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Abstract
Direct laser-driven fusion uses multiple laser beams to symmetrically illuminate
a frozen deuterium-tritium shell. The motive is to produce a hot confined central
plasma—the core—which would initiate fusion reactions and lead to self-heating
by alpha particle energy deposition. The OMEGA laser produces ∼25-30 kJ of
on-target energy, approximately 1.4% of the energy available on the National Ignition Facility (NIF). Currently, the NIF is not configured to perform symmetric
illumination while the 60 beam OMEGA routinely irradiates targets symmetrically. To help motivate NIF to explore direct drive targets in a future symmetric
illumination configuration, OMEGA experimental results and their scaling provide a valuable and cost-effective tool. This theoretical and numerical analysis
shows that the experiments at the OMEGA [Regan et al., Phys. Rev. Lett. 117,
025001 (2016)] when hydrodynamically scaled to 1.9 MJ would produce several
times the fusion energy output than that achieved with the highest performing
indirectly driven targets at NIF [Hurricane et al, Nature 506, 343–348 (2014)].
In order to determine the optimal path to thermonuclear ignition, it is necessary to have a metric to estimate implosion performance and the level of alpha
heating. A simple model describing the final stage of inertial confinement fusion
(ICF) implosions and the performance metric is shown.
The Rayleigh-Taylor instability (RTI) produces long- and mid-wavelength distortions of the core, which degrade the implosion performance. A theoretical
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xvi

analysis of the effect of the two types of asymmetries on the implosion hydrodynamics and fusion neutronics is discussed.
The experimental observables for the high performing OMEGA implosions
were analyzed for investigation of the degradation sources, this is essential for
future improvements of the implosion quality. The analysis of several repeats of
the cryogenic implosion experiments suggests a systematic degradation mechanism
affecting the implosions. It is found that using a combination of the two types of
asymmetries, all of the experimentally observed implosion core conditions could
be simultaneously reproduced in simulations.
The scaling of the core to NIF required developing a theoretical understanding
of the scaling of the deceleration-phase RTI. The scaling of thermal conduction
and radiation transport, which mitigate the RTI growth, is shown. It is found
that the degradation of implosion performance caused by the RTI is similar for
NIF and OMEGA.
Using all of these, a general fusion-yield extrapolation procedure has been
developed to estimate ICF implosion performance at higher laser energies. The
scaling assumes only that the implosion hydrodynamic efficiency is unchanged at
higher energies, and relies solely on a volumetric scaling of the experimentally
observed core conditions. Since the stagnation physics for conventional hot-spot
ignition is equivalent for both direct- and indirect-drive, the technique, in general,
can be applied to both. Using this, the OMEGA experiments were extrapolated
to NIF scale. It is estimated that the current best-performing OMEGA implosion
extrapolated to a 1.9 MJ laser driver with the same illumination configuration
and laser-target coupling would produce 125 kJ of fusion energy, with similar
levels of alpha heating as observed on NIF implosions, but with ≈5 times more
fusion energy; showing the advantage of direct drive over indirect drive as one ap-
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xvii

proaches the burning plasma regime. Correction of the systematic degradation in
the OMEGA implosions —by improving either the low- or mid-mode symmetry—
can produce conditions for a burning plasma when scaled to NIF energies.
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Chapter 1
Introduction
1.1

Inertial Confinement Fusion: A Brief Overview

Most of this thesis is devoted to inertially confined plasmas, for which the pivotal
goal is to create plasma conditions for triggering the ignition of thermonuclear
fuel and the release of copious amounts of fusion energy.

1.1.1

Nuclear Fusion: The Fundamentals

Nuclear fusion describes the process of two nuclei fusing together to form a heavier
nucleus. The fact that nuclear reactions can generate copious amounts of energy
can be explained based on the concept of binding energy. Binding energy (BE)
of a system, a nucleus in this case, is the energy required to disassemble the
whole system into its constituent components, i.e., individual nucleons. A stable
bound system typically has a lower potential energy than its constituent parts;
that is what keeps the system bound together. In other words, a system with low
potential energy or high BE is more stable; this means that energy is released
upon creation of more stable nuclei. Figure 1.1(a) shows the binding energy per
nucleon (B/A) for nuclei with different atomic mass A. As an example, consider

CHAPTER 1. INTRODUCTION

2

(a)
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Figure 1.1:
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Figure (a) shows the binding energy per nucleon (B/A) plotted

against the mass number A (plot adapted from Atzeni [1]). The binding energy
(BE) of iron (A = 56) is the highest, both fusion and fission reactions produce
nuclei that tend to this stable nuclear configuration, liberating energy in the process. Illustrations representing (b) the D-T fusion reaction and (c) the 235 U fission
reaction.
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the nuclear reaction between deuterium (D) and tritium (T) –isotopes of hydrogen;
which can fuse to produce an alpha particle (4 He) and a neutron (n)
D

+

T

−→

4

He

+

n

+

Q.

(1.1)

Here Q is the energy released from the fusion reaction, it can be estimated using
the following,
Q=
where

P

X

BEproducts −

X

BEreactants ,

BEreactants = AD × (B/A)D + AT × (B/A)T , and

(1.2)

P

BEproducts = A4 He ×

(B/A)4 He , with A representing the mass number, and B/A representing binding
energy per nucleon; the (B/A) for each of the constituent nuclei can be obtained
from Fig. 1.1(a). The Q-value for this reaction is estimated to be 17.59 MeV.
Both fusion and fission [illustrated in Figs. 1.1(b) and (c)] are exothermic nuclear reactions, therefore they result in producing more stable nuclei [marked with
arrows on the BE curve, Fig. 1.1(a)]. This typically requires breaking already stable bound states to produce new ones. In fusion reactions this involves positively
charged nuclei (like D and T nuclei in the example) to overcome the Coulomb
barrier for a proximal collision. For D-T fusion the kinetic energy required to
overcome the barrier is ≈400 keV. Luckily quantum mechanics allows tunneling
through the potential barrier. Therefore allowing fusion reactions to occur also at
relatively lower temperatures (∼ 1 keV or 10 million degrees). However, fission
(of

235

U) can be triggered by a neutron, which has no charge. Therefore fission is

not limited by the potential barrier and can occur at room temperature.
The Q-value for DT fusion reaction and the fission of

235

U are 17.59 MeV

and 211.5 MeV respectively. The energy released is transmitted as kinetic energy
of the products. Using conservation of momentum and energy, it can be shown
that, the lighter products carry more of the energy; with kinetic energy of the
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product inversely proportional to its mass number, E ∝ 1/A. For the purpose of
estimates, the energy produced from 106 tonne of oil can be produced from fission
of 0.8 tonne of uranium or fusion of 0.14 tonne of deuterium.
A discussion on the relevant concepts and nuclear fusion reactions can be
found in the textbook by Atzeni [1]. Discussion on theoretical plasma physics
can be found in textbooks by Nicholson [2] and Gurnett and Bhattacharjee[3].
The fundamental physics involved can be found in classic books by Landau and
Lifshitz and several others.

1.1.2

Motivation for Fusion Research

The energy needs for the 7–8 billion people of the world is ever increasing, and it is
evident that the quality of human lifestyle is proportional to the energy availability
—for agriculture, factories for production, transportation, heating, to list a few.
Moreover, energy is a crucial element determining global policies. Fusion is often
floated as the ultimate clean energy source, an endless supply of energy, capturing
the equivalent power of the sun, a remedy to climate change and global warming.
Along with fusion there are several other approaches for clean energy —
including solar, wind, hydro-electricity etc. It is appropriate and beneficial for
mankind to explore a multitude of energy sources as alternatives to fossil fuels.
When compared to the other renewable energy sources, fusion has the potential
for high power densities thereby fulfilling the energy needs with a small footprint.
Unlike fission for which disposal of the nuclear waste is a major concern —as
fission power plants produce 12000 tonne of nuclear waste annually world wide—
fusion does not produce harmful radioactive byproducts. Compared to fission, fusion power plants do not pose the risk of nuclear meltdowns such as in Fukushima,
Japan or Chernobyl, Soviet Union. This is because fusion, unlike fission, is easy
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to stop.
The fact that man-made fusion can generate enormous amounts of energy has
already been demonstrated, but unfortunately only in the form of thermonuclear
weapons, where a fusion “secondary” stage is triggered by a fission “primary”.
The challenge lies in triggering it in a controlled fashion in the laboratory, without
relying on the fission trigger.

1.1.3

Challenges for Laboratory Fusion

Although fission and fusion were discovered in the same decade, in 1930’s, fission
reactors started producing energy on the grid within two decades of its discovery
whereas fusion energy is still in the phase of laboratory research. This is because
the scientific path to fusion energy is extremely challenging. Unlike fission, fusion
reactions require overcoming the Coulomb barrier between the reacting nuclei,
necessitating high reactant energies. Therefore, the method of fuel confinement
is of paramount interest since extreme temperatures, of the order of millions of
degrees, are essential for igniting thermonuclear fuel.
The first major milestone in fusion research is the demonstration of ignition.
This essentially means demonstrating that the thermonuclear fuel is brought to
conditions where fusion reactions are self sustained. As mentioned earlier, this
requires temperatures of tens of millions of degrees over a sufficiently large volume
of plasma and for a sufficiently long time scale. There are two approaches to fusion
energy, each with its set of advantages and challenges.
One method attempts to trap a large volume of plasma for a sufficiently long
time, long enough for the plasma to attain a steady state condition. That is a
state where the plasma is continuously fusing and producing energy to compensate for energy losses. Magnetic confinement fusion (MCF) uses Lorentz forces
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between the charged plasma and magnetic fields to confine the plasma. Magnetic
fields are generated by external current-carrying coils and also by currents in the
plasma. The challenge for this approach is to stop the plasma and heat from
leaking through the magnetic field lines. A possible solution is to magnetically
confine a large enough plasma that reaches steady state before leaking through
the magnetic field lines. Such magnetic confinement devices are called Tokamaks
or Stellarators, depending on the configuration of the magnetic field lines. The
worlds largest tokamak (ITER, International Thermonuclear Experimental Reactor) is under construction at Cadarache, France. More information on magnetic
confinement fusion (MCF) can be found in the texbook by J. P. Friedberg[4] and
other textbooks on this subject.
The other approach involves creating a sufficiently strong spark capable of
igniting a small volume of dense plasma. In 1972 John Nuckolls et al.[5] proposed
this novel idea, known as inertial confinement fusion (ICF). Its success relies on
ignition of a compressed DT plasma. In ICF the plasma is not confined by external
means; the plasma lifetime is only determined by its own inertia. An igniting
spark would require not only sufficient fusion yield produced in the central hot
core but also sufficient material areal density to bootstrap a fraction of the energy
generated. This requires a region of extreme plasma conditions, i.e., temperature
and pressure as in the core of the sun, surrounded by a region of highly compressed
fusion fuel that burns and amplifies the fusion yield from the spark. A detailed
discussion of ICF can be found in the textbooks by Atzeni [1] and Lindl [6].
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(a) Section of a
cryogenic target

(b) Irradiation

7

(c) Compression

(d) Stagnation
and burn

Figure 1.2: Illustration showing the steps involved in inertial confinement fusion.
A cryogenic target is irradiated using x-ray or direct laser energy to compress
the fusion fuel to a high density, and simultaneously heat the central gas to a
sufficiently high temperature, to initiate a burn wave of fusion reactions which
can propagate through the compressed fuel.

