+β∧⃗b× j⃗

)
(2.51)

q⃗e,T =−κ∥∇∥Te−κ⊥∇⊥Te−κ∧⃗b×∇Te. (2.52)

Here q⃗e,u is the heat flux due to friction of the collisions, and the term with the co-

efficient β∧ is known as Ettingshausen, q⃗e,T is the heat flux due to energy transfer of

the collisions, and the term with κ⊥ limits heat flux in directions perpendicular to the

magnetic field, the term with κ∧ is the Reghi-Leduc term which can lead to heat flux

perpendicular to the temperature gradient and the magnetic field.
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2.3.7 Transport Coefficient Calculations

The transport coefficients derived by Braginskii [24] were initially calculated for atomic

numbers Z = 1,2,3,4,∞. The coefficients were calculated by taking the Laguerre poly-

nomial expansion of N = 3 of the f1 correction to the Maxwellian. The formalism was

taken as the standard because of its intuitive approach to relating the transport coef-

ficients to temperature gradients and current density [30]. Epperlein and Haines [30]

updated the transport coefficients calculation for atomic numbers Z = 1−60,∞, by ad-

justing coefficients to be in agreement with numerical solutions to the Fokker-Planck

equation. Most notably inaccuracies were found of up to 65% for the coefficients κ⊥,

κ∧, and β∧. The transport coefficients of Epperlein and Haines differ less than 15%

from kinetic simulations but were still calculated for each atomic number.

More recently Ji and Held re-calculated the transport coefficients by geometric ex-

pansion and explicitly as a function of atomic number with an associated error of less

than 1% [31]. Even with the low associated error, the fits lead to unphysical results

specifically an overestimation of cross-field advection [32]. Two groups simultane-

ously reorganized the formulation of field transport so that coefficients were associated

with their physical effects [33, 32].

∂ B⃗
∂ t

=−∇×
α∥

e2n2
e

∇× b⃗+∇× b⃗
(

V⃗B× b⃗
)
+∇×

(
∇P
ene
−

β∥∇Te

e

)
(2.53)

V⃗B =V − γ⊥∇Te− γ∧
(⃗

b×∇Te

)
− j⃗

ene
(1+δ⊥)+

δ∧
ene

(
j⃗× b⃗

)
(2.54)

where the relation to the traditional Braginskii coefficients are

γ⊥ =
β∧
χ

(2.55)

γ∧ =
β∥−β⊥

χ
(2.56)

δ⊥ =
α∧
χ

(2.57)

δ∧ =
α⊥−α∥

χ
(2.58)
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The calculations carried out with both groups were in agreement, and gave more phys-

ical results, specifically with cross-gradient Nernst term leading to less twisting than

Epperlein and Haines coefficients [34]. The following work will have simulations us-

ing various forms of Ohm’s Law and transport coefficients.
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3 Dynamics of an Ablated Plasma in

an External Magnetic Field

Parallel to Laser Propagation: Axis

Symmetric Jet Simulations

This chapter focuses on studying the dynamics of a magnetized jet where the plasma

flows out and the external magnetic field is configured to parallel to the propagation

of the laser generating the plasma. researchers at the University of Nevada, Reno con-

ducted experiments where the laser propagation was parallel to the external magnetic

field on targets. Axis symmetric simulations are compared to data from experiments

and good agreement is found on the propagation of the jet away from the target. The

geometry of the configuration for plasma dynamics in a parallel magnetic field is shown

in Fig. 3.1.

3.1 Magnetized Jets Observed in Experiments

Collimated plasma jets were generated in the laboratory at the University of Nevada,

Reno coupling the Leopard laser and the Zebra pulsed-power machine. Experimental-

ists used a half-turn coil to generate magnetic fields onto CH encased Si targets. Fig.
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Figure 3.1: Image of the half turn coil (a) and schematic of the experiment configuration

(b) used to generate the collimated jets.

3.1 shows the coils used to generate the magnetic fields on the Si foil targets of 10 µm.

The targets were held at the radial center of the coils and then displaced axially from

the coils so diagnostics would not be blocked by the coils. This configuration allows

for the generation of strong magnetic fields in the longitudinal direction parallel to the

propagation of the laser.

In experiments, 0.4 picosecond pulse was used with an on target intensity (2−

5)× 1018 W/cm2. The magnetic field was supplied by a current pulse with a rising

edge of about 80 ns much larger than the timescale of the expansion of the jet. The

magnetic field generated on the target was shown to be in the range of 50-70 T and

falls off away from the target. Fig. 3.2 shows shadowgraphs taken at different stages of

the generation of the jets. While the pulse that generated the jets was a sub-picosecond

pulse, the jet structure was long-lived and can be seen many nanoseconds after the pulse

and expanded millimeters away from the target. The jet itself is comprised of ablation

plasma collimated by the external magnetic field.
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Figure 3.2: Experimental shadowgrams of the experiment at various points of the pulse

(a) a reference shot (b) at 3 ns before the a laser pulse with the pulsed-power machine

generating the magnetic field (c) at 12 ns after the laser pulse. (d) the axial magnetic

field profile [20].
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3.2 Jet Collimation

Simulations were carried out using a cylindrical wedge mesh symmetric about the prop-

agation axis of the jet. The simulation domain a 1 deg wedge with azimuthal symme-

try. The laser energy deposition includes the absorption at the laser turning point in the

plasma (at 50%), where the energy being deposited in the simulations is made to match

that of the experiment. The laser turning point is the point at which the rays modeling

the laser have been completely deflected so that they no longer have a path in the initial

propagation direction. At laser intensities above 1×1018 W/cm2 collisional deposition

is not applicable using the classical theory [35]. Instead, the simulations use intensity at

2×1017 W/cm2 a factor of 10 lower and increase the pulse duration by the same factor.

The intensity used in simulations is below the threshold for relativistic intensities and

the pulse length can be lengthened to match the energy deposited, but it is still much

smaller than the time scale at which measurements were taken. In reality we expect at

such high intensities to have significant suprathermal or hot electrons. Effects of hot

electrons generated at high laser intensity are not included in a code like HYDRA. By

matching energy on target we can approximately account for energy deposition includ-

ing kinetic effects and the modified pulse is still much smaller than the time scales of

interest of the jet.

The magnetic field from the coil is generated by imposed boundary conditions and

has the same spatial profile as the magnetic field in the experiment shown in Fig. 3.2.

The thickness of targets in simulations matches those in experiments. As the plasma

ablates off the target, the magnitude of the magnetic field inside the jet is much lower

than that of the initial external field, while the field at the edges of the jet grows stronger

than the initial field, leading to high magnetic pressure and collimation. The density

is concentrated in the highly magnetized region of the plasma. The density structure

is similar to that seen in past scaled laboratory astronomical experiments [36]. The

dynamics of the magnetic field in the plasma is dominated by resistive MHD. In the
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simulations, the laser pulse is too short for the Biermann battery generated magnetic

fields to influence the jet formation. Simulations including the electrothermal terms in

Ohm’s law, such as Nernst and Seebeck terms, showed only a nominal (approximately

15%) increase in the size of the diamagnetic cavity (cavity where magnetic field has

been advected away) compared to those using only resistive MHD. Due to the induction

term, the magnetic field is compressed at the edges close to the magnetic field envelope

and the field is greatly weakened within the envelope. The magnetic field envelope that

collimates the plasma exists throughout the time evolution of the jet; however, as the

jet propagates, the field diffuses into the envelope until the magnetic fields at the edge

of the envelope and inside the envelope are only marginally lower.

In Fig. 3.3, the jet tip extends to distances comparable to those measured in the

experiments and is compared to hydro simulations when the laser is incident target

without external magnetic fields. In simulations without external magnetic fields, the

plasma expansion is much more limited. At 8.5 ns after the pulse, the jet tip has ex-

tended to 3.6 mm with a fluid velocity of the dense region of the jet tip at (200–400)

km/s. The jet has electron densities of (1019-5×1020) cm−3 and electron temperatures

of (10–100) eV. The plasma jet is a structure with small magnetic plasma β parameter ,

where the magnetic pressure maintains the jet collimated with a width of (0.1–0.2) mm

as it expands in the direction parallel to the magnetic field.

3.3 Comparison of Simulations and Experiments with

Magnetized Jets

In Fig. 3.4, the dashed line indicates the position of the jet tip as a function of time in

simulations. The comparison of the positions of jet tips in simulations and experiments

in Fig. 3.4 shows that HYDRA simulations for magnetized jets are in agreement with

experiments in the range of 4–20 ns. A hybrid fluid-kinetic code would be needed
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Figure 3.3: Plots of electron density plots for different cases of simulation (a) with the

longitudinal magnetic field and (b) without it [20].
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Figure 3.4: Plot of jet tip position versus time in experiments and simulations. The

points correspond to experimental measurements, the dotted line taken from simula-

tions [20].

to reproduce the data more accurately, taking into account hot electron effects from

various LPI thresholds that may have been reached.

Simulation of the magnetized jets were able to capture some key aspects of jet

evolution, namely the expansion of the jet tip at later times. While kinetic effects are

not modeled during the pulse and immediately after, currently there is no experimental

data during this phase. The simulations can capture the collimation of the ablation

plasma, and show jet structure that is qualitatively similar. The propagation of the jet

seems to be more dependent on the magnetic pressure of the convected magnetic field

at the edges of the jet. Ablated plasma moves perpendicular to the laser propagation

and the magnetic field is reversed back towards the center of the target. This generates

the force to propagate the jet. While the specific effect of tip propagation is seemingly

well captured there are many further areas of possible study on this specific platform.

At high intensities key questions on various LPI mechanisms and magnetic field effects

on relativistic laser deposition remain. Specifically, there is a question if the magnetic
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field can affects thresholds for various LPI possible in this regime such as two-plasmon

decay instability[22]. Further studies with a kinetic or hybrid code would be needed to

fully capture aspects that are not modeled in this study.
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4 Dynamics of an Ablated Plasma in

an External Magnetic Field

Perpendicular to Laser

Propagation: Axis Symmetric Disc

Simulations

This chapter focuses on studies of ablation plasma with an external magnetic field per-

pendicular to the propagation of the generating laser. An experiment with such plasma

that generated a disc structure was done at the University of Nevada, Reno. Two-

dimensional simulations with 3 component magnetic field using the radiative-MHD

code HYDRA [38] were performed. The simulations use parameters from experiments

[19] to identify the key factors in the generation of the plasma disc, specifically phys-

ical features connected to the different terms of Ohm’s Law [24]. Understanding this

plasma structure formation and its properties can be useful for future fusion experi-

ments and laboratory astrophysics experiments in which high thermal pressures can be

affected by an external magnetic field, as well as other applications. The configuration

used to study plasma dynamics in perpendicular external magnetic fields is shown in

Fig. 4.1.
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Figure 4.1: The setup of experiments that produced the plasma disc [19]. The UV

shadowgram shows the plasma disc formed around the rod. Measurements using laser

probing and x-ray spectroscopy found ne ≈ 1018−1019cm−3, Te ≈ 400eV and a radial

expansion velocity of 250 km/s [37].
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4.1 Disc Plasma Observed in Experiments

Experiments at the University of Nevada, Reno [19, 20] have shown that laser-produced

plasmas in strong magnetic fields generated by pulsed-power machines form localized

structures that have unique plasma characteristics and exist for many nanoseconds after

the end of the laser pulse.

