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A study of the Rayleigh-Taylor Instability during deceleration in in-
ertial confinement fusion relevant conditions

Camille Clement Samulski

(ABSTRACT)

The Rayleigh-Taylor instability (RTI) is one of the primary hydrodynamic instabilities that
acts as a disputer to achieving high yield inertial confinement fusion (ICF). The potential
for RTI to grow on the interior surface of ICF capsules, caused by deceleration during the
implosion, further emphasises the need to better understand the seed mechanisms for RTI
and possible mitigation methods for damping the instability growth. Reducing the growth
of RTI during deceleration could preserve the spherical symmetry of ICF implosions and
reduce the amount of mix between the solid capsule liner and fuel hot-spot. Additionally, it
has been shown that magnetic fields do damp RTI growth, and the presence of a magnetic
field lowers the threshold for achieving fusion and increases the yield.

Understanding the seed mechanisms of the RTI, especially on the interior surface of ICF
capsules, further allows for better understanding of the morphology of the RTI growth dur-
ing deceleration. Classically RTI has been studied using single or multi-mode sinusoidal
perturbations, which result in bubble and spike morphology. However in addition to si-
nusoidal perturbations, single-feature perturbation, such as voids or divots, can seed RTI.
This form of RTI is considered the thin-layer RTI, where the perturbation’s wavelength is
longer than the dense layer’s thickness. This specific RTI evolution results in a morphology
consisting of a single central spike and arms that extend horizontally away from the spike
and eventually fall back towards the interface. Thin-layer RTI is important to explore dur-
ing deceleration due to the presence of the fill-tubes in ICF capsules causing holes in the shell.

Creating experimental platforms for current laser configurations on Omega and the Na-
tional Ignition Facility (NIF) is necessary to study deceleration-stage RTI experimentally
and validate computational modeling. A comprehensive exploration of potential experimen-
tal designs on Omega, Omega-EP, and NIF are explored to identify a platform with which
deceleration-stage RTI can be studied with and without the presence of an externally applied
magnetic field. Additionally, the design of a novel experimental platform for Omega-EP to
study thin-layer RTI during deceleration with and without an externally applied magnetic
field is presented, along with data collected during the first experiments performed utilizing
the platform. Lastly, a first of it’s kind RTI platform for NIF is fielded and the results are
presented, including an exploration of the possible impacts high-intensity-laser generated
hot-electrons can have on experimental targets. The results of these experimental platforms
are used to benchmark computational models, and demonstrate the potential for magnetized
RTI to be studied comprehensively in future experiments.



A study of the Rayleigh-Taylor Instability during deceleration in in-
ertial confinement fusion relevant conditions

Camille Clement Samulski

(GENERAL AUDIENCE ABSTRACT)

The potential of controlled sustained nuclear fusions as a viable energy source has rapidly
become a reality in recent years. Monumental progress has been made in the pursuit of con-
trolled fusion, including the repeated achievement of fusion ignition at the National Ignition
Facility (NIF), meaning there was successful production of more energy from the fusion reac-
tion than laser energy used to trigger the reaction. However, in order for fusion to become a
truly viable energy source improvements in capsule design and the mitigation of disruptions,
like hydrodynamic instabilities, must be explored to produce higher energy yields.

The Rayleigh-Taylor instability (RTI) is one of the most detrimental hydrodynamic insta-
bilities in inertial confinement fusion (ICF). RTI occurs when a lighter fluid, like the fuel
used in fusion reactions, supports a heavier fluid, the ICF capsule itself, under the influence
of gravity. An ICF capsule is imploded, induced by the driving mechanism, such as a laser,
but once the driver stops the capsule will begin to decelerate. During this deceleration stage,
the interior surface of the ICF capsule in susceptible to RTI growth causing the cold capsule
material to mix with the hot fusion fuel. This mixing reduces the fuel’s ability to reach
the necessary temperatures and densities need to achieve ignition and produce high energy
yields. As a result, it is crucial to better understand the defects that cause RTI to grow and
explore methods that could damp the RTI growth and preserve the integrity of the implosion
and fusion fuel.

The work presented here focuses on exploring both the seed mechanisms for RTI and miti-
gation strategies. Specifically, using an externally applied magnetic field has been shown to
damp RTI growth and in know to lower the threshold of the conditions needed to achieve
ignition. A study of possible experimental setups at both the Omega laser and NIF is ex-
plored in order to identify a design with which the damping effects of an externally applied
magnetic field on deceleration-stage RTI can be studied experimentally. From this design
study platforms for the Omega-EP and NIF were conceptualized and ultimately fielded.
The results from these novel experiments are presented, along with an exploration of pos-
sible effects on RTI unexpected preheating of the experimental targets. Additionally, an
exploration of the seed mechanisms of RTI is presented with a look at the classic sinusoidal
perturbation as well as using a divot to seeded thin-layer RTI, which evolves with a spike
and arm morphology rather than the classical bubble and spike. The experimental results
from Omega-EP using a divot as the perturbation are presented. Novel results of varying
RTI platforms and their potential for further development provide crucial insight into the