1.1.4

Complementary Approaches: Direct- and IndirectDrive

In inertial confinement fusion a spherical shell filled with cryogenic deuterium
and tritium (DT) is ablated using energy from multiple laser beams, see Fig.
1.2. The outer surface material is rapidly heated, and ablates outwards. This
results in a spherical rocket implosion of the fuel. The term ignition refers to
a condition in which the DT-fusion alphas produced in the hot spot heat the
remainder of the fuel, so that it produces an outward propagating burn wave. The
ultimate goal is to produce a strong enough burn wave that propagates through
the entire compressed fuel producing more energy than required to power the
lasers. Nuckolls’ initial estimate of the energy needed to achieve ignition was
insufficient because of the effects of both hydrodynamic instabilities (see Chaps.
3 and 4) and laser-plasma instabilities (LPI) [7] occurring during the implosion
(discussed in detail in the book by Kruer [7]). The two main ICF approaches are
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denoted as direct-drive and indirect-drive.
Both concepts involve energy from high power lasers, but differ in the way the
laser energy is deposited to the fuel. They are shown in Figs. 1.3 and 1.4. Directdrive implosions involve direct irradiation of the spherical target surface by the
laser light, while in Indirect-drive, the laser beams irradiate the inside of a high-Z
cylindrical hohlraum. The black body emission x-rays produced by the irradiation
of the hohlraum’s inner wall is used to ablate the spherical target surface and
drive the fuel inwards, like in direct-drive. By using an x ray bath, short scale
nonuniformities are smoothed out, when compared to direct illumination but at
the cost of an energy penalty from the conversion of laser energy into x-rays.
Moreover, the physics involved in modeling the laser beam propagation into the
hohlraum, in order to produce a uniform x-ray irradiation, is complicated by
the onset of laser plasma instability and the fast dynamics of the ablated wall
material. Each method has its advantages and challenges, but both seek similar
final conditions of the ‘hot-spot’ and fuel. The fuel-mass structure is realized by
a shell of cold plasma that is dense enough to stop the DT fusion alphas. The
hot-spot must reach high temperatures to produce enough DT fusion reactions to
launch a burn wave through the cold fuel.

The Omega Laser Facility:

The Omega Laser Facility at the Laboratory

for Laser Energetics (LLE) houses the 60-beam OMEGA laser system. OMEGA
was set up for direct-drive ICF experiments, with its 60 beams oriented in an
icosahedral soccer ball pattern of hexagons and pentagons to minimize the drive
asymmetries. The OMEGA laser delivers up to 500 J per beam (a total of 30 kJ)
at a wavelength of 351 nm, in a variety of pulse shapes with a 4 ns maximum
duration and a total peak power of 30 TW. The OMEGA laser and target bays
are shown in Fig. 1.3.
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Direct drive with 60 symmetric beams
at target chamber

~70 m
(a)

(b)

Figure 1.3: Figure showing (a) the OMEGA laser bay and target chamber; (b)
an illustration of the direct drive approach. Notice that the diameter of each of
the 60 incident beams on target is approximately the same as the target diameter.

The National Ignition Facility:

The National Ignition Facility (NIF) laser

system (Fig. 1.4), located at the Lawrence Livermore National Laboratory (LLNL)
is the largest laser facility in the world, and the most energetic ICF device built
to date. NIF consists of 192 beams, divided into 48 quads of 4 beams each,
delivering up to 2 MJ at a peak power of 500 TW. Typical laser pulses range
from 1.4-to-20 ns in duration. Configured for indirect-drive ICF experiments, the
beams are arranged into 4 rings at 230 , 300 , 450 , and 500 relative to the hohlraum
axis. The laser power and wavelength can be adjusted from one ring to the next
in an attempt to reduce the radiation flux asymmetry inside the hohlraum. Beam
pointing can be adjusted slightly to allow for different experimental configurations, including the polar direct drive (PDD) configuration, shown in Fig. 1.5. In
polar drive, the NIF beams are re-pointed to optimize the illumination uniformity
for direct irradiation of an ICF capsule. Typical indirect-drive ICF experiments
on NIF use Au or depleted uranium (DU) hohlraums of 10 mm length and 5.75
mm diameter, with a laser entrance hole at each end. Ignition-relevant capsules
are spherical shells approximately 2.1 mm in diameter, consisting of a CH ablator
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surrounding a DT ice layer and filled with DT gas.

(a)

NIF target chamber
with 192 beams,
96 each from
top and bottom

~200 m

Laser Power (TW)

(b)
400

200

0

0

'low foot' NIC
pulse shape

(c)

'high foot'
pulse shape

10

Time (ns)

(d)

20
x-ray
drive

Figure 1.4:

Figure showing (a) the NIF laser bay and target chamber; (b) rep-

resentative laser pulse shapes used for indirect drive implosions on the NIF; and
illustrations of (b) the indirect drive approach, where the laser energy is used
to produce x-rays, which are then used to drive the capsule, and (c) the polar
direct drive approach which is a compromise because the NIF beams cannot be
re-pointed to perform symmetric illumination necessary for direct drive.
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192 NIF laser beams arranged around
the poles, configured for indirect drive.

Figure 1.5:

Figure showing the laser beam configuration on the NIF. A major

shortcoming from the direct drive perspective, as limited re-pointing capability
results in testing of direct drive, at the ignition relevant laser energy, only using
the polar drive configuration.

1.1.5

Current Status and Future Endeavors

Indirect Drive:

The indirect drive experiments conducted in 2014 - 2017, at

the LLNL, reached the highest level of alpha heating ever achieved on any facility
based ICF experiments [8, 9]. Self-heating by deposition of alpha particle energy
is a key step on the path to ignition. Alpha particles are a product of DT fusion
reactions and carry 3.5 MeV, out of the 17.6 MeV energy produced per fusion
reaction, in the form of kinetic energy. In these experiments the alpha particles
deposited their energy within the hot spot, thereby doubling the fusion yield. It
was estimated that the fusion yield produced exceeded the yield produced from
the work done by the compression of the fuel alone.
The success of the “high foot”[10] experiments spurred from modifications of
laser pulse shape, shown in Fig. 1.4(b). The initial picket of the laser pulse was
approximately doubled in power as compared to the low foot drive performed ear-
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lier during the National Ignition Campaign (NIC). This resulted in a reduction
of hydrodynamic instabilities caused by the higher shell entropy at the price of a
reduced fuel convergence. The series of “high foot” implosions achieved the highest fusion-energy yield, 26 kJ in 2014 and 50 kJ in 2017. The major challenge for
indirect drive is to provide a uniform x-ray intensity on the capsule surface. The
hohlraum introduces low mode asymmetries to the implosion, illustrated in Fig.
1.6(a). Improving the core asymmetries arising from a nonuniform x-ray illumination, along with reducing the degradation caused by engineering features such
as the tent –which holds the target in the hohlraum– are required for improving
the implosion performance.

(a) Low mode asymmetry

(b) Mid mode asymmetry

Figure 1.6: Figure showing the asymmetries of the ICF implosion core. The red
region is the hot spot, and the surrounding region, in blue, is the cold shell material. (a) Low-mode asymmetries are thought to be a main cause of degradation
in indirect-drive implosions at the NIF; for direct-drive implosions on OMEGA,
it is anticipated that the core is degraded by a combination of low and (b) mid
modes.
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The direct drive experiments performed in 2015 - 2017 at the

OMEGA laser facility are expected to produce over 100 kJ of fusion energy when
scaled to NIF energies.[11, 12] The advantage of direct drive over indirect drive
is a higher coupling efficiency of the laser energy to the imploding target. Direct
drive experiments with a symmetric illumination cannot be currently performed
on the NIF. This is because NIF is set up in the polar drive configuration suitable
for indirect drive, as shown in Fig. 1.5. OMEGA experiments on the other hand
routinely use symmetric illumination, but OMEGA’s maximum energy is about
70× less than the NIF’s.
In this thesis we show the methodology used to interpret the implosion results
on the OMEGA laser by reconstructing all experimental observable related to
the compressed core using numerical simulations. The OMEGA core properties
are then scaled up in size and energy to replicate the conditions that would be
achieved on a 1.9 MJ symmetric driver, with the same energy as NIF. Given the
restriction on the NIF laser geometry, extrapolating OMEGA experimental results
to NIF using this scaling provides an extremely valuable tool. It was estimated
that the best performing implosion on OMEGA extrapolated to NIF scales, i.e.,
with the same illumination configuration and laser target coupling, would produce
125 kJ of fusion energy, five times the fusion yield of indirect drive.
In terms of proximity to the conditions required to ignite the fusion fuel,
these extrapolated experiments match the current NIF indirect-drive record when
extrapolated to NIF energies. Igniting a target is the next milestone of the current
effort in laser fusion.
In order to improve the implosion performance on OMEGA, it is essential to
analyze the experimental results for systematic trends in the experimental observables. This can be done only with carefully designed and controlled experiments
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with systematic changes of the target and/or laser parameters. Most likely degradation mechanisms for direct drive include mid mode asymmetries [see Fig. 1.6(b)]
introduced by the beam port geometry of OMEGA and enhanced by LPI-induced
cross beam energy transfer.[13] Low-mode asymmetries can be introduced by multiple mechanisms including target offset, differences in laser beam power balance
and the stalk holding the target in the target chamber. Hot electron preheat is
also a possible candidate for degradation in the implosion convergence. Recognizing and correcting the primary degradation mechanism would determine the path
for direct drive towards demonstrating on OMEGA implosion performances that
would hydro-equivalently scale to ignition at NIF energies.

1.2

Thesis Outline

Many years of research in inertial confinement fusion (ICF) at the Laboratory for
Laser Energetics (LLE) and in Prof. Betti’s group, in collaboration with Lawrence
Livermore National Laboratory (LLNL) and several other scientific institutions,
has led to scientific progress and cumulation of impactful publications; therefore,
laying the foundation for the research described in this thesis. This work consists
of analytic and numerical studies of the implosion core i.e., the compression, effect
of asymmetries, and alpha heating, with analysis of experimental results from
cryogenic implosions on OMEGA.
This work shows that direct-drive implosions on OMEGA have produced plasmaconditions that when scaled to NIF energies, are expected to exhibit significant
self heating by alpha particle deposition. For the direct-drive approach this is an
important step on the path towards thermonuclear ignition.
The chapters leading to this result are organized as follows:
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Chapter 2 describes an analytic model for the final stage of ICF implosions;
including the hot-spot dynamics leading to stagnation and alpha heating, the
effect of thermal- and radiation-losses on the hot-spot temperature, and the shell
dynamics responsible for providing inertial confinement. A simplified solution of
the model is shown to illustrate the onset of a thermonuclear instability or hotspot ignition. The model, refined with simulations, is used to obtain the implosion
performance metric (or Lawson type parameter) essential for determining progress
towards a burning plasma condition and ignition.
Chapter 3 provides a brief review of the Rayleigh Taylor Instability (RTI)
and a description of the radiation hydrodynamic code used to study the effects of
RTI on the implosion core.
Chapter 4 focuses on long- and mid-wavelength asymmetries of the hot spot,
and their effects on the implosion hydrodynamics and energetics. For the two
types of asymmetries it is shown that the compression energetics, determined
by the average pressure and volume of the hot spot, is similar but the neutron
dynamics, determined by the hot-spot temperature distribution is very different.
It is shown that the neutron averaged measurements can be different from the real
hydrodynamic conditions in the hot-spot for implosions with large asymmetries. A
general expression is derived which relates the degradation in stagnation pressure
with the residual shell energy and the flow within the hot spot (i.e., the total
residual energy).
Chapter 5 presents the analysis of the high performing direct-drive cryogenic
implosion experiments on OMEGA. A new technique for identification of low- and
mid-mode asymmetries in implosions is discussed. It is shown that low-modes
cause degradation in hot-spot pressure; while mid-modes degrade the hot-spot
volume (estimated using self-emission x-ray images). The effect of asymmetries
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on the other experimental observables is also discussed. The analysis of the experiments, using this technique, showed that in addition to the presence of low
modes, mid-mode asymmetries have a significant impact on the implosion performance. It is shown that a combination of low- and mid-modes can be used to
reconstruct all the experimental observable pertaining to the core.
Chapter 6 discusses the scaling of the deceleration-phase RTI in detail. It
is shown that ablative stabilization of the RTI resulting from thermal conduction
and radiation transport in the hot-spot is different on the two scales. However, the
RTI mitigation related to thermal- and radiation-transport scale oppositely with
implosion size, and balances each other. As a result, the degradation of implosion
performance caused by the deceleration-phase RTI is similar for OMEGA and NIF
scales.
Chapter 7 shows that direct-drive implosions on the OMEGA laser have
achieved core conditions that would lead to significant alpha heating at incident
energies available on the National Ignition Facility (NIF) scale. A detailed discussion on the fusion yield extrapolation technique and the conditions for the extrapolation is provided. It is estimated that the current best-performing OMEGA
implosion extrapolated to a 1.9 MJ laser driver with the same illumination configuration and laser-target coupling would produce 125 kJ of fusion energy with
similar levels of alpha heating observed in current highest performing indirectdrive NIF implosions.
Chapter 8 summarizes the multitude of analysis presented in this thesis leading to the final result, and provides possible future extensions and applications of
the techniques developed.
As a note to the reader, all chapters in this thesis can be read independently
and the relationships between chapters have been highlighted.
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Chapter 2
Compression of the Fusion
Fuel
This chapter describes an analytic model of the final stage of ICF implosions; i.e.,
the hot-spot dynamics, leading to stagnation, and alpha heating. The analytic
model includes: consideration of the hot-spot energy balance, this is shown in Sec.
2.1.1; the effect of thermal- and radiation-losses on the hot-spot temperature,
this is shown in Sec. 2.1.2; and the dynamics of the compressible ‘thick shell’,
proving the inertial confinement of the hot spot, this is shown in Sec. 2.1.3. A
simplified solution of the model, within the ‘thin shell’ approximation, is shown in
Sec. 2.1.4. This illustrates the onset of the thermonuclear instability or hot-spot
ignition. The model, refined with simulations, was used to obtain the implosion
performance metric (or Lawson type parameter). This metric is used (in the
subsequent chapters) to determine progress towards burning plasma conditions
and ignition.
In inertial confinement fusion (ICF),[1] a shell of cryogenic deuterium (D) and
tritium (T) filled with DT gas is imploded with direct laser illumination (direct
drive)[2] or through an x-ray bath produced inside a laser-irradiated hohlraum (indirect drive).[3] Energy from the laser or x ray is absorbed in the plasma near the
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outer surface of the target, causing mass ablation. The ablation pressure pushes
the shell inward by the “rocket effect.” The most recent direct-drive laser pulse
shapes usually have one[4] to three pickets[5] followed by a ramp in laser intensity
to peak power. Representative pulse shape and cryogenic target that were shot on
the OMEGA laser are shown in Fig. 2.1. The unsupported shocks caused by the
pickets at the beginning of the laser pulse, followed by the compression wave generated by the laser ramp, propagate through the shell and merge at the shell/gas
interface, before propagating into the gas. Each successive shock catches up with
the previous one because the shock velocity is always subsonic with respect to
the upstream shocked material. The release of the merged (strong) shock into the
gas sends a rarefaction wave back into the shell. The center of mass of the shell
begins to accelerate when the rarefaction wave reaches the outer-surface ablation
front (referred to as the acceleration phase). At this point, the laser is at peak
power, coupling about ∼ 5% of its energy into driving the shell to high implosion
velocities (Vimp ∼ 300 to 450 km/s). The acceleration phase ends when the laser
is turned off.
The strong shock propagates through the gas and is reflected back after rebounding from the center of the target. The reflected shock bounces back and
forth in the gas between the inner surface of the shell and the target center, decreasing in strength at every reflection (referred to as the impulsive deceleration
phase[6]). The target converges simultaneously, with the shell acting like a piston
compressing the central gas. The return shock begins to propagate in the shell at
the moment the rising gas pressure and the shell pressure become comparable. At
this stage the plasma enclosed by the inner surface of the shell develops a fairly
uniform pressure profile, and is referred to as the hot spot. Its pressure is large
enough that the sound speed is higher than the shell velocity, i.e. the hot spot is
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Cryogenic Target