Experiments produced a plasma by shining a laser with a 1.056 µm wavelength and

0.8 ns pulse duration at intensity∼ 3×1015 W/cm2 with 30 µm spot size on an Al rod.

The rod had a 1 mm diameter and a 0.8−1 MA of current driven by the Zebra pulsed

power machine. A low-density, cold plasma is initially formed on the rod surface by

the current and generates a magnetic field, which was measured with Faraday rotation

using a probing laser to be 200-300 T. The laser ablates the plasma of the rod surface

and within nanoseconds after the laser pulse, the plasma formed a disc-shaped struc-

ture that expanded in the radial direction. Fig. 4.1 shows a schematic of the experiment

along with a UV shadowgram showing the plasma formation [19]. Measurements us-

ing laser probing and x-ray spectroscopy showed that the plasma had electron densities

of the order of ne ∼ 1018 cm−3, average electron temperatures of Te ∼ 400eV, and an

expansion velocity of V ∼ 250 km/s. In modeling this interaction, further insight can

be gained into the magnetohydrodynamic (MHD) effects in laser-generated plasmas in

strong magnetic fields, specifically in laser-plasma ablation structures where the mag-

netic fields are above 1 MG magnetic field.

In the disc-shaped plasmas from experiments [19], the magnetic plasma β param-

eter is much smaller than in typical laser-generated plasmas [39]. The Larmor radius

for the orbiting electrons rL ≈ 75T
1
2

keV/BG cm, where BG is the magnetic field in gauss,

TkeV is the electron temperature in keV, and rL is in cm. In the experiments with mag-

netic fields measured at 3 MG and a Te ∼ 400 eV, the calculated Larmor radius is

1.5× 10−5 cm, which is much smaller than the temperature scale lengths, thus allow-

ing localized structures to form even if the electron mean free path approaches the
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plasma scale length.

4.2 Analysis of Different Terms in Ohm’s Law
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Figure 4.2: The strength of each Ohm’s Law term in G/ns versus the magnetic field

magnitude in the plasma. The electron temperature is 600 eV, the electron density is

7× 1018cm−3 and the scale length is l = 20µm (close to the radius of the laser spot

used).[37]

The plasma ablated from the rod has a high electron temperature, and low electron
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density, and is expanding into a region with a high external magnetic field, leading

to a large Hall parameter value. When the Hall parameter is much larger than one

χ ≫ 1, and since the Braginskii transport coefficients in the heat flux equation depend

on χ as β⊥,κ⊥ ∼ 1/χ2 and β∧,κ∧ ∼ 1/χ , heat transport is reduced in the direction

perpendicular to the magnetic field.

Using the Hall parameter, each term of Ohm’s Law can be calculated as a function

of B, Te, and ne, with the exception of the induction term in Eq. 2.42, which also

contains the fluid velocity. Using the experimentally inferred velocity of V = 250 km/s

[19] and an estimated characteristic scale length l = 20 µm, close to the radius of the

laser spot size, the relative strengths of each term are calculated for varying conditions

of the plasma. To assess the importance of each term in Eq. 2.34, their magnitudes are

compared in Fig. 4.2. Each term in Eqs. 2.42-2.50, is evaluated in G/ns as a function of

magnetic field in Gauss at the electron density ne = 7×1018 cm−3 and the temperature

Te = 600eV . It can be seen that when MG fields are present, the dominant terms are

the Hall term in Eq. 2.43 and the induction term Eq. 2.42. The Biermann battery term

in Eq. 2.44 and the Seebeck term or cross-gradient Nernst term in Eq. 2.50 containing

the Braginskii parallel elements do not depend on the variation of the magnetic field.

During the evolution of the plasma; the laser can create regions of weakly magnetized

plasma that allow the electrothermal terms to dominate the dynamics of the magnetic

field evolution.

The simulations capture the physics of the plasma formation in regard to motion

perpendicular to the magnetic field. Some aspects of the contribution of the Seebeck

term in the radial and axial directions and the bending to azimuthal gradients are not

accounted for in 2-D simulations. This may lead to an overestimate of fields being

advected by the Nernst term in Eq. 2.49. Fields may in reality be advected by the other

electrothermal terms, and the past studies have shown the need for a flux-limited Nernst

term to better match experiments [29, 40].

In Fig. 4.2, the diffusion terms Eq. 2.47 grow with the magnetic field but at the
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Figure 4.3: The strength of each Ohm’s Law term in G/ns versus electron temperature

(eV) in the plasma. The magnetic field is B = 3 MG , the electron density is ne =

7×1018cm−3 and the scale length is l = 20 µm. [37]

temperature of 600 eV, they remain an order of magnitude smaller than the other terms.

In Fig. 4.3, the magnitudes of Ohm’s Law terms are compared as a function of tem-

peratures for B = 3 MG and the electron density ne = 7× 1018 cm−3, in order to see

under what conditions the fields could diffuse into the plasma. To compare the impact

of the induction term in Eq. 2.42, the velocity of the plasma is considered to vary with

temperature as V ≈ Vexp (T/Texp)
1/2 where Vexp and Texp are the experimentally mea-
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Figure 4.4: Electron density and temperature of laser ablated plasma in the with [(a)

and (c)] and without [(b) and (d)] the external magnetic field, respectively, at 3 ns after

the end of the laser pulse.[37]

sured plasma velocity and temperature, a behavior similar to the sound speed. It can be

seen from Fig. 4.3 that when the electron temperature is below 400 eV, the diffusive

terms reach the same magnitude as the other terms and at lower temperatures, become

dominant over all other terms in Eq. 2.34 except the Hall term.

4.3 Radial-Axial Simulation Results

In this section, a series of HYDRA simulations are discussed in detail. The parameters of

these simulations are similar to the conditions of experiments at the Zebra facility [19].

Current driven through an Al rod generates azimuthal Bθ ∼ 3 MG at the surface of the

rod. In experiments, the current pulse time is 100s of nanoseconds, much longer than
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the laser pulse and interactions leading to the generation of the disc. In the simulations,

the external magnetic field is set by the boundary conditions generating the current in

the rod and the 3 MG field at the surface of the rod is similar to what was detected in

experiments. A laser with wavelength λ = 1.057 µm illuminates the rod surface, once

the magnetic field has been initialized, ablating plasma with a pulse duration of 0.8 ns.

The laser is injected radially through the HYDRA laser-ray trace package and enters

from the large radius boundary in simulations. The simulations are 2-D cylindrical

with symmetry around the vertical axis. Without an external magnetic field, the ablated

plasma is ejected in all directions away from the target rod. The presence of the MG

magnetic field greatly affects the dynamics of the ablated plasma. The structure formed

by the ablated plasma is well confined in the axial direction but continues to move in the

radial direction at velocities of 300 to 600 km/s. Fig. 4.4 compares simulation results at

3 ns after the end of the laser pulse for the plasma generated by the laser for two cases:

with current flowing through the rod (generating the 3 MG field) and without current

flowing through the rod. The electron density and temperature in Fig. 4.4 illustrate the

overall structure of the expanding plasma. For the plot of electron temperature, only the

area of the ablated plasma is shown, not the ”vacuum” region, which in simulations is a

very low density plasma that does not affect the overall expansion of the disc plasma but

can produce some numerical noise. It can be seen from Fig. 4.4(a) that the plasma in the

disc is underdense to the laser in the range of ne ∼ 1018 to 1019 cm−3 but more dense

and much more extended than in the unmagnetized case [Fig. 4.4(b)]. The plasma

is fully ionized and is contained within the width of 0.1 to 0.2 mm. This collimated

plasma structure, when rotated around the axis, would resemble a disc. The plasma

of the disc is also much hotter than the plasma without an applied external B-field. In

Fig. 4.3, the electron temperature plots show plasma in the disc with temperatures from

500 to 900 eV compared to 10 to 50 eV for the unmagnetized case. A feature seen in

experiments is the presence of rings (that appear as ripples in two-dimensions) seen in

Fig. 4.4(a) if it is rotated azimuthally.
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4.3.1 Field Evolution in R-Z
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Figure 4.5: Azimuthal magnetic field magnitude in the plasma at times: (a) before the

laser pulse, (b) in the middle of the laser pulse, and (c) at the end of the laser pulse, 1 ns

(d), 3 ns (e), and 5 ns (f) after the laser pulse. The magnetic field from the rod decreases

in the radial direction as 1/R. The area where magnetic fields have been generated by

the Biermann battery effect is marked as ”BB” [37].

As the plasma extends out in the radial direction, fields in the radial and axial di-

rections can be generated but they are orders of magnitude smaller than the current

generated azimuthal field. As such, the focus will be on the azimuthal field and how

it is modulated by the expanding plasma disc and the magnetic field generated by the

laser. In Fig. 4.5, it can be seen how the azimuthal field is affected by the laser pulse.

As the laser ablates the target, the external magnetic field moves with the plasma. At

the early stage of the plasma formation, there are regions of high magnetic field and

temperature where Figs. 4.2 and 4.3 predict the motion of the fields will be dominated

by the Hall, induction, and Biermann battery terms.

The azimuthal field coming from the rod is initially uniform in Z and follows the
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usual 1/R dependence for a field generated by a rod. As the laser pulse begins, the

plasma expands out in both radial and axial directions and the MG-level fields are at

the edges of the disc leaving behind a low field region at the axial center of the disc.

Biermann battery fields are also generated within the plasma disc toward the edges

and initially at greater magnitudes than the external magnetic field. Biermann battery

fields initially formed on the inner edges of the plasma disc are advected axially(and

asymmetrically) and their strength is reduced in the expanding plasma. At the end of the

laser pulse, the Biermann battery fields weaken in magnitude since they are advected

toward the edges of the plasma disc through the electrothermal terms.

A nanosecond after the end of the laser pulse, the fields generated by the Biermann

battery effect have become negligible and the stronger external fields at the edge of the

plasma begin to pinch the plasma. The plasma structure continues to expand radially;

however, the region of the plasma being pinched is not uniform. The thermal pressure

inside the disc that pushes out against the magnetic pressure is not uniform, leading

to perturbations featuring ringlike structures within the plasma disc. Perturbations in-

side the disc come from the heat flux in the ablated plasma which is affected by the

asymmetry in the magnetic fields caused by the interaction of the Biermann battery

generated and external fields. As shown in Figs. 4.2 and 4.3, in regions of high mag-

netic fields and lower temperatures, the field would diffuse into the plasma, as seen in

simulations in Fig. 4.5 at 5 ns after the laser pulse. When the temperature of the plasma

drops, the field begins to diffuse into the plasma and, at temperatures reported in exper-

iments [19], diffusion of the magnetic field into the disc can be expected. Diffusion of

magnetic fields perpendicular to the field can be characterized by in cgs units [25]

tη⊥ =
4πl2

c2η⊥
. (4.1)

Taking the estimated 20 µm scale length and parameters of the plasma seen in exper-

iments, we find tη⊥ ≈ 4.75 ns. The diffusion time is of the same order as seen in sim-

ulations, the magnetic field expelled by the laser pulse diffuses back into the structure

during the evolution of the disc plasma.
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4.3.2 Magnetic β Parameter in Plasma disc

The interplay between thermal pressure and magnetic pressure is an essential factor

in the development of the disc plasma. When plasma β is below 1 (low β regime),

the magnetic pressure controls the motion of the plasma. Typically, laser-generated

plasmas have high values of plasma β , even when fields reach MG magnitudes. In Fig.