possible presence of deceleration-stage RTI in ICF capsules and can be iterated on in the
future to further explore RTI evolution and damping methods.
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Controlled sustained nuclear fusion as the penultimate sustainable source of renewable energy
has been pursued for almost a century. Recent advancements in both laser and magnetic
driven fusion efforts have brought about the precipice of achievable nuclear fusion and made
it a viable avenue for future generations energy needs [1, 2, 3, 4]. The root of successful
nuclear fusion lies in combining two lighter nuclei into a single heavier nucleus releasing
significant energy energy from the reaction due to the conservation of mass. In comparison,
nuclear fission, used in current nuclear reactors, derives energy from the splitting of a heavier
atom, like uranium-235, via radioactive decay. While a nuclear fission reaction produces large
quantities of energy, �200 MeV, in comparison to the �17 MeV produced by a deuterium-
tritium fusion reaction, the quantity of fissile material necessary for fission is significantly
greater than that needed for fusion reactions. Thus, the amount of energy available per
mass of fusion fuel is significantly greater than that of fissile material, not to mention the
significantly increased risks of radioactive waste that come with fission reactions.

Figure 1.1: A demonstration of the Lawson criterion for reactions using deuterium-tritium
(D-T), deuterium-deuterium (D-D), and deuterium 3He (D-3He). The x-axis represents the
required temperature in either million Kelvin or kilo-electron volts (keV), while the y-axis
represents the required density and confinement time. [5]
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As a result of the attractiveness of nuclear fusion as an energy source, multiple avenues
to achieve sustainable controlled nuclear fusion are being explored. The work presented
here deals with inertial confinement fusion (ICF) as the primary method of achieving fusion,
which has recently seen demonstrably improved gains in moving towards achieving sustained
controlled fusion on the National Ignition Facility (NIF). Successful ICF reactions depend
on pushing fusion fuel to exceptionally high energy density (HED) states for very short
time-scales as per the Lawson criteria [6]. Figure 1.1 shows how the necessary conditions,
temperature, density, ne, and confinement time, �E, to achieve ignition, per the Lawson
criteria, vary based on the fuel source, deuterium-tritium (D-T), deuterium-deuterium (D-
D) or deuterium-3He. Pushing the fuel to these HED state ensures that there will be high
enough number density and the nuclei will be at high enough temperatures to have enough
kinetic energy to overcome the Coulomb barrier and fuse. ICF aims to achieve these necessary
fusion conditions by driving or imploding a pusher at exceptionally high velocities, allowing
the inertia to compress the fusion fuel and increase its number density and temperature to
a regime that is required to achieve a nuclear fusion reaction. In addition to the difficult
task of reaching the necessary conditions for fusion, the ability to control and sustain such
a reaction is required for ICF to produce a viable future energy source.

Figure 1.2: A colorized image form (LLNL link) of a 2016 “Big-Foot” D-T experiment on
NIF using a diamond target capsule for the fuel demonstrating the HED conditions necessary
for ICF.

Within ICF there are many different avenues through which controlled and sustained nu-
clear fusion is being pursued. These include magnetized liner inertial fusion (MagLIF) as
performed on the Z-machine at Sandia National Laboratory, indirect-drive ICF, and direct-
drive ICF as performed on the NIF at Lawrence Livermore National Laboratory (LLNL).
The interior chamber of the NIF, where direct-drive and indirect-drive experiments occur,
can be seen in figure 1.2. The primary method explored in this work is direct-drive ICF,
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in which a spherical target is filled with fuel, commonly deuterium and tritium, and a large
scale laser is incident directly on the surface of the target in a uniform manner to spherically
implode the target and compress the fuel inside to the desired density and temperature,
illustrated in figure 1.3.

Figure 1.3: A recreation of the process and stage of direct-drive ICF from Ditmire et. al.
[2023], showing the laser drive incident on the capsule, the compression of the capsule,
ignition and final burn of the fuel to create more energy [7].

Current ICF platforms, like direct-drive ICF, do not have the precision control over targets
and lasers necessary to successfully reach high areal densities, �R, and ignite the capsule.
High fuel areal density is needed for high gain or yield, which is determined by the ratio
of energy out to energy in and the burn fraction, � = �R

�R+Hb
[8, 9]. As can be seen in the

equation for the burn fraction, the need for high areal density conditions is necessary for
ICF platforms to be considered viable as energy sources. The presence of hydrodynamic
instabilities limits the ability for ICF targets to achieve high compression, as can be seen
in figure 1.4, showing plots of fuel compression verses yield and simulations showing the
deterioration of the spherical implosion due to instability growth [10, 11]. Thus, a large
point of interest and improved performance is evolving target designs in order to mitigate
instabilities that disrupt the hot spot.
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Figure 1.4: Recreations of figure from O.A. Hurricane et. al. [2023], left, and Clark. et al.
[2016] , right, showing the relationship between compression and yield in fusion reactions
and the disruption of compression from instability growth [10, 11].

The instabilities that occur on the interior of the target where the shell and the fuel meet are
highly detrimental by causing the cold shell material to mix with the hot fuel. Mixing results
in the reduction of the temperature and reduces the amount of fuel material available for a
fusion reaction, while also causing asymmetric implosions to occur [10, 12, 13, 14, 15, 16].
Mitigating the mixing, which can be caused by capsule design flaws, is necessary for the
direct-drive platform, and other ICF platforms, to successfully progress towards viable energy
platforms.