Triple picket pulse

Direct-drive
Figure 2.1:

Figure showing (a) pulse shapes and (b) target design for direct-

drive OMEGA implosions with 26–30 kJ of laser energy. The laser drive is used
to ablate the outer plastic (i.e., CD) layer and compresses the DT ice and gas
layers to a ≈ 20× smaller radius.

subsonic. As the hot-spot pressure increases, it slows down the imploding shell
(known as the continuous deceleration phase), lasting for 300 to 400 ps for a typical ignition-scale target, the total extent of the deceleration phase is about 1–2
ns. The acceleration and deceleration phase for an ignition scale implosion design
is shown in Fig. 2.2. As the return shock propagates through the shell, the hot
spot and shell assembly attain an isobaric configuration and the shell stagnates.
The temperature and pressure of the hot spot reach their maxima around the
stagnation time. The DT plasma in the hot-spot must reach a high stagnation
temperature (∼ 5 keV) and pressure (∼100 Gbar for a NIF-scale direct-drive target) to produce enough fusion reactions and drive the thermonuclear instability
referred to as ignition.
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Figure 2.2: Plot showing the pulse shape and the imploding shell velocity for a
symmetric direct-drive implosion design for a 1.9 MJ laser.

2.1

Hot Spot dynamics: A Theoretical Model

In this section a model describing the deceleration phase is presented, starting
from the hot-spot formation to the onset of ignition. The analysis is similar to
that in Ref. [7]; in addition we model the effect of radiation transport, considering
both losses and reabsorption of bremsstrahlung radiation [8]. A fraction of the
radiation energy emitted from the hot spot is reabsorbed at the hot-spot/shell
interface while the remaining energy is treated as a loss.
The hot-spot energy balance is shown in Sec. 2.1.1. The effect of mass ablation
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on the hot-spot temperature is shown in Sec. 2.1.3. The dynamics of an imploding
shell is discussed in Sec. 2.1.2. The solution to the theoretical model is shown in
Sec. 2.1.4. For simplicity the effect of the Rayleigh Taylor instability (RTI) on the
hot-spot dynamics is not included in this chapter. An analytic model including
the effect of asymmetries of the hot-spot will be discussed in Chap. 4. The scaling
of implosions with the laser energy and correspondingly the scaling of the RTI will
be is discussed in Chaps. 6 and 7.

2.1.1

Energy of the Hot Spot

The hot-spot plasma is treated as an ideal gas with subsonic flows, and the hotspot energy equation can be written as follows

∂t

P
Γ−1



 

ΓP
θρ2
+ ∇. ~u
= ∇.κ(T )∇T − ∇.F~ +
hσvi Eα
Γ−1
4m2i

(2.1)

where P (r, t), ~u(r, t) and ρ(r, t) are the pressure, velocity, and density of the hot
spot, respectively. Since the hot spot is subsonic (ρu2  P ) i.e., the kinetic
energy is small compared to the internal energy, the kinetic energy terms on the
left had side have been neglected. It will be shown in Chap. 4, that the subsonic
approximation although valid for symmetric implosions needs to be reconsidered
for implosions with asymmetries. The ideal gas adiabatic index Γ is 5/3 for
the DT gas. The first term on the right-hand side represents Spitzer thermal
conduction κ(T ) = κ0 T ν with ν = 5/2, and κ0 = 3.7 × 1069 m1 s−1 J–5/2 for plasma
with ln Λ ≈ 5. Energy gained from fusion reaction is given by the third term,
where θ is the fraction of total α-particle energy deposited in the hot spot, mi
is the average mass of DT ions, and Eα =3.5 MeV is the energy per α particle.
Fusion reactivity follows hσvi ≈ Cσ T 3 in the temperature range 3 to 8 keV with
Cσ ≈ 2.6 × 10–26 m3 keV–3 s–1 . The second term on the right-hand side of Eq.
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2.1 represents radiation losses, with F~ as the first moment of the radiation field
over angle [9]. The bremsstrahlung emission from the hot spot integrated over all
frequencies is given by
j = Cb P 2 T −3/2 ,

(2.2)

where Cb ≈ 3.88 × 10−29 Z 3 /(1 + Z)2 in J5/2 N–2 m s–1 . The pressure P is in N/m2 ,
temperature T is in J, and j is in W/m3 . The ionization fraction Z is 1 for a
DT plasma as we assume that there is no high-Z material mixed in the hot spot,
this would considerably increase the bremsstrahlung losses. The subsonic hot-spot
approximation applied to the momentum equation results in P ≈ P (t) (i.e. the
hot spot is isobaric). The temperature of the low-density hot spot is much higher
than the high-density shell, resulting in a self-similar solution for the hot-spot
temperature given by[6]
T ≈ Tc (t)f (r̂), with f (r̂) =

(1 − r̂)2/5
,
(1 − 0.15r̂2 )

(2.3)

where Tc (t) is the temperature of the hot spot’s center and r̂ = r/Rh is the radial
distance normalized to the hot-spot radius Rh . The bremsstrahlung radiation flux
leaving a sphere of radius r̂ was calculated using Eq. 2.2, it is given by
−3/2

Cb P 2 Tc
F (r̂) =
r̂2

Rh

Z

r̂

f −3/2 r̂2 dr̂,

for r < Rh

0
−3/2

Cb P 2 Tc
F (r̂) = L
r̂2

Rh µ0
,
3

for r > Rh .

(2.4)

We assume that the low-temperature shell does not produce emission. Here µ0 =
R1
3 × 0 f −3/2 r̂2 dr̂ ≈ 2.54 and L(t) is the fraction of emitted energy that is lost from
the hot spot and shell (shown in Fig. 2.3).
The hot-spot energy equation was derived by integrating Eq. 2.1 from 0 to
the hot-spot radius Rh (t). Since the shell velocity (Ṙh ∼ 350 km/s) is much
greater than the ablation velocity (Vabl ∼ 10 km/s), the latter is neglected; i.e.
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Figure 2.3: Density ρ and temperature T profiles during the deceleration phase
of the implosion. The heat flux and a fraction of the emitted radiation energy are
recycled back into the hot spot, this causes mass ablation from the inner surface
of the shell.

u(Rh , t) = Ṙh − Vabl ≈ Ṙh . The hot-spot energy equation can be written in a
dimensionless form as

d 
(2.5a)
P̂ R̂h5 = γ P̂ 2 R̂h5 T̂ σ − β1 P̂ 2 R̂h5 T̂ −3/2 L̂(τ ),
dτ


Eα Cσ µ2 Ps Rs
γ=
T∗σ ,
(2.5b)
2+σ
Vimp
24ck


2
Ps Rs
β1 = Ls µ0 Cb
T∗−3/2 ,
(2.5c)
3
Vimp
R1
with σ = 1, ck = 1.6 × 10−16 J/keV, and µ2 = 3 × 0 f × r̂2 dr̂ ≈ 0.7. The
dimensionless variables [see Eqs. 2.6 and 2.7] are normalized using the implosion
velocity Vimp and adiabatic stagnation values for hot-spot radius Rs , pressure Ps ,
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and a temperature T∗ . This temperature is related to the central temperature at
stagnation for the adiabatic solution (Ts ) as: T∗ ≈ 1.3Ts [the difference between
the two is an outcome of Spitzer conduction, T∗ (as in Eq. 2.7) arises in the
process of writing Eq. 2.8 in a dimensionless form, shown in Sec. 2.1.2]. The
fraction of emitted energy that is lost L (or reabsorbed R) is normalized to its
value at stagnation Ls (or Rs ):
P
Rh
Vimp t
, P̂ (τ ) = , R̂(τ ) =
,
Rs
Ps
Rs
L
R
Tc
L̂(τ ) = , R̂(τ ) =
, T̂ (τ ) = ,
Ls
Rs
T∗

2/7
25µ1
Ps Rs Vimp
.
T∗ =
12κ0
τ=

(2.6)
(2.7)

In Eqs. 2.5, the parameter γ is proportional to the ratio of the fraction of αparticle energy deposited in the hot spot and the initial shell kinetic energy, and
β1 [also β2 in Eqs. 2.9b] is proportional to the ratio of the bremsstrahlung energy
emitted from the hot spot and the initial shell kinetic energy.