4.6, the magnetic β parameter is compared at two snapshots in time. In Fig. 4.6(a) the

ablated plasma with β at unity or greater than unity is surrounded by low β plasma. In

Fig. 4.6(b), the plasma transitions to magnetic plasma β less than unity, by this time as

can be seen in Fig. 4.5 the field has diffused into the disc.

The thermal pressure generated by laser-plasma coupling initially expands the

plasma and carries the generated field around the edges of the plasma disc. As the

plasma expands and cools, the thermal pressure drops and the magnetic pressure at the

edges becomes stronger and pinches the plasma to a narrower disc. It is this mechanism

that would appear to push the plasma fully around the circumference of the current-

carrying rod. In the snapshot at 4 ns after the end of the laser pulse, the ripple (that

would be rings in 3-D) structures can be seen in the high magnetic β plasma.

4.3.3 Hall Parameter in Plasma Disc

In Fig. 4.7, the Hall parameter χ of the expanding plasma is shown to vary greatly from

the inner disc to the outer edge. At the edge of the plasma disc, the Hall parameter is

much greater than unity, while at the center of the disc, closer to the rod, χ can be on

order or less than unity. This shows the need to keep an extended Ohm’s Law for the

simulation to account for the large variation of the Hall parameter. The large χ can

be attributed to regions with both strong magnetic fields and high temperatures. The

regions with a small χ are regions of the colder plasma closer to the rod, where the field

has been advected away.
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Figure 4.6: Magnetic plasma β parameter at 2 ns after the pulse (a) and 4 ns after the

pulse (b). The rings of higher thermal pressure can be seen in (b) at 2 and 3 mm away

from the surface rod.[37]
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Figure 4.7: Hall parameter χ at 3 ns after the laser pulse.[37]

4.4 Relative Importance of Terms in Ohm’s Law in Disc

in Simulations

Inside the disc, the Hall parameter can vary greatly, leading to different terms of Ohm’s

Law contributing to different dynamics. To differentiate between the contribution from

different terms, the simulations of the plasma disc are re-run with different versions of

Ohm’s Law. In Fig. 4.8(a), the full-Braginskii simulation is compared to simulations

without the electrothermal terms [Fig. 4.8(b)] and with simplified resistive MHD [Fig.

4.8(c)] all at the same point of time at 3 ns after the laser pulse. Fig. 4.8(b) shows the

results of simulations including the Hall and Biermann battery terms. The Biermann

battery generated fields are prevalent during the stage when the plasma is being pinched

by the field since the Nernst term is off and does not advect them against the temper-

ature gradient. As the plasma is pinched, Biermann battery fields are strengthened,

enabling the plasma to trap more of the heat, leading to a hotter disc plasma. Different

dynamics of the field in Fig. 4.8(b) also lead to a different disc structure with only one

structure that, when rotated, would produce a ring. The appearance of multiple rings

in experiments is likely caused by electrothermal terms advecting the fields within the

disc which in turn leads to heat flux through the disc generating alternating regions of
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high and low thermal pressure. When the fields at the edge of the disc pinch down on

the plasma, the regions of lower thermal pressure are pinched tighter than the regions

of high thermal pressure, as one would expect.

In Fig. 4.8(c) the results of the simulations with the resistive MHD model contain-

ing only the induction and resistive terms are shown. Without the Hall term contribu-

tions to the curvature of the field, the plasma structure is squeezed in a less symmetric

fashion, leading to density variations within the structure. The lack of Biermann battery

generated fields leads to a colder plasma than in the case including them. The temper-

ature profile also differs greatly and the hotter plasma is less collimated in Fig. 4.8(c).

In Fig. 4.8(c), the plasma closer to the rod is colder than in Figs. 4.8(a) and 4.8(b),

meaning the fields diffuse at earlier times than in the other two cases.
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Figure 4.8: Electron density and temperature of the plasma in simulations including

different terms in Ohm’s Law models: full Braginskii model (a), without electrothermal

terms (b), and simple resistive MHD model (c). [37]
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5 Dynamics of an Ablated Plasma in

an External Magnetic Field

Perpendicular to Laser

Propagation: Three-Dimensional

Non-Axis Symmetric Disc

Simulations

This chapter focuses on full 3-D simulations of the plasma disc, to model the generation

of the plasma disc fully developing around the rod. The side of the rod where the laser

is focused will be called the front-end, and the side away from the laser spot (180deg

azimuthal rotation) will be called the back-end. The generation of the full plasma disc

is dependent on the choice of transport coefficients used in the simulations. The plasma

disc formation turns out to be possible because of ejecta away from the rod and not

plasma traveling around the rod. The simulations are compared to experiments by

generating synthetic shadowgrams. Instabilities along the axis of the rod are discussed

and a new form of the magnetothermal instability is described and its growth rates are

calculated.
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5.1 Effects of Transport Coefficients

Simulations of the plasma disc in three dimensions no longer have symmetry about the

axis. The introduction of the azimuthal direction is a key component in understanding

the generation of the plasma on the back-end of the rod. The azimuthal direction,

however, is only limited in conduction by the self-generated fields and there is evidence

that hydro modeling still needs to account for the non-local nature of laser-generated

plasma [41], as the plasma particles moving in the azimuthal direction are unaffected

by the magnetic field. Longer electron mean-free paths λm f p in the laser plasma mean it

is generally incorrect to assume local heat flux. As kinetic modeling is computationally

expensive, using 3-D hydro modeling can still give a general explanation of the effects

leading to the generation of the plasma disc. The simulations are built on a cylindrical

mesh with 100 axial zones, 150 radial zones, and 180 azimuthal zones with higher

resolution at the laser spot. The azimuthal magnetic field is imposed by the boundary,

which also generates the matching axial current. A flux limiter of 0.1 is used, the choice

of flux limiter however had little effect.

Fig. 5.1 shows isovolumes plots which pick out cells in the simulation above or

below some threshold or in this case by removing the cells of the vacuum background,

where a chosen characteristic (density in this case) is above or below, the color plot

is plotted on the surface. The shape of the plasma disc depends on the coefficients.

Simulations using Braginskii coefficients would not generate a structure on the back-

end of the rod from the laser spot.

Fig. 5.2 illustrates the evolution of the plasma disc by showing isovolume plots of

the Al plasma with color representing electron temperature. The plasma (like in two-

dimensional simulations) undergoes a pinching phase where the azimuthal magnetic

fields pinch the ablated laser plasma. The laser also generates temperature perturbations

along the axial edge of the rod which is also seen in experiments.

First, we performed simulations with full-Braginskii coeficients, in three-



44

Figure 5.1: Three-dimensional isovolume plots of Al plasma with electron density from

simulations results at 4 ns after the end of the laser pulse using different transport coef-

ficients. Braginskii model does not produce ejecta, Epperlein-Haines model produces

skewed ejecta, Sadler-Walsh model produces un-skewed ejecta.
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Figure 5.2: Isovolumes of Al at various time steps during and after the laser pulse with

electron temperatures showing the formation of disc like plasma.
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dimensions. In these simulations, the ablated plasma coming around the rod from the

laser side does not fully engulf the rod. Even at times of 9 ns after the laser pulse,

the ablated plasma from the laser side of the rod does not wrap completely around the

rod at the timescales that would have been captured in the experiments. This suggests

that the hydrodynamic motion of the plasma from the side of the laser spot does not

explain the generation of the plasma on the back-end of the rod. The center of the rod

is simulated in the model and a shock front is formed on the ablation side however the

shock does not reach the other side of the rod and is also not the source of the plasma

on the other side.

Then we performed 3-D simulations using Epperlein-Haines and Sadler-Walsh co-

efficients. These simulations are able to generate plasma ejecta, from the side of the

rod away from the laser spot, resembling a disc structure when updated transport coef-

ficients from [33] are used in simulations. Simulations with the more recent transport

coefficients (Epperlein-Haines and Sadler-Walsh) allow for heat flux from the laser spot

to be directed azimuthally. Fig 5.3 is a slice of the 3-D simulation that shows that the

temperature at the axial center on the ejecta side is hotter using Sadler-Walsh coeffi-

cients than Branginskii.

The change in temperature gradients can change the curvature of the fields sur-

rounding the plasma advected by heat flux. In simulations using Braginskii coefficients,

the heat flux around the rod is limited. The heat flux around the rod comes from effects

associated with β∧ and κ∧ in Eq. 2.40, field bending from advection can allow for heat

flux on the disc to travel in the azimuthal direction around the rod. The change in heat

flux seen in using Epperlein-Haines or Sadler-Walsh coefficients suggests that the heat

flux is not flux limited and is sensitive to the transport quantities.

In order for the ejecta more resemble a disc structure seen in experiments, the

Sadler-Walsh coefficients must be used. In Fig. 5.4 a comparison of density plots

as slices of simulations with Sadler-Walsh coefficients versus Epperlein-Haines shows

that the correction to cross-gradient terms changes the curvature of the field advection
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Figure 5.3: A slice from 3-D simulation showing electron temperature at 0.5 ns after

the end of the pulse where the Sadler-Walsh model allows for heat flux around the rod

generating the ejecta and forms the back part of the disc and the Braginskii model does

not.
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Figure 5.4: Two-dimensional electron density plot of simulations using Epperlein-

Haines and Sadler-Walsh coefficients at 6 ns after the laser pulse. The back-end struc-

ture forms a more disc-like structure using Sadler-Walsh coefficients. The jet in the

back has a curvature that limits growth in Epperlein-Haines model.

due to heat flux from the laser spot. In the Epperlein-Haines model plot, the back-end

jet is skewed which limits its propagation. In experimental shadowgrams (Fig. 4.1) the

back-end of the disc does not skew off upwards as in the simulations using Epperlein-

Haines coefficients. The Sadler-Walsh transport coefficients more accurately capture

the shape ejecta and the expanding plasma resembles more of a disc structure. In the

next section, we will further confirm this by comparing synthetic shadowgrams to ex-

periments.

As was seen in Fig. 4.7, the disc plasma is at a low Hall parameter χ at or be-

low unity, near the surface of the rod in the disc. It is in this region that there is the

most difference in using different transport coefficients. The advection and twisting of

magnetic fields that have magnetic pressure close to or above the thermal pressure can

shape the plasma. Fig. 5.5 is a diagram showing the expected advection direction of
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Figure 5.5: Diagram explaining the advection and curvature of the magnetic fields due

to Nernst and cross-gradient Nernst effects from temperature profiles.

the magnetic field on a temperature profile. The twisting due to cross-gradient Nernst,

which is overestimated in Epperlein-Haines coefficients, results in the skewing of the

ejecta.

When heat flux from the laser spot generates the plasma disc, axial fields generated

by Biermann battery are further restricting heat flux. The heat flux also creates temper-

ature gradients that advect magnetic field via Nernst effect and cross-gradient Nernst

effect. Recent studies have shown possible suppression of classical Biermann battery

fields and the Nernst velocity due to nonlocal effects[42]. In this case we refer to non-

locality when the scale lengths of inhomogeneity of the plasma are of the same order

or smaller than the average particle mean-free path of the particles in the plasma[43].