The Rayleigh-Taylor instability (RTI) has been identified as one of the primary disruptors
of ICF efforts to reaching high-energy gain [17, 18]. RTI develops when there is an interface
between a high density fluid and low density fluid, such as when water supported by oil in
a glass [19, 20]. In the example of oil and water, the system is not in equilibrium and the
force of gravity causes the lighter oil to rise up into the water and displace the water below it
until the system has reached the stable equilibrium of the oil being on top and water on the
bottom. This same phenomena occurs in fluid systems where an interface between a lighter
fluid (�1) and higher density fluid (�2) is acted upon by a constant acceleration (g) parallel
to the density gradient. An example of the evolution of the RTI spike and bubble growth
and subsequent material mixing can be seen in figure 1.5.



5

Figure 1.5: A recreation of a plot from Srinivasan and Tang [21] demonstrating the effects
of a 10 T seed magnetic field and it’s orientation on RTI.

Classical RTI is governed by a the growth rate equation,


2 = gkAt (1.1)

where k is the wave number of the perturbation at the interface between fluid layers is k =
2�/� and � is the wavelength. At is the Atwood number, defined as At = (�2 � �1)/(�2 + �1)
[22]. As the fluid layer’s densities approach each other (�1 = �2) the Atwood number
approaches zero and the growth of RTI is reduced. The growth of RTI is further impacted
by the presence of a magnetic field (B). In such a case the growth rate equation becomes,


2
B = gkAt � 2B2k2cos2�

�0(�2 + �1)
(1.2)

where � is the angle between the magnetic field and the wave vector . This dependence on
the magnetic field is most immediately notable by the complete damping of perturbations
with wavelengths equal to or less than the critical wavelength, (�c). The critical wavelength
of the system is found with the following equation.

�c =
4�B2cos2�

�0g(�2 � �1)
: (1.3)

The presence of RTI on the interior surface of ICF capsules occurs due to the sharp density
difference between the low density fuel and the solid density shell, which is then accelerated
inwards due to the implosion, consequently causing the interior surface to be RTI unstable.
The implosion of the ICF capsule causes significant pressure to build within the hot spot,
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thus the implosion will begin to decelerate causing deceleration-stage RTI growth on the
interior surface of the ICF capsule. In this deceleration stage the lighter fluid displaces the
high density shell material causing the comparatively cold and dense material from the shell
to mix into the hot-spot, where ignition and burn are intended to occur, and disrupt the
system’s ability to reach the necessary temperatures, pressures and densities for fusion. The
perturbations that seed the RTI on the interior of ICF capsules can range from manufactured
sinusoidal modes producing classical RTI growth, to voids, divots, manufacturing imperfec-
tions, and the fill-tube hole used to inject the fusion fuel into the interior of capsules. The
latter perturbations are single-feature perturbations that seed thin-layer RTI growth.

Figure 1.6: A recreation of a plot from Ott [23] replicating the difference in thin-layer RTI
evolution, with the perturbation collapsing inwards and resulting in a spike or jet like feature
with arms extending to the side.

Thin-layer RTI is a specific configuration that involves perturbations with wavelengths longer
than the thickness of the dense layer. Consequently, it can be applied to a single-feature
perturbation with the assumption that the perturbation would repeat if the capsule was
large enough, and the wavelength would be significantly longer than the thickness of the
ICF capsule shell. The evolution of thin-layer RTI occurs when the walls of the perturbation
collapse inwards and causes a jet of high density material to grow, creating and RTI spike and
arms. The arms extend to the sides and then fall back towards the interface propagating
inwards. A schematic of this can be seen in figure 1.6, showing the jet and subsequent
RT spike evolving from the single-feature perturbation. Due to the nature of this form of
RTI’s evolution, the growth becomes nonlinearity earlier in time, thus due to equation 1.2,
a magnetic field could have a impact on the RTI earlier in time.

The presence of a magnetic field in an ICF implosion could have a number of effects on the
system. Firstly, potential self-generated magnetic fields [21, 24, 25] and externally applied
magnetic fields can be amplified due to the magnetic flux compression during the implosion.
It has been theorized that the presence of a magnetic field reduces the amplitude of RTI
spike and bubble growth [21, 24, 25] which would reduce the subsequent mixing between the
fuel and the shell and maintain the integrity of the hot-spot. Additionally, it has been shown
that the presence of a magnetic field lowers the criteria for ignition and increases the fusion
yield [26, 27]. Thus, using a magnetic field to damp the RTI growth seeded by classical
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sinusoidal perturbations or single-feature perturbations also could increase the chances of
reaching high-yield fusion. The complexity of RTI and other hydrodynamic instabilities
and their negative impact on ICF systems requires high fidelity modeling in order to design
viable ICF platforms, so utilizing the appropriate equations and improving existing models
to better replicate experimental conditions and data is crucial for such ICF design work.

Magnetohydrodynamics (MHD) as a model of describing electrically conducting fluids was
first discussed by Hannes Alfven in the 1940s [28]. The MHD model has been long utilized in
plasma physics to build accurate computational models for plasma interactions. The MHD
equations can be extended to include a number of diffusive effects, specifically resistive-
MHD, which will be the primary form of the MHD equations used in the work presented.
Including resistivity in the MHD equations ensures higher fidelity modeling of systems like
the magneto-Rayleigh-Taylor instability (MRT) for comparison for regimes where the effects
of resistivity are not negligible.