2.1.2

Temperature of The Hot-Spot

The heat and radiation flux leaving the hot spot are recycled back as internal
energy and pdV work on the material ablated from the inner surface of the shell
(illustrated in Fig. 2.3). We assume that only a fraction of the bremsstrahlung
emitted energy (R) causes ablation, while the remaining fraction L is treated as a
loss in energy [in Eq. 2.5a]. Integrating Eq. 2.1 across the hot-spot boundary (or
ablation front) as in Refs. [6, 7], and [10], and using the hot-spot mass ablation
rate as ṁabl = ρVabl = AP Vabl /T with A = mi / (1 + Z) we get
5
6
µ0
ṁa Tc Rh2 = κ0 Tc7/2 Rh + R(t) Cb P 2 Tc−3/2 Rh3 .
2A
5
3

(2.8)
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Equation 2.8 can be rewritten using the dimensionless variables in Eq. 2.6 as
!
3
d P̂ R̂h
P̂ 2 R̂h3
= R̂h T̂ 5/2 + β2
R̂(τ )
(2.9a)
dτ
T̂
T̂ 5/2


2µ0 Cb Ps Rs
T∗−3/2
(2.9b)
β2 = Rs
5µ1
Vimp
where µ1 = 3 ×

R1
0

f −1 r̂2 dr̂ ≈ 1.69. The ablation velocity includes contribution

from both thermal and radiative components. This was calculated by balancing
the heat and radiation flux leaving the hot spot with the mass ablation on the
inner surface of the shell:
5/2

Vabl

−5/2

12A κ0 Tc
2Aµ0 Cb P 2 Tc Rh
=
+
R(t)
25 ρshell Rh
15
ρshell

(2.10)

Mass ablation into the hot spot increases the hot-spot density and reduces the
temperature, but for the spherically symmetric (i.e., 1-D) model mass ablation
has no effect on the pressure.[10]

2.1.3

Momentum of the Imploding Shell

In ICF implosions the shell is analogous to a compressible piston, that converges
at velocities exceeding its own sound speed. It can be divided into two parts: a
shocked part and a free fall part; as shown in Fig. 2.4. The portion that is shocked
by the return shock is at a higher density. The kinetic energy density is smaller
than the internal energy density in this region (i.e., M ach2 < 1). A significant
fraction of its energy is transmitted to the hot-spot as internal energy. The free
fall part resides ahead of the return shock, therefore, unaffected by the shock it
continues to implode. The position of the return shock is labeled using Rk (t), the
post-shock shell density and velocity are denoted using ρss and Vss respectively.
The density and velocity of the free fall shell is denoted by ρff and Vff .

Profiles of the core
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Return shock

Figure 2.4: Hydrodynamic profiles (density and pressure) of the shell and hot spot
prior to peak compression. The velocity of the hot-spot boundary is represented
using Ṙh , and Ṙk represents the velocity of the return shock in the shell. The hot
spot and shocked shell configuration is nearly isobaric.

Trajectory of the Return Shock in the Shell
The propagation of the return shock is governed by the Rankine-Hugoniot (RH)
relation. Which correlates the shocked shell conditions –density ρss , velocity Vss
and sound speed css = (ΓPss /ρss )1/2 – to the free fall shell conditions –density ρff ,
velocity Vff and sound speed cff = (ΓPff /ρff )1/2 – and the velocity of the shock front
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Ṙk as follows:

1/2
Ṙk − Vff (Rk )
Γ+1
= 1+
Peff
cff
2Γ

1/2
Γ+1
≈
Peff
,
(for Peff  1)
2Γ


1/2
Vss − Vff (Rk )
Peff
Γ+1
=
1+
Peff
cff
Γ
2Γ

−1/2
Peff Γ + 1
≈
Peff
,
(for Peff  1)
Γ
2Γ

(2.11)

ρss
2Γ + (Γ + 1)Peff
=
ρff
2Γ + (Γ − 1)Peff
Γ+1
,
(for Peff  1)
≈
Γ−1
written in the reference frame of the free fall shell. The strength of the return
shock is determined by Peff = (Pss −Pff )/Pff . The RH relation was simplified in the
limit of a strong shock i.e., Peff  1. The position of the shock can be obtained
by solving Eqns. 2.11, and is given by
Ṙk =

Γ−1
Γ+1
Vss −
Vff (Rk ).
2
2

(2.12)

This equation essentialy states that the position of the strong shock depends on
the velocity of the shocked shell Vss , the velocity of the free fall shell Vff , and the
adiabatic index of the shell material. For simplicity one can assume Γ = 5/3 in
the shell. The Eq. 2.12 can be written in a dimensionless form as follows [10]:
Γ+1
Γ−1
˙
R̂k =
V̂ss −
V̂ff (R̂k )
2
2
using the dimensionless variables,
Vimp t
τ=
,
Rs
Vss
V̂ss =
,
Vimp

Rk
,
Rs
Vff
V̂ff =
.
Vimp

(2.13)

R̂k =

(2.14)
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Mass of the Shocked Shell
The continuity equation, simplified considering a spherically symmetric shell, can
be written as
∂t ρ +


1
2
∂
r
ρu
= 0.
r
r
r2

(2.15)

Integrating this equation over the shocked shell, i.e., between the radius of the
hot spot Rh and the position of the return shock Rk , gives


dMss
2
= 4πRk ρff Ṙk − Vff
dt
Z Rk
4πr2 ρdr,
where Mss =

(2.16)

Rh

is the mass of the shocked shell. We neglect the spatial variation in Vss and
consider the shocked shell to be moving with an average velocity Vss . As the
shock front propagates radially outward, it compresses the free fall portion of the
shell, resulting in an increase in the shocked mass. The above Eq. 2.16 can be
written in a dimensionless form as [10]


dM̂ss
˙
= R̂k2 ρ̂ff (R̂k ) R̂k − V̂ff (R̂k )
dτ

(2.17)

using the normalized variables:
τ=

Vimp t
,
Rs

M̂ss =

Mss
,
Mshell

2
Mshell Vimp
= 4πPs Rs3 ,

4πRs3
ρ̂ff =
ρff ,
Mshell

Vff
V̂ff =
.
Vimp

(2.18)

Momentum of the Shocked Shell
The momentum equation, simplified for a spherically symmetric shell, can be
written as,
∂t (ρur ) +


1
∂P
∂r r2 ρu2r = −
.
2
r
∂r

(2.19)
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R Rk
Rh

r2 ρur dr =

Mss Vss yields


Z Rk
d (Mss Vss ) dMss
2
rPss dr ,
−
Vff (Rk ) = 4π P Rh + 2
dt
dt
Rh

(2.20)

here Vss is the average velocity of the shocked shell. This equation represents
Newton’s for the shocked part of the shell. The left hand side is the change in
momentum of the shocked shell. This is due to a change in both mass and velocity,
the former caused by the return shock propagating outward (i.e., Ṁss (Vss − Vff )).
The change in velocity (i.e., Mss V̇ss ) occurs when the shocked shell is slowed down
by the hot spot pressure P . The pressure in the shocked shell Pss varies linearly
depending on the local M ach2 (discussed in Chap. 4, Eq. 4.2), and can be determined using the RH relations. Equation 2.20 can be written in a dimensionless
form as follows [10]
˙
(Mss Vss ) − M̂ss V̂ff (R̂k ) = P̂ R̂h2 + 2
0

Z

R̂k

r̂P̂ss dr̂.

(2.21)

R̂h

using the normalized variables:
Vimp t
Mss
,
M̂ss =
,
Rs
Mshell
Vff
V̂ff =
,
P̂ss = Pss .
Vimp

τ=
2
Mshell Vimp
= 4πPs Rs3 ,

2.1.4

(2.22)

Solution of the Simplified Model

The system of equations governing the deceleration phase includes the time evolution of the hot-spot energy, the hot-spot mass (used to infer the hot-spot temperature), and the shell momentum (which is determined by the equations for shell
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mass and position of the return shock). They are as follows:

0


5

P̂
R̂
= γ P̂ 2 R̂5 T̂ σ − β1 P̂ 2 R̂5 T̂ −3/2 L̂(τ ),

Hot-spot dynamics


0




 P̂ R̂3 /T̂ = R̂T̂ 5/2 + β2 P̂ 2 R̂3 /T̂ 5/2 R̂(τ ),

R R̂

˙


(Mss Vss )0 − M̂ss V̂ff (R̂k ) = P̂ R̂h2 + 2 R̂hk r̂P̂ss dr̂,








Shell dynamics M̂˙ ss = R̂k2 ρ̂ff (R̂k ) R̂˙ k − V̂ff (R̂k ) ,








R̂˙ k = Γ+1 V̂ss − Γ−1 V̂ff (R̂k ).
2
2

with parameters





Eα Cσ µ2
Ps Rs

γ
=
T∗σ ,

Vimp

24c2+σ

k








−3/2
2
Ps Rs


β1 = Ls 3 µ0 Cb Vimp T∗ ,
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(2.23)

(2.24)

(2.25)






−3/2
2µ0 Cb
Ps Rs

β
=
R
T∗ ,

2
s
5µ
V

1
imp






2/7


T = 25µ1 P R V
.
∗
12κ0 s s imp
The set of equations along with the initial conditions for the variables (i.e., conditions at the beginning of the deceleration phase t = 0) can be solved numerically
using the inbuilt solver packages in Mathematica, for instance. The solution of the
above set of equations and the initial conditions for the shell can be found in Refs.
[10, 11, 12]. For simplicity, here we discuss the solution within the thin shell approximation. This framework for the solution was developed in Ref. [6], and it was
compared to the more accurate thick shell model in Ref. [10]. Although the thick
shell is a more comprehensive model, it is substantially complicated and leads to
the same ignition-scaling relations (but different proportionality constants) as the
thin shell model.
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In the thin shell approximation, the shell is essentially considered to be an
incompressible thin piston with a constant mass Mshell . The shell Eqs. 2.24 are
simplified using the following:
R̂k = R̂h

˙
˙
R̂k (t) = V̂ss (t) = R̂h (t)

P̂ss (t) = P̂ (t)

(2.26)

Mshell = Const.

Therefore the system of equations governing the deceleration phase under the thin
shell approximation is given by:
 


d
5
2 5 σ
2 5 −3/2


P̂
R̂
L̂(τ )
h = γ P̂ R̂h T̂ − β1 P̂ R̂h T̂

dτ




 

3
2 R̂3
h
Simplified Equations d P̂ R̂h = R̂h T̂ 5/2 + β2 P̂ 5/2
R̂(τ )
dτ

T̂
T̂







 d2 R̂2h = p̂R̂2
dτ

(2.27)

h

with parameters





Eα Cσ µ2
Ps Rs

γ = 24c2+σ Vimp T∗σ ,



k








−3/2
2
Ps Rs


β
=
L
,
µ
C
s 3 0 b Vimp T∗
 1

(2.28)






−3/2
2µ0 Cb
Ps Rs

β2 = Rs 5µ1 Vimp T∗ ,








2/7


T = 25µ1 P R V
.
s
s
imp
∗
12κ0
The stagnation values for the case of an adiabatic implosion are obtained by
solving Eqs. 2.27 with γ = 0 (i.e., without α-energy deposition in hot spot) and
with β1 , β2 = 0 (i.e., no radiation). The stagnation values have been denoted using
Rs , Ps , and T∗ (Rs , Ps , Vimp ). The initial condition (i.e. at t = 0, the beginning of
deceleration phase) and the conditions at stagnation (for the adiabatic solution)
can be related by the following: (i) the energy conservation requires that initial
kinetic energy of the imploding shell must be equal to the internal energy of the
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2
hot spot at stagnation i.e, Msh Vimp
= 4πPs Rs3 ; (ii) and the P V Γ is conserved for

an adiabatic compression i.e., P (0)R(0)5 = Ps Rs5 [from Eq. 2.27]. A dimensionless
initial parameter is defined as the ratio of shell kinetic energy and hot-spot internal
2
energy, i.e., E = Msh Vimp
/4πP (0)R(0)3  1. The initial conditions can be written

in terms of E as follows: P̂ (0) = E −5/2 , R̂(0) = E 1/2 and T̂ (0) = E −1/2 ; using Eqs.
2.27. Notice that the thin-shell model overestimates the conversion of the kinetic
energy of the shell into the hot spot internal energy (i.e. 100% conversion); in
order to limit this transfer, a heuristic finite shell-thickness correction (developed
in Ref. [13]) was used. Using this correction, the constants in Eqs. 2.5b, 2.5c and
2.9b can be rewritten in terms of ρ∆ (kg/m2 ) of the shell and T∗ (keV) as
γ = Cα (ρ4)3/4 T∗15/8 ,

β1 = Cβ1 (ρ4)3/4 T∗−5/8 , β2 = Cβ2 (ρ4)3/4 T∗−5/8(2.29)

where Cα = 1.77 × 10–3 keV–15/8 m3/2 kg–3/4 , Cβ2 = Rs × 0.327 keV5/8 m3/2 kg−3/4
and Cβ1 = 2.75 × (Ls /Rs Cβ2 ). For a direct-drive ignition-scale target, the fraction
of bremsstrahlung radiation energy reabsorbed by the shell is shown by the blue
curve in Fig. 2.5; at stagnation, Rs is 0.54 and β1 = 2.34 × β2 The hot-spot model
[Eqs. 2.27] is solved numerically with a large value for E(∼ 104 ). The solution for
P̂ , T̂ and R̂ for a given value of β1 , becomes singular if γ exceeds a critical value
γign . This is illustrated in Fig. 2.6. The γign curve is shown in Fig. 2.7 and is fit
with a polynomial as
γign ≈ 1.13 + 0.29β1 + 1.89β12

(2.30)

The alpha heating parameter γ obtained from the Eq. 2.29 involving the shell
ρ∆ (or alternatively from Eq. 2.28 in terms of the hot spot properties), must be
normalized using the critical value from the model (i.e. γign of Eq. 2.30). This
gives the ignition condition as χno-α = γ/γign ≥ 1. Since γ can be determined using
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Figure 2.5: Fraction of bremsstrahlung emitted energy from the hot spot that is
reabsorbed by the shell (R) versus normalized NIF time (S = 4). These are shown
for the hydro-equivalent implosions on the NIF (blue) and OMEGA (red) scales.
The remaining fraction of the emitted energy (L) accounts for the radiation losses.