The suppression of the field can be related to the non-locality parameter: the ratio of the

region by the mean free path over the temperature scale length lT from [44] λm f p/lt[44]
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Figure 5.6: Electron Larmor radius over scale length on the left, thermal mean free path

over scale length on the right. The white line marks the surface and the red area marks

the region of Biermann battery effect of field generation.

which is valid at λm f p/lt = [.009, .22] [44]:

∂B
∂ t

= 0.083
(

λm f p

lt

)−.453
∂B
∂ t classicalBiermann

(5.1)

v⃗nernst = 0.0566
(

λm f p

lt

)−.593

v⃗classicalnernst (5.2)

Fig. 5.6 shows the calculated nonlocal parameters from a slice of the simulations

during the laser pulse. The marked region, where the Biermann battery fields are gen-

erated, is in the local regime which is not expected to experience suppression. The

coronal region is generally weakly-collisional. The Sadler-Walsh transport coefficients

were generated by comparing them to kinetic codes and are expected to account for the

suppression because of non-locality. The found suppression of magnetic fields (Eqs.

5.2) focused on plasmas magnetized by self-generated fields. The magnetization of the

plasma by external fields allows for the dynamics of the plasma to be more closely

related to the local description.

In Fig. 5.7 a 3-D isovolume shows the back end of the rod during the disc gen-
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Figure 5.7: Isovolumes of density at electron density of 5×1018 with electron temper-

ature plotted for simulation with classical Nernst effect and Nernst effect reduced to

20% at 3 ns after the end of the laser pulse.

eration. We performed a simulation where we limited the Nernst term to 20% of its

value and found cavitation developing instead of the ejecta. Reducing the Nernst ef-

fect to account for non-locality may limit resolving local structures that can appear as a

consequence of heat transport at larger timescales. Adjusting transport coefficients sep-

arately may lead simulations to miss the generation of 3-D structures in non-symmetric

configurations.

5.2 Comparing Synthetic UV Shadowgrams to Experi-

ments

In experiments, the plasma was imaged using UV shadowgrams from probing lasers at

266 nm and 532 nm wavelengths. In order to compare images to simulations, synthetic

shadowgrams of HYDRA simulations were generated. A simple ray-trace algorithm

was developed in Python to post-process HYDRA simulations and generate simulated
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UV shadowgrams (see Appendix A for details.)

In Fig.5.8 the synthetic shadowgrams of simulations using the different transport

coefficients are compared to an actual shadowgram. The collimation of the laser side

plasma in synthetic shadowgrams matches the general structure seen in experiments.

In simulations using Sadler-Walsh coefficients, an ejecta structure appears, and in the

simulation using Epperlein-Haines coefficients the ejecta skews up and does not expand

as far radially. The measured extension of the ejecta from the synthetic shadowgrams

extends further by a factor of 2 when using Sadler-Walsh coefficients. Both simulations

capture a feature right above the disc on the front end generated by the asymmetry

imposed by Biermann battery fields, the feature shrinks slightly when using the Sadler-

Walsh coefficients compared to simulations using Epperlein-Haines coefficients.

The simulations still are under-predicting the density and width of the ejecta. The

simulated ejecta is 40% as wide as that in experiments. In experiments, shadowgrams

taken using probing lasers with wavelengths of 266 nm and 532 nm saw little difference

in the width of the jets on either end. In simulations, the synthetic shadowgrams pro-

duce disc features at 266 nm which are smaller than those at 532 nm. This could either

suggest that the disc in simulations is less dense than in experiments, or it could be a

limitation of the synthetic shadowgrams which are done as a snapshot in time, while in

experiments the pulse is probing as the plasma is evolving dynamically over 0.2 ns.

5.3 Magnetothermal Instability and Comparison to Ex-

periments

Features seen in both synthetic and experimental shadowgrams are due to instabilities

developing along the axial direction of the rod. Fig. 5.9 shows that instabilities are

formed moving away from the disc along the axis of the rod in experiments.

In simulations, temperature perturbations are generated during the laser pulse. Fig.
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Figure 5.8: Synthetic shadowgrams compared with shadowgram at 6 ns after the laser

pulse with different transport coefficients S-W (Sadler-Walsh) and E-H (Epperlein-

Haines) simulated at different laser wavelengths of 532 nm and 266 nm.
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Figure 5.9: Shadowgrams from 532 nm laser at 14 ns after the laser pulse ends with the

probing laser tilted to show the axial instabilities generated along the axis of the rod.
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5.10 shows an isovolume plot of temperature, with perturbations caused during laser

ablation. These perturbations expand away from the laser spot and initially have a

small separation closer to the actual disc.

In Fig 5.11 an axial line-out is shown taken along the surface of the rod starting at

the bottom edge of the disc extending down. The separation between the perturbations

is initially of the order of 20 µm and increases as they move away axially. These

perturbations are being generated at the axial edges of the disc, and if we treat them as

being generated near the disc region and expanding plasma, we can use linear theory

as a guide in describing the possible formation of the instabilities seen in experiments.

In order to relate these structures to a specific instability, a study was done in the field

compressing magnetothermal instability (MTI) which is an instability that is formed by

the feedback loop in the heat-flux equation and the collisional terms in Ohm’s law laser

plasma with an external magnetic field [45].

3
2

ne
∂T
∂ t

=−∇ ·
(
−κ̄ ·∇T − β̄ · j

)
(5.3)

∂B
∂ t

=−∇×
(
η · (∇×B)− β̄ ·∇T

)
(5.4)

where a simplified Ohm’s Law consisting of just the collisional terms is used. This

instability was described in great detail in [45] however reapplying this formulation

with the updated coefficients leads to different growth rates as discussed in Appendix

B(in the geometry of Ref. [45]) where it is shown that the form of the derivative of

the transport coefficient κ∧ plays a big role in the calculation of the growth rate. The

initial description of the field compressing MTI noted the instability as a feedback loop

between Reghi-Leduc heat transport and Nernst advection as the main source of the

instability. The authors also made note that another source term in the dispersion rela-

tion allowed for a feedback process between Nernst advection and Ettingshausen term

in heat equation, but could not drive the instability due to it being of the same order

in wavenumber relative to the diffusive dampening terms. The field compressing MTI
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Figure 5.10: Isovolume above the critical density nc with electron temperature plotted

on the surface at 6 ns after the laser pulse. Temperature perturbations expand away

axially from the laser spot.
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Figure 5.11: Lineouts of electron density, temperature, and magnetic field, of perturba-

tions generated axially along the surface of the rod starting at the axial bottom of the

disc. The period of these perturbations is initially smaller closer to the disc.
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Figure 5.12: Physical pictures of field compressing MTI. In the traditional MTI, a feed-

back loop is generated by Nernst advection and Reghi-Leduc heat flux. In this current

driven MTI, the feedback loop exists between Nernst advection and the Ettingshausen

term in the heat flux equation.
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only accounted for derivatives in κ∧. We take a similar approach but retain derivatives

in all the transport coefficients, and use the more recent forms of the transport coeffi-

cients assuming they have a more accurate functional form relation to χ . A current-

driven magnetothermal instability is described, that when taking into account deriva-

tives in β⊥ allows for unstable growth driven by the feedback loop between Nernst and

Ettingshausen terms. We are referring to this instability as current-driven because the

feedback of Ettingshausens term in the heat equation is mediated through the current,

not the thermal gradient as is the case with Reghi-Leduc term. We start by considering

wave-like perturbations in temperature and magnetic field

T = T0(r,z, t)+T1 exp [i(kzz+ krr−ωt)] (5.5)

B = (B0(r,z, t)+B1θ exp [i(kzz+ krr−ωt)]) θ̂ (5.6)

where T0 and B0 are the zeroth order solutions and T1 and B1 are wave-like perturbations

with wavelengths kz and kr. In this case, the magnetic field and perturbation in the

magnetic field are only in the azimuthal direction(which differs from Ref. [45]). For

sake of simplicity, we take a constant plasma density. A dispersion relation can be

calculated using linear perturbation theory, and the instability growth rate would come

from positive imaginary solutions to the dispersion relation.

The dispersion relation includes the following transport coefficients

Cl = χ

(
1
lb
+

3
2lt

)
(5.7)

Cκ =− 2
3ne
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where each formula here is dependent on the associated transport coefficient from

anisotropic heat conduction κ , the electrothermal terms with β from the heat equa-

tion, the diffusive terms η , and the electrothermal terms with β from Ohm’s law ( Eq.

2.34). Here lb and lt are the scales length for magnetic field and temperature. The

dispersion relation can then be written as

0 =CηCκ −Cβ ,bCβ ,q− i(Cη +Cκ)ω−ω
2. (5.12)

It is a solvable quadratic equation, using the transport coefficients from [32, 31], which

is solved for the positive imaginary solutions which give the instability growth rate.

Figure 5.13 shows that instability growth is possible at larger perturbation

wavenumbers kz. For perturbations with the radial direction kr, the instability does not

grow at larger wavenumbers. In order for unstable growth, the perturbation must have

a smaller wavelength in the axial direction than in the radial direction otherwise the

heat flux is carried away radially. The instability can exist and have growth rates have

about 1− 10 nanoseconds depending on the wavenumber. The instability is unstable

at densities above 0.1nc and higher. Most notably different from the traditional MTI

is that the unstable growth is only possible when including ∂β⊥/∂ χ terms, and still

possible when dropping the Reghi-Leduc κ∧ terms. The functional form of the trans-

port coefficients and their derivatives is also important, and a similar calculation using

Epperlein-Haines shows no instability. Fig 5.14 plots the growth rate versus tempera-

ture for wavenumbers corresponding to wavelengths close to the laser spot size of 30

µm for 3 densities. Instability growth rates decrease at higher temperatures for higher

densities. This effect could be a source driving the instability seen in experiments along

the axial direction of the rod.
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Figure 5.13: Instability growth rate versus axial kz and the radial kr wavenumbers.

Electron density is at half the critical density, electron temperature Te = 200 eV , B0 =

200 T .
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Figure 5.14: Instability growth rate of the perturbation as a function of electron tem-

perature with seed magnetic field B0 = 250 T , radial perturbations kr at the limit of

applicability of the theory (the inverse thermal scale length), and axial perturbations kz

at one over laser spot size. Lower electron densities allow for faster growth rates at

lower temperatures, at higher densities the perturbation can experience unstable growth

at higher temperatures.



63

5.4 Expansion of Plasma Forming Full Disc Structure

In this chapter, we were able to model the main features of the disc plasma in three-

dimensions. We are able to observe the collimation of the ablation plasma on the laser

side of the rod. The hydrodynamic expansion of the collimated plasma on the laser side

traveling around the rod does not explain the plasma seen on the opposite side of the

shadowgram. Only by using updated transport coefficients can simulations generate

non-skewed ejecta that would form the plasma disc as seen in experiments. Even in

this case, the plasma on the side away from the laser spot is not as prevalent as one seen

in experiments. Kinetic effects have a possible role in further transporting the energy

from the laser side to the back end, but are not necessary for generating the back-end

structure in simulations. In studying the instabilities seen along the axis of the rod

a possible instability was described with growth rates on time scales similar to time

scales of experimental shadowgrams. This expansion of the field compressing MTI is

important in cylindrical plasmas with a driven current where thermal perturbations may

lead to instability which is only possible when considering the functional forms of the

recent transport coefficient [32, 33].