The MHD equations are broken up into conservation of mass, momentum and energy, as well
as an induction equation. The Ares [29] code solves these equations in conservative form as,

@�

@t
+ r � [� ] = 0 (1.4)

for conservation of mass,

@�

@t
+ r �

[
� + P I �

�0

+
j j2

2�0

I
]

= 0 (1.5)

for conservation of momentum,

@�

@t
+ r �

[(
� + P +

j j2

2�0

)
� �

�0

]
= S� (1.6)

for conservation of energy, and

@

@t
= r � (1.7)

as the induction equation [30]. In these equations corresponds to the velocity vector,
to the magnetic field vector, � is the mass density, P is the total pressure, � the total

energy, and �0 the magnetic permeability of free space. S� is a source term, such as ohmic
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heating, for equation 1.6 and is the electric field in equation 1.7. The electric field used
in resistive-MHD calculations is given as,

= � � + � ; (1.8)

where is the current density, and � is electrical resistivity. The MHD equations as presented
are not closed, and required the use of an equation of state (EOS) to provide a pressure
relation to density and temperature [31, 32]. The relation can be supplied by ideal gas EOS
[33], however when studying HED and ICF such an EOS is not sufficient in capturing the
range of material states, so EOS is supplied in a tabulated form for specific materials. These
tabulated EOS can also supply transport coefficients, specifically the electrical resistivity
for resistive-MHD [34] and thermal conductivity for thermal diffusion inclusion. The Ares
code’s MHD capabilities are primarily presented in the results found in chapters 3 and 4.

In chapter 2 the primary code used is the FLASH code from the University of Rochester
[35, 36]. FLASH is a radiation hydrodynamic code with adaptive mesh refinement (AMR)
capabilities. The FLASH code solves the Euler equations for unmagnetized HD simulations
that are presented in chapter 2 and MHD equations for the resistive-MHD simulations.
An in-depth discussion of the specific equations being solved can be found in chapter 2.
Differences between the two codes are the high-fidelity tabulated EOS available with Ares
and the implicit implementation of resistive-MHD which was not available at the time in
FLASH, and the advanced AMR capabilities in FLASH which were not available in 3D at
the time using Ares.

This dissertation primarily follows the format, with the following three chapters
consisting of peer-reviewed journal publications. The content of these articles is summarized
as:

Provides a background exploration of ICF, specifically on direct-drive laser
driven ICF. The limitations in ICF due to hydrodynamic instabilities is discussed,
with an in-depth explanation of the RTI classically and in the thin-layer configuration.
The MHD equations used to explore HED and RTI computationally are reviewed.

Consists of a peer-reviewed paper titled

[22] published in the special edition of Matter and Radiation at Extremes.
This publication presents a computational study of experimental platforms on which
deceleration-stage RTI could be feasibly studied in the presence of background mag-
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netic fields. The limitations of current experimental platforms are explored along with
the presentation of a viable design platform for the NIF.

Consists of a in-detail introduction on the design process for experimental tar-
gets built to study thin-layer RTI, along with initial experimental data from Omega-EP,
followed by the peer-reviewed paper titled

in a completed state and to be submitted. The results from a deceleration-stage
thin-layer RTI experimental platform on Omega-EP are presented, along with compu-
tational validation of Ares simulations using experimental data. The necessity of 3D
simulations for high-fidelity target design work is also discussed.

Presents a peer-reviewed paper titled

in a completed state and in preparation for submission. This manuscript dis-
cusses the presence of high-intensity laser generated hot-electron populations during
experiments and their potential preheating effects on targets. Data from Omega-EP
experiments, as well as NIF experiments, are presented, along with a computational
study of varying preheat levels effects on the experimental target design.

Concludes the work by reviewing the major findings in the aforementioned
publications and discusses possible directions for future work.

The work presented in this dissertation consist of three peer-reviewed journal papers, of
which Camille Samulski is the primary contributor and first author. The collaborators listed
as co-authors contributed as follows:

• is my Ph.D. advisor. She provided invaluable guidance and
project-planning support during my Ph.D. work. She also reviewed and edited the
papers presented.

• is a collaborator from General Atomics. He provided experimental
guidance and support in addition to reviewing and editing all writing.

• is a collaborator at Los Alamos National Laboratory. He provided
edits and feedback on all manuscripts.

• is a collaborator at Los Alamos National Laboratory. He provided
experimental data and feed back on manuscripts.
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• is a collaborator at Lawrence Livermore National Laboratory.
He aided with the setup of Ares simulations and relevant support, in addition to
guidance for simulation planing and interpretation. He reviewed and edited the relevant
publication.

• is a collaborator from the Laboratory for Laser Energetics at the
University of Rochester. He provided support with using Fresnel Zone Plates as diag-
nostics at Omega-EP and reviewed the relevant publication.



[1] A. L. Kritcher, et. al., Design of an inertial fusion experiment exceeding the lawson
criterion for ignition, Phys. Rev. E 106 (2022) 025201. URL:

. doi: .

[2] A. B. Zylstra, et. al., Experimental achievement and signatures of ignition at the
National Ignition Facility, Physical Review. E 106 (2022). URL:

. doi: .

[3] H. Abu-Shawareb, et. al. (Indirect Drive ICF Collaboration), Lawson criterion for
ignition exceeded in an inertial fusion experiment, Phys. Rev. Lett. 129 (2022) 075001.
URL: . doi:

.