(a)

(b)

(c)

Figure 2.6: Plots showing the time evolution of hot spot parameters: (a) pressure
p̂, (b) radius R̂h , and (c) temperature T̂ . The solution for the adiabatic case (i.e.
with γ = 0, β1 = 0 and β2 = 0) is shown in blue. The solution satisfying γ > γign
is shown in red.

the stagnation quantities of an adiabatic implosion (i.e., no α heating involved),
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Figure 2.7:

0.4

Plot of γign versus β1 , when γ ≥ γign the solution to Eqs. 2.27

becomes singular.

this is called the no-α ignition condition.
χno-α ∼ (ρ∆)3/4 T 15/8

(2.31)

χno-α ∼ P τ T σ

(2.32)

here τ ∼ Rs /Vimp is the characteristic confinement time. The solution of the more
elaborate compressible thick shell model (in Ref. [10, 11]) yields the same scaling
as in Eqs. 2.29, 2.30, 2.31 and 2.32 but with different constants of proportionality,
this is because the compressibility of the shell imposes a more stringent requirement for hot-spot ignition, i.e., γign = 28 + 4.3β + 2β 2 for β ≤ 2 [11] instead of Eq.
2.30. The no-α Lawson type ignition parameter (χno-α ) obtained from simulations
of implosions is as follows, [14]
0.8

χno-α ' (ρRn )



Tn
4.7

1.6
(2.33)

here ρRn and Tn are the 1-D neutron-averaged areal density in g/cm2 and temperature in keV, respectively, and a value of χno-α ≥ 1 implies hot-spot ignition.
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All the quantities in Eq. 2.33 are evaluated without α-particle deposition. The
solution of the thick shell model is in good agreement with the simulations. The
model can be used as a very powerful tool for interpretation and understanding
of the results from numerical simulations and the ignition condition.
The effect of RTI induced asymmetries of the hot spot on the implosion performance will be discussed in detail in Chap. 4, and their effect on the implosion
performance metric will be discussed in Chap. 6.

2.2

Monitoring Progress towards Ignition in Steps

Estimating the level of alpha heating is essential for determining progress towards
thermonuclear ignition. It was shown in the previous section that the Lawson type
ignition condition requires information of the conditions of the hot-spot excluding
the influence of self-heating (i.e. the no-alpha conditions). However, self-heating
in experiments occur spontaneously because of alpha particle energy deposition.
In order to estimate the no-alpha conditions from the experimental parameters
it is essential to estimate the level of alpha heating. In this section, first the
fundamentals of self-heating of a hot-spot will be reviewed using a simplistic model
for alpha heating. It will be shown that an amplification of the internal energy (or
self-heating) of the hot spot can occur only if the rate of alpha-heating exceeds
the cooling rate due to the expansion and the radiation losses. A burning plasma
condition will be defined. The relation between the measurable parameters, the
yield amplification, and the Lawson parameter (derived in the previous section)
will be discussed.
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shell

Figure representing hot-spot and shell configuration at peak com-

pression (i.e., the initial condition for the model). If there is no alpha-heating
the internal energy (IE) of the hot-spot is at its maximum at this time, for later
times the P dV expansion causes the hot-spot IE to decrease. The characteristic
expansion time of the shell is represented using τc .

2.2.1

Simplest Model for Alpha Heating

Consider a spherical blob of hot plasma, as shown in Fig. 2.8, representing the
hot spot surrounded by the shell at the time of peak compression. The shell is
momentarily at rest (stagnation) and the internal energy of the hot spot is at
its maximum, before it starts expanding because of the hot-spot pressure. The
simplest model for alpha heating considers self-heating to start only from peak
compression; the hot-spot would ignite if alpha heating of the core exceeds the
rate of cooling due to the expansion and radiation losses. The energy equation
for the hot spot is obtained from Eq. 2.1 by integrating it over the volume of the
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hot-spot Vh ,

∂t

P Vh
Γ−1



= α0 P 2 Vh T σ − β0 P 2 Vh T −3/2 − P ∂t V ,
| {z } |
{z
} | {z }
Sα

(2.34)

Sexp

Srad

the left hand side shows the evolution of internal energy. The first term on the
right represents heating by alpha particle energy deposition within the hot spot,
α0 is assumed to be constant in this model. The second term represents cooling by
radiation losses, β0 is treated as a constant. The last term represents the cooling
of the hot spot because of P dV expansion losses. This equation can be rewritten
in the dimensionless form using the following dimensionless parameters
t̂ =

t
,
τc

P̂ =
γ=

P
,
Ps

V̂h =

α0 Ps τc Tsσ ,

Vh
,
Vs

β1 =

T̂ =

T
,
Ts

(2.35)

β0 Ps τc Ts−3/2 .

The quantities with subscript ‘s’ represent quantities at stagnation, which are
also the initial conditions for this model. The expansion term in Eq. 2.34 can
be approximated using [∂t Vh ≈ Vh /τc ], with τc representing the characteristic
confinement time of the system. For simplicity, we heuristically neglect the time
evolution of the terms on the right-hand side of Eq. 2.34, but retain the time
dependence for the left hand side. Therefore, the equation for hot-spot internal
energy [IEh = P Vh /(Γ − 1)] can be written as,

with

 
ˆ h = IE
ˆ hG
∂t̂ IE
h
i
σ
−3/2
G = (Γ − 1) γ P̂ T̂ − β1 P̂ T̂
−1

(2.36)

≈ (Γ − 1)[γ − β1 − 1].

(2.38)

(2.37)

ˆ h ∼ eG t̂ , which shows that the internal energy
The solution of this equation is IE
increases exponentially if G > 0, i.e., the condition for the onset of a thermonuclear
instability is given by
γ ≥ γign

with γign = 1 + β1 ,

(2.39)
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similar to the solution of the more detailed model shown in Sec. 2.1.4, see Eq.
2.30 and Fig. 2.7. The condition for ignition is dependent only on the initial
conditions (i.e., the conditions at stagnation), and does not include the effect of
alpha heating. Therefore, we call this parameter χno-α , and the ignition condition
for this simple model is given by,
χsimple
no-α =
−3/2

with β1 = β0 Ps τc Ts

α0 Ps τc Tsσ
γ
≈
≥ 1,
γign
1 + β1

(2.40)

proportional to the ratio of the hot-spot bremsstrahlung

emission energy and internal energy. This solution is similar to the solution of
the more detailed model, shown in Sec. 2.1.4 (see Eq. 2.32), which involved the
equation for hot-spot temperature evolution and the dynamics of the shell.
In summary, the simplest alpha heating model showed that self-heating of a
hot-spot (or amplification of internal energy) can occur only if the rate of alphaheating exceeds the cooling rate due to the expansion and the radiation losses.

2.2.2

The Burning Plasma Regime

In the simplest alpha-heating model, discussed earlier, the temporal dynamics was
treated heuristically. The transient nature of ICF implosions make the realistic
models more complicated. One may consider that there are two time scales: the
characteristic confinement time of the system τc , this is the time scale determined
by the internal energy of the hot-spot or by the P dV compression of the shell;
the other time is the burnwidth or the characteristic fusion heating time. The
two time scales are shown in the Fig. 2.9. The characteristic confinement time
τc ∼ FWHM (full width at half maximum) of the IE(t) and the burnwidth is the
FWHM of the neutron production rate. The time of peak neutron rate is referred
to as the bang time (tb ).
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Figure 2.9: Plot of (a) internal energy of the hot-spot versus time, and (b) the
neutron production rate versus time. The effect of self-heating on implosions is
shown. The plots are for the OMEGA shot 77068 scaled to 1.9 MJ.

The simplified alpha heating model did not consider self-heating prior to peak
compression, however, fusion alphas deposited in the hot-spot before bang time
increase the hot-spot pressure by a factor 1 + Qα , where Qα is given by, [11]
Qα =

0.5Eα
EPhsdV

(2.41)

In this definition we retain the contribution of all the alpha energy up to bang
time (i.e., 1/2 of the total alpha energy), including those that leave the hot-spot.
This is because the energy of the escaping alphas is recycled into the hot spot
as energy of the ablated shell material. Energy supplied to the hot spot by the
compression of the shell (P dV ) is denoted using EPhsdV .
The yield amplification is the factor by which the total implosion yield increases
as a result of alpha heating. This is obtained from simulations by taking the ratio
of the yield with and without alpha particle reabsorption.
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Plot of yield amplification versus hot-spot Qα , the dots represent

results from 1-D simulations and the line represents solution using the model
Eqs. 2.23. The current high performing implosions on NIF and OMEGA are also
shown, they will be discussed in Chap. 7. [Figure based on Ref. [12]]

Figure 2.10 shows the yield amplification versus the hot-spot Qα , at Qα = 1
the fusion energy deposited in the hot-spot is equal to the P dV work done on
the hot-spot. Notice that the yield increases by a factor greater than 3 when the
internal energy of the hot-spot is doubled, this implies that self-heating of the hot
spot has a greater impact on the yield. This is because the yield ∼ P 2 V T σ τ scales
more strongly with alpha heating than the internal energy IE∼ P V .
The burning plasma regime is defined using Qα > 1, shown in blue in Fig. 2.10.
This is the condition when the fusion energy deposited in the hot-spot exceeds its
internal energy which is transferred through the P dV work of the shell.
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Implosion Performance Metric
(a)

model
simulation

(b)

Figure 2.11: Amplification in yield due to alpha heating versus (a) the measurable
parameter χα and (b) the Lawson type parameter χno-α is shown. The χα can
be estimated from the experiments using Eq. 2.43, the plot (a) provides the
corresponding yield amplification level, then plot (b) can be used to estimate the
implosion performance metric χno-α . [Figure based on Ref. [11]]

The implosion performance metric (in 1-D) was derived in the previous section
and has the form shown in Eq. 2.33. This can be re-written using the approxistag
mate formula for the 1-D yield Y16 (1D) = ρR0.56 (T /4.7)4.7 MDT
/0.12 [14, 15] to

eliminate the temperature dependence, [15]

0.34
16
0.12Yno-α
0.61
χno-α ' ρRno-α
stag
MDT

(2.42)

where ρR is in g/cm2 , yield in 1016 and the stagnating DT mass in mg. In experiments with significant alpha heating, the no-α quantities entering the calculation
of χno-α cannot be measured directly. However, the measured yield and ρR can
be used to estimate the value of χ but including the effect of alpha heating (i.e.,
χα ), [11, 15]
χα '

ρRα0.61



0.12Yα16
stag
MDT

0.34
.

(2.43)
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Figure 2.11(a) shows the yield amplification versus the measurable parameter χα
obtained from simulations and from the solution of Eqs. 2.23.[11] The simulations
are performed using the hydrocodes LILAC (1-D), DEC2D, and DRACO(2-D).
Approximately, the yield amplification versus χα is a unique curve. Therefore, this
can be used to estimate the yield amplification from experiments. Figure 2.11(b)
shows the yield amplification as a function of the ignition parameter obtained from
simulations and from the solution of Eqs. 2.23. The χno-α captures the onset of the
thermonuclear instability, as χno-α → 1 the yield amplification increases rapidly.
Therefore, this can be used as a metric to estimate the implosion performance
and the proximity to burning plasma condition and thermonuclear ignition.