64

6 Dynamics of Cylindrical

Implosions in an Axial Magnetic

Field: Three-Dimensional

Mini-MagLIF Simulations

6.1 Introduction of Magnetized Liner Inertial Fusion

Past work has demonstrated the possibility of break-even conditions in magnetized in-

ertial confinement fusion (ICF) experiments with current fusion pulsed power drivers

[47]. Imposed magnetic fields were shown to enhance the neutron yield in traditional

spherical implosion experiments at the OMEGA Laser Facility [9]. Along with the

success of the magnetized liner inertial fusion (MagLIF) experiments at Sandia Na-

tional Laboratories (SNL), there is an increasing interest in the physics associated with

magneto-inertial confinement experiments [48, 10, 6, 49]. MagLIF at SNL is an ICF

scheme that uses currents of up to 22 MA from the Z-machine to drive cylindrical im-

plosions, via J×B force in metal liners [11]. The three stages of a MagLIF implosion

begin with the magnetization via external coils of the fuel inside the cylindrical target.

Then the Z-Beamlet Laser via preheat window heats the fuel inside the capsule early

on in the implosion. The implosion driven by the current compresses the fuel to con-
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Figure 6.1: Diagram of mini-MagLIF at OMEGA showing the MIFEDS coil (which

generates the axial magnetic field), the driver laser beams, and the preheat laser beams

[46].
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vergence ratios (CR) above 30. Currently, implosions have reached DD neutron yields

above 1013 (2kJ DT equivalent) and ion temperatures at 3 keV. Experiments were able

to increase neutron yields by an order of magnitude by increasing both the applied field

by a factor of 1.5 and the preheat energy by about a factor of 3 [11]. Lasnex simu-

lations have predicted that by a further increase of the axial magnetic field to 30T and

preheat energy to 5 kJ MagLIF could scale to 100 kJ DT equivalent neutron yields [10].

Including the Nernst term in simulations would decrease the neutron yield compared

to simulations without Nernst effect at drive currents of 24.8 MA [10]. Simulations

with a higher drive current of 49 MA including the Nernst term would drive up yield in

simulations with seed fields above 10T [10]. The flatter temperature profiles generated

with Nernst advection and similar stagnation pressure allowed for better conditions for

higher yields than simulations without Nernst.

An important feature of the MagLIF configuration which this chapter focuses on is

the preheat stage. In a cylindrical implosion, the radial convergence needed for fusion-

relevant plasmas is relatively high compared to a spherical implosion. Using a laser to

preheat the fuel along with an axial magnetic field to limit conduction losses relaxes

the requirements for fusion conditions [50]. The preheat laser enters the fuel region

by burning through an entrance window. Many studies have focused on the preheat

process in MagLIF [51, 52, 53, 54]. Laser-plasma instabilities such as stimulated Bril-

louin scattering (SBS) limited the energy being deposited by the preheat laser into the

MagLIF capsule [51]. SBS was reduced by stretching the pulse and using phase plates

with a larger focal area. The imposed axial magnetic field was shown to affect the tem-

perature profile generated by laser preheat [53]. Magnetized implosions led to higher

temperatures and profiles that penetrated deeper down the axis of the plasma compared

to unmagnetized implosions. Experiments showed that the preheat pulse can push ma-

terial from the laser entrance hole into the fuel region (a process known as mix), so

a co-injection technique reshaping the preheat pulse including a pre-pulse before the

main pulse was used to limit window mix [54]. Shadowgraphy diagnostics showed the
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expansion of the preheated plasma following a blast wave solution [52] and pointed

to possible candidates for yield degradation such as mix introduced during the laser

preheat stage and liner mix introduced by magneto Rayleigh-Taylor growth during the

deceleration phase.

Laser-driven MagLIF experiments performed at OMEGA also include an imposed

axial magnetic field and laser preheat, however, the compression is driven by the

OMEGA laser. The scaled-down implosions on OMEGA take advantage of the rel-

atively higher repetition rate as well as diagnostic capabilities to further study the un-

derlying physics in MagLIF [12, 55]. The lower drive energy means targets are reduced

in size, and for this reason, the approach is also known as mini-MagLIF. Fig.6.1 shows

a schematic for mini-MagLIF experiments on OMEGA [12], which consists of cylin-

drical shells filled with DD at 11 atm and a density of 1.8 mg/cm3. Shells are made

of parylene-N plastic with 20 to 30 µm thickness and an overall target diameter of

580 µm, much smaller than targets used on the Z-machine. The capsule implosions

are driven by 40 OMEGA beams delivering a total of 14.5 kJ to the target by a 1.5

ns square pulse. A 1.5 ns preheat laser pulse directly heats the fuel and starts 1 ns

before the compression beam pulse. Implosion times of typically 1 to 2 ns are much

shorter than the usual 100 ns on the Z-machine. The axial magnetic field is applied by

the magneto-inertial fusion electrical discharge system (MIFEDS) which can currently

generate up to 50 T [56].

Cylindrical implosions of mini-MagLIF targets on OMEGA have shown that with-

out laser preheat, the imposed axial magnetic field enhances the neutron yield. How-

ever, increasing the strength of the magnetic field past an optimal field magnitude will

decrease the neutron yield [57]. Three-dimensional simulations were able to explain

this trend as a higher magnetic field led to magnetic pressure dominating over thermal

pressure [57]. Magnetized cylindrical implosions including laser preheat had higher

yields than non-preheated implosions [55].

An important effect in the magnetized transport that would need to be included
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in fully integrated implosions is the Nernst term. The advection of magnetic fields

down electron temperature gradients plays a role in affecting conditions at implosion

bangtime. Nernst effect has been shown to be dominant over the fluid motion in plasmas

below the critical density of the preheating laser [24, 30, 29, 58]. It is also possible that

magnetic-flux transport in the hot spot is dominated by Nernst advection [59]. The

preheat laser can also lead to material from the window or wall of the targets mixing

with the fuel region [54]. We will focus on modeling the effect of preheat on the

dynamics of the fuel in MagLIF experiments and the importance of certain terms in the

magnetohydrodynamics (MHD) model but specifically the Nernst effect, as well as the

effect of wall material being mixed with the fuel within the capsule. Three-dimensional

simulations are used to characterize the effects on yield and implosion characteristics

when varying the preheat laser energy while keeping the conditions of the drive the

same.

6.2 Simulation Setup

In past work HYDRA simulations were used to generate synthetic x-ray self-emission

images that could be compared with x-ray framing camera images to compare simu-

lated shell trajectories to experiments [60]. Further analysis characterized implosion

shape and was used to optimize beam pointing to maintain uniform implosions [61].

Running simulations in three-dimensions has been shown to be critical in order for

neutron yield predictions to converge [57]. In this chapter, we expand on these past

efforts by including the preheat laser into 3-D HYDRA simulations of the mini-MagLIF

experiments to investigate trends associated with varying the preheat laser energy. The

simulations’ cylindrical zoning is similar to that from past work[57], and at 1.45 ns

after the start of the compression lasers, the mesh is remapped to a cylindrical butterfly

mesh [57]. The experiments investigated here were performed with an axial magnetic

field of 27 T with varying levels of preheat laser energy [57].
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6.2.1 Effect of Preheat Laser Coupling with Window

It is important to understand how implosion parameters are modified by laser preheat.

Experiments done on OMEGA EP were used to characterize preheat laser transmission

through the laser entrance window. While these experiments pointed to the average fuel

temperatures greater than 100 eV, they also showed that much of the preheat laser en-

ergy goes into the preheat window disassembly. The simulations underestimated laser

pulse transmission by 10% and predicted the foils would absorb laser energy throughout

the pulse. In contrast, experiments showed that laser transmission through the window

would not be seen till .5 to 1 ns after the pulse began, and then would rapidly transition

to total transmission [62, 12]. In MagLIF experiments the preheat laser burns through

a thin window at the edge of the capsule before entering the fuel region. To better char-

acterize window disassembly, experiments on OMEGA EP used thin foils similar to

the preheat windows used in the capsule design [62] and measured the laser energy that

was absorbed by the window. The physics involved in window heating and disassembly

by the laser is complex and was found to not be accurately captured by hydrodynamic

simulations [62, 63]. In experiments, the length of the pulse transmitted through the

foils varied at different laser energies [62]. Since the physics of the window disassem-

bly is not well simulated, including the window in simulations would lead to inaccurate

preheat laser energy deposition into the gas. Rather than include the window (which

the HYDRA simulations do not) the length of the preheat pulse used in simulations is

shortened to match the energy transmitted through the foil measured in experiments. By

varying the preheat pulse length in simulations we account for the laser interaction with

the preheat window. Fig. 6.2 shows the expected laser energy transmitted Etran through

the window for different laser preheat energies used in experiments Ein. The calculated

Etran is extrapolated from experiments that measured the laser energy absorbed by the

window-like foils at various preheat laser energies [62]. The laser energy deposited into

the fuel region is then determined in simulation by ray-tracing; it is plotted in Fig. 6.2

for simulations with a pure DD fuel and those premixed with 15% atomic mix of carbon



70

Figure 6.2: The preheat laser energy Ein used in experiments; extrapolated laser energy

transmitted through the preheat window Etran; and energy absorbed in simulations of

the fuel region (EabsFuel clean and EabsFuel15% fuel region mixed with atomic 15% C);

and the shaded region EabsW of the laser energy modeled as absorbed by the window

during disassembly.[46]
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which will be explained in later sections. A large portion of the preheat laser energy

is absorbed by the window and in simulations, only a portion transmitted through the

window is absorbed into the fuel. Energy not absorbed by the fuel region leaves the

implosion. Including a fuel region contaminated or mixed with C can increase preheat

laser absorption; a mix model will be further expanded upon in Section 6.4.

6.2.2 Considerations of Electrothermal Terms from Ohm’s Law

Considering the electrothermal terms from Ohm’s law Eq. 2.34 we can rewrite in a way

to highlight the advection physics.

←→
β ·∇Te = β∥∇Te−

(
β∥−β⊥

)
b⃗×
(⃗

b×∇Te

)
+β∧⃗b×∇Te (6.1)

The first term in Eq. 6.1 does not contribute to the B-field dynamics because 0 = ∇×

β∥∇Te since the coefficients are constant at each ionization level and the deuterium gas

is fully ionized during preheat. The second term (the cross-Nernst [58] or Seebeck [64])

is responsible for magnetic field advection perpendicular to both temperature gradient

and magnetic field direction or twisting of field lines. The last term in Eq. 6.1 is the

Nernst term which advects magnetic field down the temperature gradient in the plasma.

In Fig. 6.3 the magnitude of the coefficient β∧ is plotted versus the Hall parameter,

following the Epperlein-Haines expression to compare the Nernst effect’s strength at

various stages of the implosion [30].

In mini-MagLIF on OMEGA, the preheat laser propagates along the axis of the

capsule. The magnetic fields present are predominantly axial from external generation;

non-axial fields are present only in the ablation plasma where the fields have been gen-

erated by laser ablation. The axial magnetic field is perpendicular to the dominantly

radial temperature gradients leading the cross-Nernst term (from Eq. 6.1) to be in the
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Figure 6.3: The magnitude of the coefficients for the Nernst term β∧ and cross-Nernst

advection term β∥−β⊥from Epperlein-Haines model as a function of the electron Hall

parameter χ for Z=1.[46]
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azimuthal direction, which can lead to a twist in the magnetic field line. In this con-

figuration, even though the cross-Nernst coefficient is larger than the Nernst coefficient

for a large Hall parameter, the cross-Nernst effect is not expected to be as important as

the Nernst term due to the geometry of the magnetic field. By taking the curl of the

second term in Eq.6.1 we see that ∂Bθ

∂ t ∝
∂

∂ z∇rT which is essentially negligible in the

design. As such twisting of the field lines is expected to have little impact on the flux

compression during the implosion.