[4] S. A. Slutz, R. A. Vesey, High-gain magnetized inertial fusion, Phys. Rev. Lett.
108 (2012) 025003. URL:

. doi: .

[5] Leray, S., Nuclear energy basics, EPJ Web Conf. 268 (2022) 00008. URL:
. doi: .

[6] J. D. Lawson, Some criteria for a power producing thermonuclear reactor, Proceedings
of the Physical Society. Section B 70 (1957) 6. URL:

. doi: .

[7] T. Ditmire, M. Roth, P. Patel, D. Callahan, G. Cheriaux, P. Gibbon, D. Hammond,
A. Hannasch, L. Jarrott, G. Schaumann, W. Theobald, C. Therrot, O. Turianska,
X. Vaisseau, F. Wasser geb. Wagner, �. Zähter, M. Zimmer, W. Goldstein, Focused
energy, a new approach towards inertial fusion energy, Journal of Fusion Energy 42
(2023). doi: .

[8] S. Atzeni, J. Meyer-ter Vehn, The Physics of inertial fusion, 2004. doi:
.

[9] G. S. Fraley, E. J. Linnebur, R. J. Mason, R. L. Morse, Thermonuclear burn character-
istics of compressed deuterium‐tritium microspheres, The Physics of Fluids 17 (1974)
474–489. URL: . doi: .

.

[10] D. S. Clark, C. R. Weber, J. L. Milovich, J. D. Salmonson, A. L. Kritcher, S. W. Haan,
B. A. Hammel, D. E. Hinkel, O. A. Hurricane, O. S. Jones, M. M. Marinak, P. K. Patel,
H. F. Robey, S. M. Sepke, M. J. Edwards, Three-dimensional simulations of low foot and

11

https://link.aps.org/doi/10.1103/PhysRevE.106.025201
https://link.aps.org/doi/10.1103/PhysRevE.106.025201
http://dx.doi.org/10.1103/PhysRevE.106.025201
https://www.osti.gov/biblio/1959535
https://www.osti.gov/biblio/1959535
http://dx.doi.org/10.1103/physreve.106.025202
https://link.aps.org/doi/10.1103/PhysRevLett.129.075001
http://dx.doi.org/10.1103/PhysRevLett.129.075001
http://dx.doi.org/10.1103/PhysRevLett.129.075001
https://link.aps.org/doi/10.1103/PhysRevLett.108.025003
https://link.aps.org/doi/10.1103/PhysRevLett.108.025003
http://dx.doi.org/10.1103/PhysRevLett.108.025003
https://doi.org/10.1051/epjconf/202226800008
https://doi.org/10.1051/epjconf/202226800008
http://dx.doi.org/10.1051/epjconf/202226800008
https://dx.doi.org/10.1088/0370-1301/70/1/303
https://dx.doi.org/10.1088/0370-1301/70/1/303
http://dx.doi.org/10.1088/0370-1301/70/1/303
http://dx.doi.org/10.1007/s10894-023-00363-x
http://dx.doi.org/10.1093/acprof:oso/97801985626641.001.0001
http://dx.doi.org/10.1093/acprof:oso/97801985626641.001.0001
https://doi.org/10.1063/1.1694739
http://dx.doi.org/10.1063/1.1694739
http://arxiv.org/abs/https://pubs.aip.org/aip/pfl/article-pdf/17/2/474/12785108/474_1_online.pdf


12

high foot implosion experiments on the National Ignition Facility, Physics of Plasmas
23 (2016). URL: . doi: .

[11] O. A. Hurricane, P. K. Patel, R. Betti, D. H. Froula, S. P. Regan, S. A. Slutz, M. R.
Gomez, M. A. Sweeney, Physics principles of inertial confinement fusion and u.s. pro-
gram overview, Rev. Mod. Phys. 95 (2023) 025005. URL:

. doi: .

[12] D. Clark, et al., Radiation hydrodynamics modeling of the highest compression inertial
confinement fusion ignition experiment from the Nation Ignition Campaign., Physics
of Plasmas 22 (2015) 022703.

[13] C. Weber, et al., Mixing in ICF implosions on the Nation Ignition Facility caused by
the fill-tube, Physics of Plasmas 27 (2020) 032703.

[14] D. S. Clark, C. R. Weber, J. L. Milovich, A. E. Pak, D. T. Casey, B. A. Hammel, D. D.
Ho, O. S. Jones, J. M. Koning, A. L. Kritcher, M. M. Marinak, L. P. Masse, D. H.
Munro, M. V. Patel, P. K. Patel, H. F. Robey, C. R. Schroeder, S. M. Sepke, M. J.
Edwards, Three-dimensional modeling and hydrodynamic scaling of National Ignition
Facility implosions, Physics of Plasmas 26 (2019) 050601. doi: .

[15] B. M. Haines, C. H. Aldrich, J. M. Campbell, R. M. Rauenzahn, C. A. Wingate,
High-resolution modeling of indirectly driven high-convergence layered inertial confine-
ment fusion capsule implosions, Physics of Plasmas 24 (2017) 052701. doi:

.

[16] J. P. Sauppe, B. M. Haines, S. Palaniyappan, P. A. Bradley, S. H. Batha, E. N. Loomis,
J. L. Kline, Modeling of direct-drive cylindrical implosion experiments with an Eulerian
radiation-hydrodynamics code, Physics of Plasmas 26 (2019) 042701. doi:

.