2.3

Summary

In this chapter, the metric used to assess the implosion performance was described.
It was derived using a simple model for the final stage of ICF implosions. The
model includes the hot-spot energy balance equation, the hot spot temperature
equation, and equations for the dynamics of the imploding shell. A solution of
the model was shown to illustrate the onset of the thermonuclear instability in
the hot-spot. The model, refined with simulations, was used to obtain the implosion performance metric. It was shown that the parameters involved in this
metric require conditions of the hot-spot that are not influenced by self-heating
(i.e. the no-alpha conditions). However, self-heating in experiments occur spontaneously because of alpha particle energy deposition. In order to estimate the
no-alpha conditions from the experimental parameters it is essential to estimate
the level of alpha heating. The transient nature of ICF implosions, greatly complicate the estimation of the performance enhancement by self-heating. However,
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it was shown that this can be resolved using simulations and the explanation
from the simplified alpha-heating model. In simulations, the self-heating could be
conveniently turned off to estimate the corresponding no-alpha conditions. The
implosion performance estimated from experiments (including self-heating), are
used to determine the yield amplification level which is then used to provide the
no-alpha implosion performance level. The success of this method relies on the
uniqueness of the yield amplification versus χ curves. A burning plasma condition
was defined such that the self-heating of the hot-spot exceeds its internal energy
from the P dV compression alone. The implosion performance metric and the
burning plasma condition are required to monitor the progress towards ignition.
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Chapter 3
Simulations of Core
Asymmetries
During the deceleration-phase of ICF implosions the interface between the hot spot
and the shell is unstable to the Rayleigh Taylor instability (RTI). It introduces
asymmetries to the hot-spot compression and degrades the implosion performance.
In this chapter the hydrodynamic code used to study the deceleration-phase of
ICF implosions is described. Since the effect of the Rayleigh Taylor instability
(RTI) on the implosion dynamics is the central idea for the numerical study, a
brief discussion on the underlying physics of the RTI is provided.

3.1

Rayleigh Taylor Instability (RTI): A Brief
Summary

Hydrodynamic systems are unstable to the RTI if they experience opposite density
gradient and acceleration at an interface. The general condition for the instability
is given by ∇ρ.∇P < 0. This is illustrated in Fig. 3.1, where a heavy fluid (ρh )
is supported by a light fluid (ρl ) under the influence of an acceleration ~g . The
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system is in a state of unstable equilibrium. Perturbations on the interface grow
exponentially in the linear regime, i.e., the perturbation amplitude h(t) ∼ h0 eγt ,
where γ represents the growth rate of the RTI, and h0 is the initial amplitude.
The classical linear growth rate is given by
γRT =

p
Akg

(3.1)

where A = (ρh − ρl )/(ρh + ρl ) is the Atwood number, g is the magnitude of
the acceleration, and k = 2π/λ is the wave number of the perturbation with
wavelength λ.
Ablation of material across the interface, and density gradient at the interface,
both have a stabilizing effect on the RTI. The linear growth rate is approximated
by,
r
γRT =

kg
− βkVa
1 + kL

(3.2)

where Va is the ablation velocity or the velocity at which the heavy fluid approaches
the ablation front (with respect to the interface), L is a characteristic density
scale length at the ablation front, and β is a coefficient typically in the range 1–3.
Perturbations with wavelength shorter than the cutoff λc ≈ 2πβVa2 /g are linearly
stable.

3.1.1

Classical RTI (Linear Theory)

In this section the growth rate for the classical RTI has been derived using a linear
theory. We start with the conservation equations for mass, momentum, and the
condition for incompressibility.
∂t ρ + ∇. (ρ~v ) = 0

(3.3a)

ρ∂t~v + ρ~v .∇~v = −∇P + ρ~g

(3.3b)

∇.~v = 0

(3.3c)
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Schematic of a hydrodynamic system that is unstable to the RTI,

∇ρ.∇P < 0. ρh and ρl are the density of the heavy and light fluids respectively,
the equilibrium pressure is given by P0 (z) = Const.−ρ0 gz (with ρ0 = ρh for z > 0
and ρ0 = ρl for z < 0) and must satisfy the continuity of pressure at the interface.

The incompressibility condition is appropriate for obtaining a general formula
for the growth rate. However, for more complex hydrodynamic conditions one
needs to use the full energy equation instead. A constant acceleration ~g = −g~ez
has been applied to the system, as shown in Fig. 3.1. For the linear analysis, we
assume small perturbations from an equilibrium condition. This is represented for
all quantities using Q = Q0 +Q1 , the 0th order quantities represent the equilibrium
and 1st order quantities are small amplitude perturbations. For this hydrodynamic
system the equilibrium conditions include ~v0 = 0, ρ0 (z) a function of z only (i.e.,
independent of x and y which for the system of two homogeneous immiscible fluids
shown in Fig. 3.1, is ρ0 = ρh for z > 0, and ρ0 = ρl for z < 0), and ∇P0 = ρ0~g .
Keeping only the first order terms (for the linear analysis) the equations reduce
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to,
∂t ρ1 + ~v1 .∇ρ0 = 0

(3.4a)

ρ0 ∂t~v1 = −∇P1 + ρ1~g

(3.4b)

∇.~v1 = 0

(3.4c)

The linear equations can be reformulated as a normal-mode problem. This is done
~

by first applying separation of variables (Q1 = Q̂1 (z)eik.~x+γt ). An exponential time
dependence was chosen (instead of a harmonic) because for the case of instabilities
the perturbations grow with time (γ > 0). For the spatial dependence, the Fourier
analysis includes modes on the x-y plane. Without loss of generality, we can choose
the x-axis as the ~k direction, so that ~k = kx = k > 0 and ky = 0. The derivative
in the z direction is denoted using D = d/dz, for ease of notation. The simplified
linear equations are as follows,
γ ρ̂1 + v̂1z Dρ0 = 0

(3.5a)

γ ρ̂0 v̂1x = −ik P̂1

(3.5b)

γ ρ̂0 v̂1z = −DP̂1 − ρ̂1 g

(3.5c)

ikv̂1x + Dv̂1z = 0.

(3.5d)

There are four equations with four unknowns, ρ̂1 , v̂1x , v̂1z and P̂1 , these can be
combined to get a single equation for v̂1z . First by multiplying Eq. 3.5b by ik,
then using this and Eq. 3.5d to eliminate v̂1x ; followed by combining Eq. 3.5a
and Eq. 3.5c to eliminate ρ̂1 . Then eliminating P̂1 from these we get,
2

k ρ0 v̂1z

k2
= D(ρ0 Dv̂1z ) + 2 gv̂1z Dρ0 .
γ

This equation can also be rewritten in the following form,



Dρ0 gk 2
2
2
D −k +
+ D v̂1z = 0.
ρ0
γ2

(3.6)

(3.7)
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For the system with two superimposed homogeneous fluids (as shown in Fig. 3.1),
the equilibrium density is given by ρ0 (z) = ρh for z > 0, and ρ0 (z) = ρl for z < 0.
Therefore, in each of the regions Dρ0 = 0, and the above equation simplifies to,



D2 − k 2 v̂1z = 0.

(3.8)

The solutions to this must satisfy the boundary condition at infinity and must be
continuous at the interface, they are given given by,



Ce−kz for z ≥ 0
v̂1z =


Cekz for z ≤ 0

(3.9)

The linear growth rate can be found by calculating the jump conditions across
the interface. This is done by integrating the Eq. 3.6 in the infinitesimal interval
−E ≤ z ≤ E,
Z

E
2

Z

E

k ρ0 v̂1z =
−E

Z

E

D(ρ0 Dv̂1z ) +
−E

−E

k2
gv̂1z Dρ0
γ2

(3.10)

using the solution for v̂1z in the two regions (Eq. 3.9) the above equation can be
simplified to,
k 2 C(ρh + ρl )E = −(ρh + ρl )kC +

k2
gC(ρh − ρl ).
γ2

(3.11)

Using A = (ρh − ρl )/(ρh + ρl ) in the above equation, we get the expression for the
linear growth rate of the classical RTI,
γ=

p
Akg.

(3.12)

As obvious, if we switch the positions of the heavy and light fluid in Fig. 3.1 (i.e.
ρ(z) = ρl for z > 0 and ρ(z) = ρh for z < 0) the Atwood number A is negative,
√
p
as a result, γ = ±i |A|kg and the solution ∼ e±i |A|kg is oscillatory (wave like)
and stable. This section showed the derivation of the linear growth rate for the
classical RTI, and will be followed by the explanations for stabilization of the RTI
due to ablation at the hot-spot and shell interface.
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Stabilization of the RTI

The RTI can experience stabilization, i.e. a reduction in the growth rate because
of several reasons. In this section we discuss the stabilization caused by a diffused
density profile at the interface and the stabilization due to mass ablation at the
interface. During the deceleration phase of ICF implosions the RTI experiences
reduction in growth due to both mechanisms. In Chap. 6 the effect of these
mechanisms in a spherical geometry, and their scaling will be shown.

Effect of a Diffused Density Profile at the Interface

ρh
g

ρh
λ

ρl
Figure 3.2:

ρ

L
ρl

Shows the interface between a heavy fluid ρh supported by a light

fluid ρl with a sinusoidal perturbation of wavelength λ. A diffused density profile
at the interface (with a characteristic scale length L) has a mitigating effect on
the RTI growth rate, as shown in Eq. 3.15.

Instead of two homogeneous fluids sharing an interface with a discontinuity in
density, let us consider a smooth transition between the different density regions,
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this is shown in Fig. 3.2. For algebraic simplicity, let us consider the density
profile is given by the following model,



ρl + (∆ρ/2)e2z/L for z ≤ 0
ρ0 (z) =


ρh − (∆ρ/2)e−2z/L for z ≥ 0

(3.13)

where ∆ρ = (ρh − ρl ) is the total density difference far from the interface, and L
is a characteristic scale length corresponding to the continuous density transition
region. In order to obtain a general formula for the linear grown rate, the Eq.
3.6 is multiplied by v̂1z , it is implied that the velocity perturbations vanish away
from the interface. This is then integrated over z from −∞ to +∞ to give,
R∞
2
dz
gDρ0 v̂1z
−∞
2
2R
γ =k ∞
.
(3.14)
2
ρ (z) [(Dv̂1z )2 + k 2 v̂1z
] dz
−∞ 0
Next assuming that the eigenfunctions for the perturbed velocity in the two regions, given in Eq. 3.9, is a good approximation. Inserting these in the above
equation gives,
r
γ=

Akg
1 + kL

(3.15)

where A = ∆ρ/(ρh + ρl ) and L is the density scale length. In the limit of long
perturbation wavelengths, or equivalently short density scale lengths, such that
√
kL  1, the classical result for sharp interface is recovered γ = Akg. In the
opposite limit, for short wavelengths, or long scale lengths (i.e., kL  1), this
p
produces γ = Ag/L, indicating that growth rates of short perturbations are
independent of wavelength and only dependent on the density scale length and
acceleration at the transition region.
During the deceleration-phase of ICF implosions the heat flux and the bremsstrahlung
radiation flux leaving the hot-spot is recycled back as material ablated from the
inner surface of the shell (illustrated in Fig. 2.3 of Chap. 2). These introduce a
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density scale length at the interface which has a similar mitigating effect on the
deceleration phase RTI.

Effect of Ablation Velocity at the Interface

ρh

ρh
Va

g
λ
ρl

ρ

L
Vb

ρl

Figure 3.3: Shows the interface between a heavy fluid ρh supported by a light fluid
ρl with a sinusoidal perturbation of wavelength λ. Mass ablation at the interface
produces a diffused density profile, represented with a characteristic scale length
L. Transitioning to the reference frame of the interface, the heavy fluid moves
towards it with the ablation velocity va , crosses the interface, and blows off into the
low density region with a higher velocity (vb , blow-off velocity). Ablation velocity
at the interface and the diffused density profile both have mitigating effects on
the RTI growth rate, as shown in Eq. 3.18.