6.3 The Analysis of the Nernst Effect of Mini-MagLIF

Preheat Scan

In mini-MagLIF experiments on OMEGA, the preheat laser energy was varied in mul-

tiple implosions at a 27-T magnetic field. Simulations with HYDRA modeled the effect

of varying preheat laser energy on yield and MHD dynamics. In Fig. 6.4, 2-D cross

sections are shown from the simulations 150 ps before bang time (i.e. peak neutron

production). Simulation bang time agreed with experimentally measured bang time

occurring approximately 1.65 ns after the drive starts.

An important feature of the laser drive in experiments, which the simulations in-

clude, is over driving the cylinder ends meant to mitigate end losses. The over drive

of the cylinder ends in simulations can generate an azimuthal magnetic field due to the

Biermann battery effect toward the edges of the implosion due to gradient mismatch-

ing in density and temperature near the wall in the implosion. The density gradient is

dominated by the drive and the temperature gradient is dominated by the preheat laser.

These magnetic fields are azimuthal and also subject to the advection effect due to the

cross-gradient Nernst term; in any case, the strength of the azimuthal magnetic field is

an order of magnitude below the axial fields and is unlikely to have a large effect on the

flux compression. The azimuthal fields while small compared to the compressed fields
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Figure 6.4: Two-dimensional cross section of simulation results of implosion 90 J pre-

heat and 27 T seed magnetic field at 150 ps before bang time: (a) axial and (b) azimuthal

magnetic fields; Ion temperature of hot-spot (c) cross-section at to the edge of the fuel

regions and (d) cross-section at the axial center in the Z-direction showing the mode-10

perturbation. The beams driving the implosion come in radially and the preheat laser

moves up in the axial direction [46].
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Figure 6.5: (a) Neutron yield and (b) normalized yield to maximum yield in the simu-

lation run or experimental scan versus laser preheat energy with 27 T initial magnetic

field, from HYDRA simulations using extended Ohms’s law including Nernst effect

(blue), excluding Nernst effect simulations (green), and from experimental measure-

ments (red). The shaded region comes from the uncertainty associated with relat-

ing unmagnetized simulation parameters to the extreme of variation in the experiment

[57, 46].
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are strong enough in the ablation plasma that they deflect protons from proton probing

techniques.

Three-dimensional simulations of the hot spot exhibit mode-10 and -5 perturbations

seeded by the laser drive. Past work has shown that in implosions using 30-µm shells,

x-ray self-emission images showed mode-5 and possibly mode-10 growth [65]. In inte-

grated 3-D simulations, the center of the Z-axis of the cylinder shows strong mode-10

perturbations; however, the overdriven axial cylinder ends exhibit a mode-5 perturba-

tion, indicating that the azimuthal perturbations have an axial dependence. Simulations

indicate that both modes are present; however, the mode-5 perturbations may be more

prevalent in x-ray self-imaging since they occur at the over-driven ends of the cylin-

der which produce more x-rays. The azimuthal perturbations are a feature captured in

3-D simulations; their growth is outside the scope of this work and a more complete

description of their generation and growth will be the goal of future work. These simu-

lations maintain the overall characteristics of the implosion and maintain the same drive

throughout to focus on the effect of the preheat laser.

In Fig. 6.5 neutron DD yields from simulations are compared with the experimen-

tal yields [66]. Two sets of simulations were performed: (1) using extended MHD

including the Nernst effect in Ohm’s law Eq.2.34) (blue) and (2) excluding the Nernst

effect (green). Fig. 6.5 shows that both simulations overpredict experimental yield. The

shaded region is the yield variation in simulations that comes from the varying quanti-

ties (shell thickness, drive laser energy, outer radius, and fill pressure) to their extreme

value in the uncertainty of the experimental measurement from Ref. [61] The simula-

tions predict that the optimal preheat energy is 90 J which is 20 J over what was seen

in experiments. The drop from the peak yield in simulations is more gradual than that

seen in experiments, however when including the Nernst effect the drop in the neutron

yield is more accurately captured. This effect is tied to the change in magnetic field

advection and transport when the Nernst effect is included and will be explained in

Subsection 6.3.2. Similar to what was seen in MagLIF for higher seed fields, including
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the Nernst effect increased neutron yields in simulations [10]. The simulations over

predict the yield compared to experiments indicating missing physics in modeling the

implosions.

6.3.1 Comparision of Ion Temperature to Experimental Results

In simulations, the Nernst effect also modified the neutron-averaged ion temperatures.

Fig. 6.6(a) shows the neutron-averaged temperatures from simulations in the cases with

the Nernst effect and without it. Simulations excluding the Nernst effect predict much

higher temperatures than those including the Nernst effect, and the drop with increasing

laser preheat energy is also more gradual.

Ion temperatures in experiments are measured with nTOF (neutron time-of-flight)

probes [67]. There is a known flow effect that shifts the values in ion temperature

obtained from the nTOF probes [68]. Experimental ion temperatures came from two

probe position ports labeled as: H15 which is angled at −59◦ from target normal (or

31◦ from the cylinder axis), and from 3m port angled at 6◦ from target normal (or 96◦

from the cylinder axis). The 3m probe is angled at 65◦ from the polar angle and at 72◦

from the azimuthal angle with respect to the H15 probe. The probe at H15 position is

more aligned axially and more sensitive to axial flow. The experimental ion temper-

ature is determined from the minimum between the two measurements since velocity

variance analysis has shown that taking the minimum DD ion temperature of measure-

ments removes anisotropic velocity variance [68]. A post-processing routine is used to

model the flow effect on ion temperature measurements in simulations. In Fig. 6.6(b)

the simulated H15 and 3m ion temperatures are plotted along with the experimental

H15 and 3m temperatures. The simulations agree on the trend in ion temperature with

the experiments, however, the simulated H15 values are outliers compared to the exper-

imentally measured values and the simulated 3m values. In simulations, there are large

plasma flows out of the opposite ends of the cylinder at bang time. The axial flow is
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Figure 6.6: (a) Neutron-averaged ion temperature without flow effect at bang time

from simulations including Nernst effect (blue), excluding Nernst effect (green), and

minimum of experimental measurements (red). (b) The effect of flow on ion temper-

ature is taken into account in experiments and simulations(with Nernst effect) with

measurements from probes at H15-probe (angled at −59◦ from target normal) and at

3m probe (72◦ with respect to the H15 probe). Both experiments and simulations have

a seed magnetic field of 27 T.[46]
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Figure 6.7: Diagram showing the angle of view from the targets surface of nTOF probes

compared to an ion temperature plot of a mini-MagLIF implosion simulation at bang-

time. H15 and 3m probes have an azimuthal angle relative to each other of 72◦.
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symmetric about the axis and the neutron-averaged axial flow ⟨vz⟩ is typically in 10 to

30 km/s range; however,
〈
v2

z
〉

is in the range of 50,000 to 65,000 km2/s2. The axial flow

⟨vz⟩ is out of the implosion at opposite ends, which is why ⟨vz⟩2 is much smaller than〈
v2

z
〉
. The variation in apparent ion temperature is driven by the axial flow and domi-

nated by the term
〈
v2

z
〉
. In experiments temperature measurements were much closer in

agreement between the H15 and 3m positions, indicating that the simulations overpre-

dict the axial flows compared to what is present in experiments. The ion temperature in

simulations is shown to decrease from the central hot spot to the poles, which suggests

a decreasing amount of Doppler-shifted neutrons. The simulations including preheat

have large CRs in the range of 55 to 65, which drives the axial flow. These high CRs

may be overpredicted as experiments point to CRs below 25 [69]. Artificially lowering

the CRs in simulations would also generate less axial flow.

6.3.2 Magnetic Field Advection due to Nernst Effect

In magnetized targets without preheat, the magnetic field is compressed to magnitudes

much greater than the seed magnetic field. During the laser preheat stage, the magnetic

field within the fuel region is pushed radially outward by two effects: (1) the blast wave

that carries the magnetic field with it, and (2) the magnetic field that is advected down

the temperature gradients via the Nernst effect. Both effects can reduce the magnetic

field enhancement from flux compression during the implosion. In Fig.6.8 the magnetic

field enhancement from flux compression in the implosion is plotted versus the laser

preheat energy from simulations with and without the Nernst effect. In the absence of

the Nernst effect, only the blast wave convects the magnetic field radially outward. The

blast wave’s field dynamics, without the Nernst effect, are not as sensitive to the preheat

laser energy.

In the simulations including the Nernst effect, increasing preheat laser energy leads

to less enhancement of the implosion’s magnetic field through flux compression. De-
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Figure 6.8: The final magnitude for the neutron-averaged magnetic field at bang time

normalized to the seed magnetic field of 27 T as a measure of field compression for

the MHD simulations including the Nernst effect (blue) and without the Nernst effect

(green).[46]
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Figure 6.9: Mass-averaged profiles for electron temperature, density, and magnetic field

normalized to 1 keV, 0.017 g/cm3, and 200 T, respectively, at the end of the preheat

stage of the compression for the optimal preheat laser energy of 90 J and 27 T seed

magnetic field, in simulations (a) with the Nernst effect and (b) without the Nernst

effect.[46]
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creased magnetization due to increasing the laser preheat energy was seen in an analysis

of simulations and experiments of MagLIF experiment at SNL in a deep learning surro-

gate model [70]. In these simulations, the decrease in magnetization is attributed to the

Nernst effect. Magnetic flux loss by the Nernst effect has been related to trends in yield

and temperature of the implosion, where both plateaux with increasing preheat energy

[11]. A direct comparison of the magnetic flux to experiments is currently not possi-

ble due to a lack of viable B-field diagnostics. Strong magnetic fields are generated

through the Biermann battery mechanism in the ablated plasma surrounding the target.

These fields have been shown to deflect most of the protons used in proton probing,

preventing measurements of the compressed magnetic field [71, 72]. The advection of

the magnetic field during the preheat stage is examined in Fig. 6.9 which shows radial

plots of the mass averaged values in the axial and azimuthal directions ⟨mass averaged

values⟩ =
∫
(values)ρ(dz)dθ/m where m is the mass over radius,ρ is density and z is

axial coordinate, and θ the azimuthal coordinate. Averages of the magnetic field, den-

sity, and electron temperature are normalized to their maximum values. The buildup

of density at the edge indicates that the blast wave has impacted the wall at 0.025 cm.

When the Nernst effect is included, the magnetic field peak is increased by a factor

of 1.6 compared to the case that ignores the Nernst effect. The magnetic field being

further advected from the center of the fuel region leads to a colder plasma. The blast

wave generated by the preheat laser has also led to higher densities toward the capsule

wall in both cases.

Fig. 6.10 shows a 2-D slice of the magnetic field normalized to the initial seed mag-

netic field with and without the Nernst effect at bang time where the fuel region is

outlined. In the case without the Nernst effect, the magnetic field peaks at the radial

edge of the fuel region in the center of the Z-axis. The magnetic field at the edges is

convected with the blast wave during the preheat stage, remained at the edge throughout

the implosion, and also experienced flux compression. In Fig. 6.10 where simulations

include the Nernst effect, the overdriven ends are where there is substantial flux com-
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Figure 6.10: A two-dimensional slice of log scale magnetic field enhancement (mag-

netic field over the initial seed field) at bang time for 90 J preheat laser energy and 27

T seed magnetic field from simulations without the Nernst effect(a) with the Nernst

effect(b) where the fuel region is outlined in black.[46]
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pression. The magnetic field at the center of the Z-axis has largely been advected out

of the fuel region.