[17] R. S. Craxton, K. S. Anderson, T. R. Boehly, V. N. Goncharov, D. R. Harding, J. P.
Knauer, R. L. McCrory, P. W. McKenty, D. D. Meyerhofer, J. F. Myatt, A. J. Schmitt,
J. D. Sethian, R. W. Short, S. Skupsky, W. Theobald, W. L. Kruer, K. Tanaka, R. Betti,
T. J. B. Collins, J. A. Delettrez, S. X. Hu, J. A. Marozas, A. V. Maximov, D. T. Michel,
P. B. Radha, S. P. Regan, T. C. Sangster, W. Seka, A. A. Solodov, J. M. Soures,
C. Stoeckl, J. D. Zuegel, Direct-drive inertial confinement fusion: A review, Physics of
Plasmas 22 (2015) 110501. doi: .

[18] R. McCrory, et. al., OMEGA ICF experiments and preparation for direct drive ignition
on NIF, Nuclear Fusion 41 (2001) 1413–1422. doi: .

[19] G. I. Taylor, The instability of liquid surfaces when accelerated in a direction perpendic-
ular to their planes, Proceedings of the Royal Society of London. Series A. Mathematical
and Physical Sciences 201 (1950) 192–196.

https://www.osti.gov/biblio/1438663
http://dx.doi.org/10.1063/1.4943527
https://link.aps.org/doi/10.1103/RevModPhys.95.025005
https://link.aps.org/doi/10.1103/RevModPhys.95.025005
http://dx.doi.org/10.1103/RevModPhys.95.025005
http://dx.doi.org/10.1063/1.5091449
http://dx.doi.org/10.1063/1.4981222
http://dx.doi.org/10.1063/1.4981222
http://dx.doi.org/10.1063/1.5083851
http://dx.doi.org/10.1063/1.5083851
http://dx.doi.org/10.1063/1.4934714
http://dx.doi.org/10.1088/0029-5515/41/10/309


13

[20] T. Rayleigh, Investigation of the Character of the Equilibrium of an Incompressible
Heavy Fluid of Variable Density, Proceedings of the London Mathematical Society
s1-14 (1882) 170–177.

[21] B. Srinivasan, X.-Z. Tang, The mitigating effect of magnetic fields on Rayleigh-Taylor
unstable inertial confinement fusion plasmas, Physics of Plasmas 20 (2013) 056307.

[22] C. Samulski, B. Srinivasan, M. J.-E. Manuel, R. Masti, J. P. Sauppe, J. Kline,
Deceleration-stage Rayleigh-Taylor growth in a background magnetic field studied in
cylindrical and Cartesian geometries, Matter and Radiation at Extremes 7 (2022)
026902. doi: .

[23] E. Ott, Nonlinear Evolution of the Rayleigh-Taylor Instability of a Thin Layer., Physical
Review Letters 29 (1972) 1429–1432.

[24] B. Srinivasan, X.-Z. Tang, On the study of hydrodynamic instabilities in the presence of
background magnetic fields in high-energy-density plasmas, EPL (Europhysics Letters)
107 (2014) 65001.

[25] M. J.-E. Manuel, B. Khiar, G. Rigon, B. Albertazzi, S. R. Klein, F. Kroll, F. E. Brack,
T. Michel, P. Mabey, S. Pikuz, J. C. Williams, M. Koenig, A. Casner, C. C. Kuranz, On
the study of hydrodynamic instabilities in the presence of background magnetic fields
in high-energy-density plasmas, Matter and Radiation at Extremes 6 (2021) 026904.
doi: .

[26] L. Perkins, D.-M. Ho, B. Logan, G. Zimmerman, M. Rhodes, D. Strozzi, D. Blackfield,
S. Hawkins, The potential of imposed magnetic fields for enhancing ignition probability
and fusion energy yield in indirect-drive inertial confinement fusion, Physics of Plasmas
24 (2017) 062708.

[27] J. P. Knauer, O. V. Gotchev, P. Y. Chang, D. D. Meyerhofer, O. Polomarov, R. Betti,
J. A. Frenje, C. K. Li, M. J.-E. Manuel, R. D. Petrasso, J. R. Rygg, F. H. Seguin,
Compressing magnetic fields with high-energy lasers, Physics of Plasmas 17 (2010)
056318. doi: .

[28] H. Alfvén, Existence of electromagnetic-hydrodynamic waves, Nature 150 (1942) 405–
406.

[29] B. E. Morgan, J. A. Greenough, Large-eddy and unsteady RANS simulations of a
shock-accelerated heavy gas cylinder, Shock Waves 26 (2016) 355–383. URL:

. doi: .