In this case the absolute location of the ablation front moves deeper into the
heavy fluid, as material is ablated away. Figure 3.3 shows such a situation. The
convection of the ablation front may be heuristically considered by moving into
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this reference frame. Recall that the solution to the perturbed velocity (in Sec.
3.1.1) was
~

v1z = Ceik.~x eγt ekz .

(3.16)

Transforming this to the reference frame of the ablation front, which moves into
the material at the ablation velocity va , such that z → z − va t, results in
~

v1z = Ceik.~x e(γ−kva )t ekz .

(3.17)

The coefficient of t in the exponent, (γ − kva ), is the effective growth rate as
seen from the ablation front, and the stabilizing effect of the ablation process can
be demonstrated [1]. In this heuristic derivation, the stabilizing term kva has a
coefficient of 1. This stabilization effect can also be interpreted as follows, the
perturbation grows classically in the unstable region around the interface, but
time available for growth is reduced by ablation. This simplistic calculation was
presented to illustrate that ablative stabilization of the RTI is feasible. A more
widely accepted dispersion relation is [2]
r
kg
− βkva ,
γ≈α
1 + kL

(3.18)

with α ' 0.9 − 1 and β ' 3 − 4, an analytic calculation on the stability analysis
can be found in Ref. [3].
During the deceleration-phase of ICF implosions the heat- and radiation-flux
recycled back into the hot-spot (illustrated in Fig. 2.3 of Chap. 2) causes mass
ablation at the interface. Transitioning to the reference frame of the ablation front
(i.e., the interface) the heavy fluid moves towards it with the ablation velocity,
crosses the interface, and is blown off into the low density hot-spot with a blow-off
velocity that is higher than the ablation velocity. Ablation at the hot-spot–shell
interface has a very similar mitigating effect on the deceleration phase RTI as in
the equation 3.18.
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The RTI during the deceleration phase (dp) and the ablative stabilization has
been studied theoretically by Lobatchev and Betti [4], Shvartz et al. [5, 6], Sanz et.
al [7, 8], Atzeni et. al [9], and in several other publications. The dynamics of the
imploding shell and the effect of transport phenomenon (thermal, radiation, and
fusion alpha) make a quantitative analysis complicated. The impact of the dp-RTI,
including the nonlinear stages of the instability, on the implosion performance is
discussed in Chap. 4. In the next section we describe the hydrodynamic code
used for the analysis.

3.2

Simulations of the Deceleration-Phase RTI

The effects of the RTI on the deceleration phase of ICF implosions are studied
using the hydrodynamic code DEC2D [10, 11, 12, 13]. The laser drive during the
acceleration phase is simulated using LILAC [14], it uses a multidimensional raytracing model to compute the attenuation in energy along the path of the laser
light. The laser energy is absorbed at the critical surface and is conducted to the
ablation front, this is calculated using the non-local transport model in LILAC
[15]. LILAC also includes a model for calculating the cross beam energy transfer
[16] resulting from the interaction between neighboring laser beams. Detailed
description of the laser drive models used in the code can be found in the references
listed. It is routinely used to design and analyze direct-drive cryogenic implosion
experiments at the OMEGA. The radial profiles of density, pressure, velocity,
and temperature are extracted at the end of the acceleration phase (i.e. when the
laser is turned off) from the 1-D simulations using LILAC. The profiles are mapped
onto a 2-D high-resolution grid to simulate the deceleration phase of implosions.
Single- or multimode velocity perturbations are applied at the inner surface of the
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shell. The deceleration phase RTI at the unstable interface between the shell and
hot-spot, degrades the implosion performance by reducing the neutron producing
volume and hot-spot pressure. Thermal transport, α transport, and multi-group
radiation transport are modeled as diffusion processes in DEC2D. Each of these
are turned on/off in the simulations, as required.

3.2.1

A Brief Description of DEC2D

The 2-D axisymmetric simulations (considering φ symmetry) are performed on a
cylindrical x–z plane over a 90 deg wedge, with a high resolution for the hot spot
and shell assembly. Usually a 400 × 400 grid can resolve modes up to ` =60,
for studies on higher modes 900 × 900 grid resolution is used. Convergence tests
are performed to determine the optimum resolution. DEC2D is an Eulerian radiation–hydrodynamics code, with a moving mesh that shrinks radially with the
average velocity and maintains a high resolution throughout the convergence during the deceleration phase (i.e. by a factor of ∼ 3 to 5). There is no direct
remapping involved. The conservation equations are rewritten in a new dimensionless coordinate system ξ = r/R(t) and η = z/Z(t), where R(t) and Z(t) are
assigned functions of time and represent the spatial extent of the simulation domain in the radial- and z-direction respectively. The computational domain is
described by the Eulerian coordinates ξ and η varying between 0 and 1. Since
the actual spatial domain in r and z is compressed in time due to the prescribed
inward motion of R(t) and Z(t), the high resolution is preserved throughout the
spatial domain for the entire simulation. It uses a 2nd order centered MacCormack [17] scheme with artificial viscosity. Earlier versions of DEC2D have been
used to study the ablative stabilization of the deceleration-phase RTI in Refs. [4]
and [18].
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Model Equations: The model is based on an operator splitting technique between hydrodynamics and transport. It includes single fluid mass and momentum
equations, while separate energy equations for the total (ions and electrons) energy and the electron energy are included. The fluid equations used are as follows,

∂t ρ + ∇. (ρ~v ) = 0,

(3.19a)

ρ (∂t~v + ~v .∇~v ) = −∇P,




∂t P/(Γ − 1) + ρv 2 /2 + ∇. ~v ΓP/(Γ − 1) + ρv 2 /2 = 0,

∂t Pe1/Γ + ∇. ~v Pe1/Γ = 0

(3.19b)

(3.19d)

P = ρT (1 + Z) /mi

(3.19e)

(3.19c)

the Eq. 3.19c represents total energy conservation; and a simple manipulation of
the electron energy equation led to Eq. 3.19d, using the fact that during deceleration phase the electron equilibration time is much longer than the characteristic
1/Γ

hydrodynamic time (see paragraph on thermal transport, therefore, ρe ∼ Pe

).

The ideal gas equation of state is used (Eq. 3.19e), for which Γ = 5/3, mi represents the average mass of ions in a 50-50 D-T plasma, and atomic number Z = 1.
The code uses the fluid equations on a 2-D cylindrical grid (i.e. assuming no
variation in φ),
∂t (rρ) + ∂r (rρvr ) + ∂z (rρvz ) = 0


∂t (rρvr ) + ∂r r(ρvr2 + P ) + ∂z (rρvr vz ) − P = 0


∂t (rρvz ) + ∂r (rρvr vz ) + ∂z r(ρvz2 + P ) = 0




∂t r P/(Γ − 1) + ρv 2 /2 + ∂r rvr ΓP/(Γ − 1) + ρv 2 /2


+∂z rvz ΓP/(Γ − 1) + ρv 2 /2 = 0


∂t (rPe3/5 ) + ∂r rvr Pe3/5 + ∂z rvz Pe3/5 = 0.

(3.20a)
(3.20b)
(3.20c)

(3.20d)
(3.20e)
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where vr and vz are the components of fluid velocity. This takes advantage of the
r−z plane by avoiding small grid spacings in θ for small r, thereby allowing a larger
time step. The time step (∆t) is determined by the Courant–Friedrichs–Lewy
(CFL) condition.
A uniformly compressing Eulerian grid is used; this allows maintaining the high
resolution during the final phase of compression up to stagnation. The following
moving grid variable transformation is used: ξ = r/R(t) and η = z/R(t), where
R(t) is the spatial extent of the domain and Z(t) = R(t). It is calculated using
R(t) = R(0) − tṘ, where Ṙ(t) is the average fluid velocity in the simulation
domain. In the non-inertial reference frame the fluid equations can be written in
the conservative form as follows,
∂F
∂G
∂U
+
+
+ H = 0,
∂t
∂ξ
∂η

(3.21)

with the representative variables,
ρξR3
ξR3 ρvr
U=

ξR3 ρvz

(3.22)

ξR3 [P/(Γ − 1) + ρv 2 /2]
3/5

Pe ξR3
ρξR2 (vr − ξ Ṙ)
ξR2 [ρvr (vr − ξ Ṙ) + P ]
F =

ξR2 ρvz (vr − ξ Ṙ)




2
P
R ξR3 (vr − ξ Ṙ) Γ−1
+ ρv2 + ξRvr P


3/5
Pe ξR2 vr − ξ Ṙ

(3.23)
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ρξR2 (vz − η Ṙ)
ξR2 ρvr (vz − η Ṙ)
G=

ξR2 [ρvz (vz − η Ṙ) + P ]




2
P
+ ρv2 + ξRvz P
R ξR3 (vz − η Ṙ) Γ−1


3/5
Pe ξR2 vz − η Ṙ

(3.24)

0
P R2
H=

(3.25)

0
0
0

the rows represent continuity, r component of momentum, z component of momentum, the total energy, and the electron energy equations respectively. These
equations are solved with the initial profiles from the 1-D code, the reflecting
boundary condition at ξ = 0 and η = 0, and continuous boundary condition at
ξ = 1 and η = 1.

Thermal Transport: The code treats heat conduction diffusively and uses an
analytic solution for temperature equilibrium. The heat conduction equation for
electrons (e) and ions (i) is obtained using the Spitzer thermal conductivity:[19]
ρcv ∂t Te,i = ∇.κe,i ∇Te,i

where

κe,i ∝

r

me 5/2
T .
me,i e,i

(3.26)

A simple analytic solution for the equilibrium between ion and electron pressure
(calculated from the temperatures) is used at each time step, with the electron–ion
equilibration time as follows,
∂t (Pe − Pi ) =

(Pe − Pi )
τequil

3/2

where

τequil ∝

mi Te
me ne lnΛ

(3.27)
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with the solution,
(Pe − Pi ) = (Pe − Pi )0 e−dt/τequil .

(3.28)

During the deceleration-phase the equilibration time τequil can be longer than the
hydro time step (∆t), as a result the electron and ion pressures (correspondingly
temperatures) can be different.

Radiation Transport: The radiation transport is calculated using the multi
group diffusion approximation.[10] The following equations are used to solve for
the electron temperature Te and the density ρ, the second equation determines
the transport of the radiation field Ug for each frequency group g,[20]
N
X

cκg Ug − bg aTe4



(3.29a)

∂t Ug + ∇. (~v Ug ) + Pg ∇.~v = ∇.Dg ∇Ug + cκg (bg aTe4 − Ug )

(3.29b)

c
3κg

(3.29c)

ρcv ∂t Te =

g=1

Dg =

where Pg is the radiation pressure, c is the speed of light, κg is the absorption
coefficient, and Dg is the diffusion coefficient. In general, the absorption coefficient
κg varies strongly with frequency for a partially ionized plasma. It is dependent on
the frequency group g and the plasma conditions, and is obtained from the multigroup opacity tables. During the deceleration phase of ICF implosions the plasma
is optically thick in some regions and transparent in others, therefore, a multi
group treatment is required for the quantitative simulations. This allows for a
computationally economic method to incorporate the effect of spectral resolution.
A 12 group or 48 group radiation transport model is used for the decelerationphase simulations in DEC2D.
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Alpha Transport: The alpha particle transport is treated using a single group
diffusion equation for the evolution of alpha-particle energy density Eα , [21]
∂t Eα + ~v .∇Eα − ∇.D∇Eα + Eα /trelax = gE0

(3.30)

with D representing the single group diffusion coefficient, trelax representing the
characteristic alpha energy loss time, E0 is the energy per alpha particle, and g is
proportional is the fusion reaction rate,
3/2

Te (keV)
,
ρ(g/cm3 )
E0 = 3.5 MeV,

(3.31b)

3/2
−12 Te (keV)
10
3 ,

(3.31c)

D = (47 µm2 /ps)

trelax = 7.69 ×

ρ(g/cm )
ρ2
hσvi .
g=
4mi

(3.31a)

(3.31d)

Computational Method: The hydrodynamic equations are treated using a
predictor-corrector, MacCormack, scheme. The electron pressure (for the advection process involved in the thermal and radiation transports) and the alphaparticle energy are also convected using the same scheme. Operator splitting is
used for calculation of the transport parts. The heat conduction, radiation transport, and alpha diffusion equations are treated implicitly using a Crank-Nicholson
diffusion solver. Due to the strong shocks present in the ICF implosions, artificial terms were added to simulate both viscosity and heat conduction to prevent
oscillations near shock fronts.