The density and temperature profiles at bang time are shown in Fig. 6.11. Past

work for such a type of implosion has shown the density profile to be predominantly

peaked at the region near the wall [69]. When the Nernst effect is included in simu-

lations, the magnetic field advected by the Nernst effect strengthens the field that was

convected via the blast wave and weakens the field in the center. In simulations without

the Nernst effect during the preheat stage the density and magnetic field of the blast-

wave are coupled and move radially outward. In the case with the Nernst effect, the

radial temperature gradient decouples the density wave from the magnetic field peaked

at the edge of the fuel region. During the implosion, the bulk flow is radially inward

however the magnetic field also sees Nernst velocity that is directed radially outward.

Increases in preheat lead to more magnetic field advection away from the center which

allows for a wider temperature profile.

Fig. 6.11 shows that the density at bang time becomes less edge dominated with

increasing preheat laser energy. The inclusion of laser preheat leads to a wider temper-

ature profile which allows for a flat region with small thermal gradients. This region

where thermal conduction dominates allows for the density peak to be pushed toward

the hotspot which increases neutron yield in simulations. The more center-peaked den-

sity profile at higher preheat energies, however, it does not continually increase neutron

yield. Past the optimal preheat energy at 90 J enough magnetic field is advected so that

even with more density entering the hotspot, the hotspot itself is relatively cooler.

6.4 Effect of Atomic Mix

In the simulations analyzed in the previous sections, the fuel is pure DD. In reality,

it is likely that material from the wall or window enters the fuel region. In MagLIF

experiment at SNL the mix of higher-Z elements leads to radiative heat losses in the
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Figure 6.11: The radial profile of axially and azimuthally neutron-averaged density

over initial density (a) and ion temperature (keV) (b) for four different preheat energies

with 27 T seed magnetic field at bangtime.[46]



87

fuel region [49, 73], which degrades the neutron yield. The group at SNL was able to

diagnose mix material from the window and surrounding structure by applying mid-Z-

atomic surface coatings. Mix was measured spectroscopically to penetrate deep into

the fuel center [54]. In contrast to the SNL experiments, the radius of the preheat laser

is of the same order as the inner radius for mini-MagLIF capsules. As such thermal

conduction from preheat reaches the wall before any shock is formed, and mix is likely

added from the capsule wall into the fuel region. The wall mix could also be hydro-

dynamic mix during the deceleration phase from the ablator walls or direct ablation

from thermal conduction at the wall. Mix may be a factor in explaining the yield dif-

ference between simulations and experiments. The simulations with varying preheat

laser energies were rerun with a fuel region that was uniformly premixed with C from

the parylene-N walls using the Detailed Configuration Accounting DCA package in

HYDRA (including the Nernst effect) to calculate mixed region opacities [74]. While

in practice it is unlikely that the fuel region becomes uniformly mixed throughout the

initial stages of the implosion, these simulations provide guidance on the effect of mix.

The mix concentration’s dependence on preheat energy is not currently well under-

stood; the specific mix concentration is likely to change with preheat laser energy. To

elucidate the effect of mix, we present simulations with the same mix concentration

at multiple preheat laser energies and simulations with varying mix concentrations at

the same preheat laser energy. The decrease in neutron yield with increasing mix as

atomic percentage (for optimal preheat laser energy) is illustrated in Fig. 6.12(a). As

more carbon mix is included the yield-over-clean (YOC), the ratio of yield with mix

over the yield without mix, can drop well below 50 % of the clean result [Fig. 6.12(a)].

In Fig. 6.12(b) the mass in the fuel region leads to lower CRs which would lower field

compression. In clean simulations the CR, the ratio of the final radius to the initial,

was in the 50-60 range; with mix effect, it drops to the 20-30 range. The added mass

from mix in simulation leads to lower CR, however with mix percentages in the range

of 20% to 30%, the added mass from the mix is also increasing the final ρR. In a
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past computational study on mix in MagLIF at SNL YOC dropped exponentially with

small percentage increases in the mix material. The YOC in mix simulations of the

OMEGA experiments show a much more gradual drop [49]. The faster implosion time

from OMEGA compared to Z at SNL, points to less time for radiative losses in the fuel.

However the presence of mix mass substantially lowers CRs in simulations.

In Fig. 6.13 we show the results of simulations with 15% of carbon atom mix into

the fuel (which would be equivalent to a 240 nm thick layer of the inner wall). The neu-

tron yields in these simulations are plotted as a function of laser preheat energy. In the

simulations with the mixed-fuel region, the yield decreases at all preheat energies and

the optimal preheat laser energy is shifted to lower laser preheat energy. Similar trends

were seen in LASNEX simulations with mix of MagLIF at SNL [75]. These simula-

tions differ from our OMEGA mini-MagLIF simulations, as mix was linearly increased

with higher preheat, however it is apparent that mix at both scales is detrimental to im-

plosion performance. In the case for mini-MagLIF at OMEGA higher overall density

means the thermal pressure needed to start lowering the CR can be reached at lower

preheat energies. As such the deuterium density does not peak as high as it would

in the clean case. The simulations are in better agreement with experiments at higher

preheat energies. Mix in experiments may be more uniformly distributed with higher

preheat energy, similar to how the density profile in the clean simulations was more

uniform at higher preheat energies. The effect of mix may explain why the simulations

overestimate neutron yields. In reality, mixing may be nonuniform; the field advected

out toward the capsule walls during preheat may reach a region where mixing is occur-

ring, in this region where presumably Z could vary wildly, further field advection could

lead to less restricted heat flux out of the fuel region and further yield degradation.

The neutron-averaged ion temperatures at bang time for the mixed fuel implosion

differ only slightly from their clean counterparts, suggesting that because of the speed

of the implosion, the radiative loss effect due to the mix seen in MagLIF at SNL may not

be as dominant in mini-MagLIF on OMEGA. The mass of the mix itself may be more of
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Figure 6.12: (a) Neutron yield-over-clean (YOC) as a function of C mix percent; (b) the

decrease in the CR as mix is added. simulations with 9J preheat and 27 T seed field[46]
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Figure 6.13: DD neutron yield over varying preheat laser energies from experiments

(red), clean simulations (blue), and simulations mixed with 15% C in the fuel region

(black) with 27 T seed field.[46]
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Figure 6.14: Neutron-averaged ion temperature (H15) versus laser preheat energy in

simulations including flow effect without mix (blue), with mix of 15% carbon in the

fuel (black), and in experiments (red) with 27 T seed field.[46]

contributing factor in the loss in yield. This is illustrated by Fig. 6.14 which shows the

difference in the simulation ion temperature in the mixed and unmixed cases. The mix

simulations at higher preheat laser energies specifically at 180 J match the experimental

yield as well as the experimental ion temperatures. The smaller CR lowers the
〈
v2

z
〉

by

a factor of 3 in the simulation compared to the clean simulation and the simulated H15

ion temperature is in closer agreement to the experiments.

The simulations with a uniform premixed fuel region are higher in ion charge num-

ber Z and mass, which leads to more inverse bremsstrahlung heating during the preheat

pulse and more radiative losses throughout the implosion. In reality, mix is probably

nonuniform and happens throughout the preheat stage. Fuel that is premixed and then

heated is not equivalent to simultaneous processes of heating and mixing. This differ-
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ence is highlighted in Fig. 6.14 where the simulations with lower preheat laser energy

lead to higher ion temperatures than the clean case. This is opposite to simulations with

higher preheat laser energies, where the plasma ion temperature reached is lower than

their clean counterparts. Simulations indicate that the final bang time temperature is

dependent on many factors as mixed and clean simulations with comparable preheated

ion temperatures can be different from each other at bang time. Fig. 6.15 compares

the ion temperatures immediately after preheat for the clean simulations and premixed

simulations with 15% mix. The lower ion temperatures at lower laser energies vary

somewhat from their clean counterparts, however, the ion temperatures at higher laser

energies are closer to the clean simulations. Variations of mix concentration could

make it appear that small variations in preheated ion temperature can make a signifi-

cant difference in yield. A caveat is that the preheat pulse is shortened to match the

expected laser energy transmitted extrapolated from a different set of experiments, and

small inaccuracies carried from this procedure could shift bang time ion temperatures.

The plasma transport coefficients are governed by the Hall parameter χ , which can

change drastically due to mix. In Fig. 6.4(a) we compare χ for mix (15% percent mix

from carbon) and no-mix cases at a preheat laser energy of 180 J. At the end of preheat

stage, χ is much lower as mix has modified implosion parameters considerably. In the

clean simulation, χ is usually well above unity across the capsule. In the case with

mix it only reaches one toward the edge of the capsule. At bang time, the difference

in χ is even more striking, in the clean case the hotspot χ is one or much greater, in

the case with mix (which as a reminder has a much lower CR) χ is of order one or less

throughout the capsule. χ of order unity corresponds to the maximum of the Nernst

coefficient β∧ indicating that mix can also be further inhibiting field compression.
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Figure 6.15: Mass-averaged preheated ion temperatures of clean simulations (blue) and

simulations premixed with 15% C in the fuel region (black) versus laser preheat energy

with 27 T seed field [46]
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Figure 6.16: The axially and azimuthally averaged radial profile of Hall parameter χ

mass averaged at the end of the preheat stage (a) and neutron-averaged at bang time

(b) without mix (blue) and with mix (black) calculated from simulations 27 T seed

field.[46]
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6.4.1 Effect of Stronger Initial Magnetic field

In past work, it was shown that increasing the initial seed magnetic field past 10 T

without the inclusion of preheat laser led to a reduction in yield because magnetic

pressure from higher compressed magnetic fields worked against the compression [57].

In Sections 6.3 and 6.4 we demonstrated that the preheat laser advects the magnetic

field out of the center of the fuel region and that mix can lower the CR both limiting

the magnetic pressure from flux compression during the implosion. In simulations

without preheat, magnetic pressure became detrimental to the implosion when β the

ratio of thermal pressure to magnetic pressure, fell below 33 [57]. In simulations with

preheat the Nernst effect advects magnetic fields out of the fuel region and increases β

to ranges from 50-600 dependent on the preheat energy. The inclusion of mix further

raises β even higher, as including mix lowers CRs and the compressed field at bang

time. The preheat laser and resulting mix shift the optimal magnetic field. As a result

simulations with a higher initial magnetic field lead to greater yield enhancement. This

is shown in Fig. 6.17 where we consider a low-yield shot at a preheat laser energy

180 J where simulations with mix agreed well with experiments, and increase the initial

magnetic field to values expected from upcoming generations of the MIFEDS system.

Simulations predict that increasing the initial magnetic field on the low-yield shot can

lead to an enhancement in yield even with the proposed highest magnetic field from the

next generation of MIFEDS.