[30] R. Masti, C. Ellison, J. King, P. Stoltz, B. Srinivasan, Cross-code verification
and sensitivity analysis to effectively model the electrothermal instability, High
Energy Density Physics 38 (2021) 100925. URL:

http://dx.doi.org/10.1063/5.0062168
http://dx.doi.org/10.1063/5.0025374
http://dx.doi.org/10.1063/1.3416557
https://doi.org/10.1007/s00193-015-0566-3
https://doi.org/10.1007/s00193-015-0566-3
http://dx.doi.org/10.1007/s00193-015-0566-3
https://www.sciencedirect.com/science/article/pii/S1574181821000045


�R�9 �#�B�#�H�B�Q�;�`���T�?�v

�b�+�B�2�M�+�2�f���`�i�B�+�H�2�f�T�B�B�f�a�R�8�d�9�R�3�R�3�k�R�y�y�y�y�9�8�X �/�Q�B�,�?�i�i�T�b�,�f�f�/�Q�B�X�Q�`�;�f�R�y�X�R�y�R�e�f�D�X�?�2�/�T�X
�k�y�k�R�X�R�y�y�N�k�8�X

�(�j�R�)�*�X �q�X �*�`���M�7�B�H�H�- �1�P�a�S���*�, �� �b�m�#�`�Q�m�i�B�M�2 �T���+�F���;�2 �7�Q�` ���+�+�2�b�b�B�M�; �i�?�2 �G�Q�b ���H���K�Q�b �a�2�b���K�2
�1�P�a �/���i�� �H�B�#�`���`�v �U�R�N�3�j�V�X �l�_�G�,�?�i�i�T�b�,�f�f�r�r�r�X�Q�b�i�B�X�;�Q�p�f�#�B�#�H�B�Q�f�8�d�R�N�e�y�N�X

�(�j�k�)�a�1�a���J�1 �ö�3�j�, �`�2�T�Q�`�i �Q�M �i�?�2 �G�Q�b ���H���K�Q�b �1�[�m���i�B�Q�M�@�Q�7�@�a�i���i�2 �G�B�#�`���`�v �U�R�N�3�j�V�X �l�_�G�,�?�i�i�T�b�,
�f�f�r�r�r�X�Q�b�i�B�X�;�Q�p�f�#�B�#�H�B�Q�f�e�j�9�N�d�3�k�X

�(�j�j�)�6�X �6�X �*�?�2�M�- �a�X �1�X �o�Q�M �:�Q�2�H�2�`�- �A�M�i�`�Q�/�m�+�i�B�Q�M �i�Q �S�H���b�K�� �S�?�v�b�B�+�b ���M�/ �*�Q�M�i�`�Q�H�H�2�/ �6�m�b�B�Q�M
�o�Q�H�m�K�2 �R�, �S�H���b�K�� �S�?�v�b�B�+�b�- �a�2�+�Q�M�/ �1�/�B�i�B�Q�M�- �S�?�v�b�B�+�b �h�Q�/���v �j�3 �U�R�N�3�8�V �3�d���3�3�X �l�_�G�,
�?�i�i�T�b�,�f�f�/�Q�B�X�Q�`�;�f�R�y�X�R�y�e�j�f�R�X�k�3�R�9�8�e�3�X �/�Q�B�,�R�y�X�R�y�e�j�f�R�X�k�3�R�9�8�e�3�X

�(�j�9�)�J�X �S�X �.�2�b�D���`�H���B�b�- �C�X �.�X �E�`�2�b�b�- �G�X ���X �*�Q�H�H�B�M�b�- �1�H�2�+�i�`�B�+���H �+�Q�M�/�m�+�i�B�p�B�i�v �7�Q�` �r���`�K�- �/�2�M�b�2
���H�m�K�B�M�m�K �T�H���b�K���b ���M�/ �H�B�[�m�B�/�b�- �S�?�v�b�X �_�2�p�X �1 �e�e �U�k�y�y�k�V �y�k�8�9�y�R�X �l�_�G�,�?�i�i�T�b�,�f�f�H�B�M�F�X
���T�b�X�Q�`�;�f�/�Q�B�f�R�y�X�R�R�y�j�f�S�?�v�b�_�2�p�1�X�e�e�X�y�k�8�9�y�R�X �/�Q�B�,�R�y�X�R�R�y�j�f�S�?�v�b�_�2�p�1�X�e�e�X�y�k�8�9�y�R�X

�(�j�8�)�"�X �6�`�v�t�2�H�H�- �E�X �P�H�b�Q�M�- �S�X �_�B�+�F�2�`�- �6�X �s�X �h�B�K�K�2�b�- �J�X �w�B�M�;���H�2�- �.�X �Z�X �G���K�#�- �S�X �J���+�L�2�@
�B�+�2�- �_�X �_�Q�b�M�2�`�- �C�X �q�X �h�`�m�`���M�- �>�X �h�m�7�Q�- �6�G���a�>�, ���M ���/���T�i�B�p�2 �J�2�b�? �>�v�/�`�Q�/�v�M���K�B�+�b
�*�Q�/�2 �7�Q�` �J�Q�/�2�H�B�M�; ���b�i�`�Q�T�?�v�b�B�+���H �h�?�2�`�K�Q�M�m�+�H�2���` �6�H���b�?�2�b�- �h�?�2 ���b�i�`�Q�T�?�v�b�B�+���H �C�Q�m�`�@
�M���H �a�m�T�T�H�2�K�2�M�i �a�2�`�B�2�b �R�j�R �U�k�y�y�y�V �k�d�j�X �l�_�G�,�?�i�i�T�b�,�f�f�/�t�X�/�Q�B�X�Q�`�;�f�R�y�X�R�y�3�e�f�j�R�d�j�e�R�X
�/�Q�B�,�R�y�X�R�y�3�e�f�j�R�d�j�e�R�X