Another mechanism to mitigate mix not explored in this thesis increasing fill pres-

sure. Implosions with higher fill pressures also mitigate mix by reducing the concentra-

tion of high Z elements. An experimental study is needed to understand the underlying

mix mechanisms that are not captured using the premixed method shown here.
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Figure 6.17: Neutron yield in the simulations at laser preheat energy of 180 J with 15%

mix C as a function of seed magnetic field from upcoming generations of the MIFEDS

system.[46]
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6.5 Comparison of Simulation Results to Experiments

We have shown that 3-D radiation hydrodynamic simulations point to an optimal laser

preheat energy for laser-driven MagLIF on OMEGA, with a 27 T initial magnetic field,

resulting in a peak in neutron yield. A similar peak in neutron yield as a function of

laser preheat energy was observed in experiments, however, the experimental yield and

the optimal laser preheat energy is lower than predicted in simulations. Comparing

simulations that include or do not include the Nernst effect, it is clear that the Nernst

effect is necessary to properly model how laser preheat affects the field dynamics in

the fuel region of MagLIF. The drop from the peak in neutron yield with increasing

laser preheat energy past the optimal value is larger with the Nernst effect. We note

that with increasing preheat laser energy, there is less magnetic field enhancement due

to compression and the radial profile of the density becomes less dominated by edge

effects.

Simulations using a mix model show that including mix in implosions leads to yield

degradation and can also shift the optimal laser preheat energy to a lower value. Un-

like MagLIF at SNL, the primary-yield degradation mechanism from mix in MagLIF

at OMEGA is not only from radiative losses (as neutron-averaged ion temperatures are

not consistently lower between clean simulation and simulations with mix), and the use

of a premixed region limits the simulation ability to exactly match the material pene-

trations occurring in experiments. The added mass from mix lowers the CRs and the

Hall parameter across the capsule fuel region, modifying plasma transport coefficients.

Simulations also suggest that higher seed magnetic fields available from upcoming gen-

erations of MIFEDS will further enhance yield in DD cylindrical implosions. A future

expanded study of mix effect will be needed to ascertain the degree to which mix prod-

ucts may penetrate the core, as well as its behavior at different preheat laser energies.

Simulations can then attempt to model mix non-uniformly to study the impact on trans-

port in the fuel region. As simulations with the mix model see a large drop in yield, they
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can lead to estimates on when yield degradation from increasing preheat laser energy

could impact future experiments.



99

7 Conclusions

7.1 Localized Structures in Laser-generated Magne-

tized Plasma

The flexibility of magnetized laser experiments performed in simple geometries with

laser-generated plasma in a magnetic field allows for the study of fundamental transport

properties. In this thesis, simulations were able to explain when transport effects in

magnetic fields are important for the formation of dynamic structures in plasma.

In magnetized jets, the collimation of the plasma by the external field was observed

in simulations. Even though the laser deposition was done on a short time scale com-

pared to the larger time scale of experimental measurements we were able to apply

MHD simulations. We showed that the expansion of the plasma jet was in close agree-

ment with experiments, proving magnetic pressure was a dominant effect in collimating

the plasma after ejection of mass from the target.

In simulations of magnetized plasma discs, all main features were studied and re-

lated to theory. Two-dimensional simulations were able to capture the collimation of the

ablation plasma of the rod. A pinching effect that allows for advected magnetic fields to

pinch down on the plasma was characterized. Simulations showed how different terms

in Ohm’s law affect the collimation. The disc itself was shown to be confined by the
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magnetic field pressure with the Hall parameter varying in the range 0.1≤ χ ≤ 100.

Simulations of the disc in three-dimensions were performed with different sets of

transport coefficients showing that while the pinching effect, seen in two-dimensional

simulations, pushes plasma around the rod it is not enough to fully engulf the rod and

generate a full disc. The choice of transport coefficients could limit the ability to model

the full disc. Simulations with Epperlein and Haines coefficients can model heat flux

around the rod but skews the ejecta because of an overestimation of field twisting by

cross-gradient Nernst term. The updated coefficients of Sadler and Walsh or Davies and

Wen can capture the ejecta part of the disc more accurately, as shown when comparing

synthetic shadowgraphs to experiments. Heat flow from the ablation plasma along the

surface of the rod was shown to be the driving mechanism in generating ejecta that

completes the formation of the disc.

A possible explanation for instabilities seen in experiments was obtained by ex-

tending the analysis of the magnetothermal instability that shows unstable growth at

timescales relevant to those in experiments. The current driven magneto-thermal in-

stability allows for the feedback between Nernst and Ettinghausen terms to drive the

instability mediated by ∂β⊥/∂ χ . The disc generation is dependent on heat flux along

the azimuthal direction of the laser spot. It exists as long as there is a strong magnetic

field and a temperature gradient in the field. The temperature gradient is generated by

the laser, but in theory, could be generated by an alternative source.

7.2 MagLIF on OMEGA

Simulations of mini-MagLIF were able to explain important trends in neutron yields

and were able to show that the inclusion of the Nernst effect allows for the yield to

have an optimal preheat laser energy. The Nernst effect advects the magnetic field out

of the center of the implosion and lowers the magnitude of the compressed magnetic

field at bangtime of the implosion. The advection of magnetic field also has a similar
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effect on measured ion temperatures. Magnetic field advection away from the fuel

region lowers ion temperatures. The inclusion of atomic mix leads to simulation results

which are much closer to experimental results. Laser-driven mini-magLIF is shown

to be highly sensitive to mix from laser preheat similar to larger-scale current driven

MagLIF. Increasing the initial magnetic field strength can mitigate some losses from

mix.

7.3 Final Remarks

This thesis has been able to highlight the importance of transport theory in the re-

sults of full three-dimensional hydrodynamic simulations. MHD transport is inherently

three-dimensional and while computationally costly important physics effects can be

extracted from simulations. Also, synthetic diagnostics to post-process simulations has

been developed to compare to experiments and explain the observed plasma physics

phenomena.
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A Synthetic Shadowgraphy

Methodology

The synthetic UV shadowgrapgy routine is Python post-processing code used to gener-

ated synthetic shadowgrams from three-dimensional simulations. HYDRA simulation

output are re-gridded onto Cartesian space with grid size 500 x 500 x 500. A plasma

object is generated with attributes for electron density, electron temperature, ion tem-

perature, electron density gradients in each direction, and atomic number. Rays are

also treated as objects with attributes for k⃗, velocity v⃗, and intensity normalized to 1 an

arbitrary unit for each ray. Using the relation for the refractive index:

n2 = 1− ne

nc
, (A.1)

the group velocity for each ray can be approximated as

∂ v⃗g

∂ t
=−c2

2
∇ne

nc
(A.2)

As the rays pass through the gradient of the plasma they are deflected from their initial

trajectory taken by the user. The code updates iteratively taking dt = (xmax− xmin)/c.

After a deflection of a ray reaches outside the simulation grid the ray is ended and

not tracked through the system. Rays are also treated as collisionally absorbed via the

calculated fraction of absorption.[22]

fa = 1− exp
(
−
∫ 0

−∞

2im(k(x))dx
)

(A.3)
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where K is the imaginary solution to the dispersion function. The fraction of the laser

energy still in the ray fl is:

fl = exp
(
−
∫ 0

−∞

2im(k(x))dx
)
. (A.4)

considering infinitesimal moments of time and taking the group velocity as vg = dx/dt

we can have the fraction of the laser not absorbed at time dt

d fl = exp(−2im(k)vgdt) (A.5)

d fl = exp
(
−2

υcen2
e

cn2
c

dt
)

(A.6)

where we have substituted the dispersion relation im(k) as

im(k) =
υce

c
n2

e/n2
c√

1−ne/nc
, (A.7)

υce is the collision frequency of electrons at the critical density. The script makes use

of the multiprocessing tool in Python so each core of an associated node tracks one ray

and immediately starts another ray independently of what the other cores are doing.
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B Magnetothermal Instability in an

Axial Magnetic Field

In Chapter 5 a new regime of the magnetothermal instability is suggested as an expla-

nation for the axial features development along the rod in plasma disc experiments. The

discussion of this instability is an extension from studies of the traditional field com-

pressing magnetothermal instability [45] seen in laser-plasma in an external magnetic

field. The instability was based on a feedback between the heat flux and the magnetic

field advection in a laser generated plasma in an axial external field, specifically Nernst

advection term and Reghi-Leduc heat flux term. The equations used in [45] were,

−∂B
∂ t

=−∇×E

=−∇×
(

meνeα⊥
e2necBµ0

∇×B− β∧
e

ẑ×∇Te

)
(B.1)

3
2

ne
∂Te

∂ t
=−∇ ·Q

= ∇ ·
(

necBTE

νeme
[κ⊥∇Te +κ∧ẑ×∇Te]

)
+∇ ·

(
Te

eµ0
β∧ẑ× (∇×B)

)
(B.2)
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where cB = 3
√

π/4 is normalization constant. Using linear perturbation theory where

perturbations are taken as

T = T0(x, t)+δT ·EXP (B.3)

B = B0(x, t)+δB ·EXP (B.4)

EXP = exp(i(kxx+ kyy−ωt)) (B.5)

and kx = k cosθ , ky = k sinθ , the dispersion relation is obtained which is quadratic in

ω and solvable. The solution of the equation is given by;

ω± =
1
2
{

sBk− (dR−dT ) ik2}± 1
2
{

s2
Bk2 +[sP +2sB

×(dR−dT )] ik3−
[
(dR−dT )

2 + sE

]
k4
} 1

2 (B.6)

The s and d coefficients label driving source and damping terms for the instability.

sP =
2β∧c2

Bλ 4
m f pν2

e

3lt

∂κ∧
∂ χ

sinθ , sB =
cBχλ 2

m f pνe

3lB

∂κ∧
∂ χ

sinθ ,

sE =
4λ 2

m f pδ 2ν2
e

3
β

2
∧, dR =

α⊥δ 2νe

cB
, and dT =

cBκ⊥λ 2
m f pνe

3
. (B.7)

The perturbation wavevector should satisfy the following condition
∣∣1/lt,b

∣∣≪ |k| ≪
1/λm f p. Of the three source terms(sP, sB, and sE), the dominant source term sP was

dependent on both Reghi-Leduc and Nernst terms, and contained the derivative of κ∧

with respect to the Hall parameter χ . The functional forms are

Epperlein-Haines: κ∧ =
χ

(
γ
′′
1 χ + γ

′′
0

)
χ3 + c′′2χ2 + c′′1χ + c′′0

(B.8)

Ji-Held: κ∧ =
χ

(
5
2 χ + k0

k5

)
χ3 + k4χ

7
3 + k3χ2 + k2χ

5
2 k1χ + k0

(B.9)

here γ
′,′′

1,0, c
′,′′

0,1,2, and k0,1,2,3,5,6 are calculated constants from Refs. [30, 31]. The func-

tional form of the transport coefficients differ between the different models which leads

to large variations of the calculated growth rates. Figure B.1 shows ∂κ∧
∂ χ

using coeffi-

cients from [30] and [31].
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Figure B.1: The functional form of ∂κ∧/∂ χ using Epperlein-Haines and Ji-Held coef-

ficients over varying Hall parameter χ .

Including the corrected coefficients from [31, 32] leads to large changes from

growth rates calculated using coefficients from Ref. [30]. In Figure B.2 the calculated

growth rate from the dispersion relation (Eq. B.6) is plotted using Epperlein-Haines

coefficients and updated coefficients κ (from [31]), α , and β (from [32]). Figure B.1

shows a large change in the calculated growth rates for the same parameters. Specifi-

cally the instability can have unstable growth at smaller perturbation wavelengths and

time scales of the instability growth are decreased.
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Figure B.2: Field compressing magnetothermal instability growth rate calculated using

Epperlein-Haines and Davies-Wen coefficients. With B = 6T,ne = 1.5×1019cm−3, and

Te = 360eV .
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