�(�j�e�)�6�G���a�> �l�b�2�`�ö�b �:�m�B�/�2�- �k�y�k�R�X

�(�j�d�)�*�X �a���K�m�H�b�F�B�- �.�2�+�2�H�2�`���i�B�Q�M �a�i���;�2 �_���v�H�2�B�;�?�@�h���v�H�Q�` �A�M�b�i���#�B�H�B�i�v �:�`�Q�r�i�? �B�M �A�M�2�`�i�B���H �*�Q�M�7�B�M�2�@
�K�2�M�i �6�m�b�B�Q�M �_�2�H�2�p���M�i �*�Q�M�7�B�;�m�`���i�B�Q�M�b�- �J���b�i�2�`�ö�b �i�?�2�b�B�b�- �k�y�k�R�X

�(�j�3�)�.�X �*�H���`�F�- �*�X �q�2�#�2�`�- ���X �E�`�B�i�+�?�2�`�- �C�X �J�B�H�Q�p�B�+�?�- �S�X �S���i�2�H�- �a�X �>�����M�- �"�X �>���K�K�2�H�-
�C�X �E�Q�M�B�M�;�- �J�X �J���`�B�M���F�- �J�X �S���i�2�H�- �*�X �a�+�?�`�Q�2�/�2�`�- �a�X �a�2�T�F�2�- �J�X �1�/�r���`�/�b�- �J�Q�/�2�H�@
�B�M�; ���M�/ �T�`�Q�D�2�+�i�B�M�; �B�K�T�H�Q�b�B�Q�M �T�2�`�7�Q�`�K���M�+�2 �7�Q�` �i�?�2 �L���i�B�Q�M���H �A�;�M�B�i�B�Q�M �6���+�B�H�B�i�v�- �L�m�@
�+�H�2���` �6�m�b�B�Q�M �8�N �U�k�y�R�3�V �y�j�k�y�y�3�X �l�_�G�,�?�i�i�T�b�,�f�f�/�Q�B�X�Q�`�;�f�R�y�X�R�y�3�3�f�R�d�9�R�@�9�j�k�e�f�����#�+�7�d�X
�/�Q�B�,�R�y�X�R�y�3�3�f�R�d�9�R�@�9�j�k�e�f�����#�+�7�d�X

https://www.sciencedirect.com/science/article/pii/S1574181821000045
https://www.sciencedirect.com/science/article/pii/S1574181821000045
http://dx.doi.org/https://doi.org/10.1016/j.hedp.2021.100925
http://dx.doi.org/https://doi.org/10.1016/j.hedp.2021.100925
https://www.osti.gov/biblio/5719609
https://www.osti.gov/biblio/6349782
https://www.osti.gov/biblio/6349782
https://doi.org/10.1063/1.2814568
http://dx.doi.org/10.1063/1.2814568
https://link.aps.org/doi/10.1103/PhysRevE.66.025401
https://link.aps.org/doi/10.1103/PhysRevE.66.025401
http://dx.doi.org/10.1103/PhysRevE.66.025401
https://dx.doi.org/10.1086/317361
http://dx.doi.org/10.1086/317361


�*�?���T�i�2�` �k

�.�2�+�2�H�2�`���i�B�Q�M�@�b�i���;�2 �_���v�H�2�B�;�? �h���v�H�Q�`
�:�`�Q�r�i�? �B�M �� �"���+�F�;�`�Q�m�M�/ �J���;�M�2�i�B�+
�6�B�2�H�/ �a�i�m�/�B�2�/ �B�M �*�v�H�B�M�/�`�B�+���H ���M�/
�*���`�i�2�b�B���M �:�2�Q�K�2�i�`�B�2�b

�R�8



�R�e



�R�d



�R�3



�R�N



�k�y



�k�R




	Titlepage
	Abstract
	General Audience Abstract
	Dedication
	Acknowledgements
	Introduction
	Rayleigh-Taylor Instability
	Magnetohydrodynamics
	Structure and Content
	Attributions

	Bibliography
	Deceleration-stage Rayleigh Taylor Growth in a Background Magnetic Field Studied in Cylindrical and Cartesian Geometries
	Introduction
	Numerical Model
	Cylindrical Configurations
	Cylindrical Model Tuning
	Cylindrical RT on Omega
	Cylindrical RT on NIF

	Planar Configurations
	Planar RT on Omega
	Planar RT on NIF

	Conclusions
	Bibliography

	A Magnetized Experimental and Computational Study of Thin-Layer Rayleigh-Taylor Instability Development During Deceleration
	Experimental Design Process
	An Experimental and Computational Study of Thin-Layer Rayleigh-Taylor Instability Development During Deceleration with and without an Externally Applied Magnetic Field
	Introduction
	Experimental Setup and Design
	Manufacturing Defects
	The Effect of a Vacuum Gap
	The Effect of a Tilt

	Experimental Results
	Predicted 3D Computational Results
	Conclusions
	Bibliography


	Bibliography
	Preheat effects in laser-driven shock-tube experiments at intensities greater than E15 W /cm2 at Omega-EP and the NIF
	Introduction
	Experimental Design and Results on NIF
	Experimental Design
	Results

	Experimental Design and Results at Omega-EP
	Experimental Design
	Results

	Estimated Preheat Effects on Targets at Omega-EP and NIF
	Preheat effects on Omega-EP
	Estimated preheat effects on NIF

	Conclusions
	Bibliography

	Conclusions and Future Work
	Bibliography
	Appendices
	Appendix Synthetic x-ray radiograph generator for FLASH