Initial Velocity Perturbation: In the DEC2D simulations, the deceleration
phase RTI is introduced using velocity perturbations at the interface of the hotspot and the shell. The perturbations are added to the velocity profile at the
end of the acceleration phase extracted from the 1-D simulations v1D (r). The
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initial perturbations are centered at the position of ≈ 1/e × ρmax-1D , this position
is denoted using r0 in the following equations. The velocity field is denoted using
~v = vr~r + vz ~z, and the components of the perturbation are represented using ṽr,`
and ṽθ,` for mode `. The functions used to introduce the perturbation are included
for completeness, they are as follows,
vr = v1D (r) sinθ +

X

vz = v1D (r) cosθ +

ṽr,` (r, θ) sinθ +

X

`

`

X

ṽr,` (r, θ) cosθ −

X

`

ṽθ,` (r, θ) cosθ

(3.32a)

ṽθ,` (r, θ) sinθ

(3.32b)

`

the perturbed fields are given by,
ṽr,` (r, θ) = (∆V /Vimp )` v1D (r) f1,` (r) cos(`θ + φ` )

(3.33a)

ṽθ,` (r, θ) = (∆V /Vimp )` v1D (r) f2,` (r) sin(`θ + φ` )

(3.33b)


f1,` (r) =

f2,` (r) = −



r
r0

`

r
r0

`


s− +

s− +

r
r0

−`

r
r0

−`

s+

(3.33c)

s+

(3.33d)




r − r0
s+ (r) = 0.5 1 + tanh 1 +
0.015 r0



r − r0
s− (r) = 0.5 1 − tanh 1 −
0.015 r0

(3.33e)
(3.33f)

The initial amplitude of the perturbation mode ` is denoted using (∆V /Vimp )` ,
it is a fraction of the implosion velocity. The functions f1,` (r) and f2,` (r) impose
that for low ` modes the RTI skin depth (i.e. the extent of the perturbed fields) is
comparable with the wavelength of the perturbation. The velocity perturbation
function is similar to that in Ref. [6] and conserves ∇.ṽ` = 0 for each mode. Both
single and multimode simulations can be carried out using DEC2D. For the multi
mode cases the perturbation phase φ` is generated using a random function.
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Summary

This chapter provided a brief review of the Rayleigh Taylor Instability (RTI) and
the stabilization arising from density gradient and mass ablation at the interface.
A description of the radiation hydrodynamic code DEC2D used to study the
effects of RTI on the implosion core was provided. Single- or multimode velocity
perturbations can be applied at the inner surface of the shell to study the effect of
deceleration phase RTI on the implosion performance. Thermal transport, multigroup radiation transport, and alpha particle transport are modeled as diffusion
processes in DEC2D.
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Chapter 4
Nonlinear RTI induced
Asymmetries of the Hot Spot
The effect of asymmetries on the performance of inertial confinement fusion implosions is discussed in this chapter. A theoretical model is derived for the compression of distorted hot spots, and quantitative estimates are obtained using hydrodynamic simulations. Section 4.1 shows that the nonlinear asymmetries of the
hot-spot can be divided into two types: low (` < 6) and intermediate (6 < ` < 40)
modes, based on comparison of the mode wavelength with the hot-spot radius.
Section 4.2 discusses the simulations of the deceleration-phase used for the analysis. The effect of asymmetries on the implosion hydrodynamics, presented in Sec.
4.3, shows that long-wavelength modes introduce substantial nonradial motion,
whereas intermediate-wavelength modes involve more cooling by thermal losses.
It is found that for distorted hot spots, the measured neutron-averaged properties
can be very different from the real hydrodynamic conditions (shown in Sec. 4.4).
This is because mass ablation driven by thermal conduction introduces flows in
the Rayleigh–Taylor bubbles that results in pressure variations, in addition to
temperature variations between the bubbles and the neutron-producing region.
The differences are less pronounced for long-wavelength asymmetries since the
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bubbles are relatively hot and sustain fusion reactions. It is shown that the yield
degradation—with respect to the symmetric case—results primarily from a reduction in the hot-spot pressure for low modes and from a reduction in burn volume
for intermediate modes. In Sec. 4.5, a general expression is found which relates
the pressure degradation (also volume and temperature) to the residual shell energy and the flow within the hot spot (i.e., the total residual energy). In Sec.4.6,
a comprehensive analysis of the energy distribution of the implosion core is presented. It is found that the energy dynamics is similar for low- and mid-modes,
however, the neutron dynamics can be significantly different.

4.1

Nonlinear RTI of ICF Implosion Core

In ICF implosions the compression efficiency is defined as the fraction of the
kinetic energy of the imploding shell that is converted into internal energy of
the compressed hot spot at bang time, i.e. time of peak neutron rate tb , and is
estimated to be ≈ 0.5-to-0.6 for a symmetric (i.e. 1-D) compression.
It is well known that the interface between the hot spot and the shell is
unstable to the Rayleigh–Taylor instability (RTI) during the deceleration phase
(dp).[1, 2, 3, 4, 5, 6, 7, 8] The dp-RTI spikes cause cold shell material to penetrate
and cool the hot spot. Moreover, the instability is anticipated to induce lateral
(nonradial) flows causing degradation in the compression efficiency.[9] Theoretical
and numerical modeling of the dp-RTI is complicated by the time dependence
of the deceleration g(t) and spherically converging (diverging) geometry experienced by the RTI spikes (bubbles). The hot spot and shell do not share a sharp
boundary; their interface exhibits a time-dependent density-gradient scale length
L(t). Mass ablation occurs from the shell into the hot spot characterized by the
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Figure 4.1:

Plot showing linear dp-RTI growth factors for all mode numbers.

Low modes experience little ablative stabilization since L/λRT < 1. Mid- and
short-wavelength modes experience greater ablative stabilization as L/λRT → 1
and L/λRT  1, respectively. For nonlinear dp-RTI, the asymmetries are divided
into: low-modes (i.e., ` ≤ 6, shown in blue) with λRT /Rh > 1; and intermediatemodes (i.e. 6 < ` ≤ 40, shown in red) with λRT /Rh < 1.

ablation velocity Va (t).[4] The growth of the dp-RTI is reduced[1, 2] because of
mass ablation by thermal conduction, reabsorption of bremsstrahlung emission
from the core in the shell,[8] and alpha-particle deposition.[10] All of these can
be modeled using diffusive terms in the energy equation and can stabilize the dpRTI by increasing L and Va . However, the relative impact of each effect can be
estimated by comparing the scale length introduced by each and its dependence
on hot-spot temperature Th (t, ~r). Other relevant scale lengths are the radius of
the hot spot Rh (t) and the wavelength of the distortion λRT (t); only integer mode
numbers ` = 2πRh /λRT can be accommodated. The growth factor spectrum for a
typical direct-drive target calculated from numerical simulations is shown in Fig.
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4.1. The ablative stabilization of the linear dp-RTI is determined by L/λRT , i.e.,
the ratio of the thermal diffusion scale length (∼density gradient scale length L)
and the wavelength of asymmetry. However, in the nonlinear stage, the thermal
diffusion scale length is determined by the amplitude of the asymmetry, which is
of order of the asymmetry wavelength (λRT ∼amplitude). The ratio of the wavelength and the hot-spot radius (λRT /Rh = 2π/`) is used to divide the asymmetries
into two groups: ` ≤ 6 (with λRT /Rh > 1) as low (or long-wavelength) modes,
and 6 < ` ≤ 40 (with λRT /Rh < 1) as intermediate-wavelength modes. Very
short wavelength modes (` > 40) are neglected because of ablative stabilization
(Fig. 4.1). The nonlinear evolution of the dp-RTI and its impact on the implosion
performance is much more complicated and is discussed in this paper.
Low-mode asymmetries are thought to be a main cause of degradation in
indirect-drive implosions at the National Ignition Facility (NIF).[11, 12] Understanding the hydrodynamic evolution of the nonuniformities is essential for assessing the degradation in performance, and could lead to either innovative methods
to correct the low modes[13, 14, 15, 16, 17, 18] or to new target designs that make
the asymmetries beneficial to the final performance.[19] Kritcher et al. [20] showed
that low-mode asymmetries introduce significant residual kinetic energy at peak
compression, and the residual kinetic energy for low modes is correlated to the
yield degradation. Gu et al. [13] showed that low modes cause a degradation of
compression efficiency and suggested shimming the shell to correct the asymmetry.
Since the objective of this paper is to investigate the effect of asymmetries on the
compression hydrodynamics and energetics, we do not consider heating by alpha
particle deposition. We provide a theoretical model to relate the hydrodynamic
parameters (i.e., pressure, volume, and temperature) with the residual energy in
implosions. Through numerical calculations we determine the distribution of the
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residual energy between the hot spot, the shocked shell, and the free-fall part of
the shell.
For direct-drive implosions on OMEGA [21] it is anticipated that the core is
degraded by a combination of low and intermediate modes, shown by Bose et
al. [22] and Regan et al. [23] Although the actual source of the asymmetries is
not uniquely identified, low modes can arise from several factors including longwavelength DT ice modulations, target positioning, laser beam balance, and laser
beam pointing.[23, 24, 25] In addition, the superposition of all 60 laser beams on
OMEGA can produce overlap intensity variations, which is expected to introduce
intermediate-mode nonuniformities. Nevertheless, irrespective of the actual source
of the degradation, it has been shown (in Ref. [22]) that all experimental observables pertaining to the core can be reconstructed by introducing a combination
of long- and intermediate-wavelength distortions to the hot spot for several cryogenic implosions on OMEGA. This technique is based on recognizing trends in the
implosion observables resulting from the two mode categories.[26, 27] The longwavelength asymmetries cause degradation in the hot-spot pressure by increasing
the hot-spot volume. To compensate for the increase in volume, intermediate
modes are introduced in the simulations to reduce the neutron-producing volume
(or burn volume) of the hot spot. This effect was also observed by Kishony and
Shvarts,[3] who referred to this as the clean volume. In this paper we provide
the physical explanation at the basis of these effects, serving as a guide to explain
the trends observed in several cryogenic implosions on OMEGA. These implosions
repeatedly exhibit high ion temperatures (i.e., comparable to the 1-D simulation)
with large variations in the measurements ≈ 300 eV-to-1 keV, the ρR’s are similar to the 1-D simulation results, while the yields are lower than 1-D [≈ 30%
of the 1-D yield (Y1D ) estimated using simulations].[22, 23] We also show that
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the interpretation of the neutron-averaged observables is not straightforward for
implosions with large asymmetries.

4.2

Simulations of the Deceleration Phase

Figure 4.2: For a typical OMEGA target such as shot 77068, the plots show: (a)
yield degradation Y /Y1D for corresponding initial velocity perturbation ∆V /Vimp ;
and (b) compression efficiency IEh /KEsh [i.e., the fraction of shell kinetic energy
at the end of the laser drive (t0 = 0) transformed into internal energy of the hot
spot at bang time (tb )] versus Y /Y1D .

The radiation–hydrodynamics code DEC2D was used to simulate the deceleration phase of ICF implosions; details of the code can be found in Ref. [8]. The
acceleration phase was simulated using the 1-D code LILAC.[28] This includes the
laser drive with models for cross-beam energy transfer [29] and nonlocal thermal
transport.[30] The hydrodynamic profiles at the end of the laser pulse were used
as initial conditions for the deceleration-phase simulations in 2-D. Initial perturbations for the dp-RTI were introduced at the interface of the shell and the hot
spot through angular variation of the velocity field.[3]
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Figure 4.3: Snapshot of implosion simulations at bang time tb showing the three
regions: hot spot, shocked shell, and free-fall shell. The figures illustrate the
shape and plasma flow pattern for (a) a symmetric 1-D, (b) a low- (` = 2), and
(c) an intermediate- (` = 10∗ ) mode asymmetry at Y /Y1D = 0.6. The ` = 2
mode introduces nonradial flow in the shocked shell and in the hot spot. For the
` = 10∗ mode there is little nonradial flow; instead there is radially inward flow
in the spikes and radially outward flow within the bubbles.

The stagnation physics for conventional hot-spot ignition is equivalent for both
direct and indirect drive; therefore, this analysis is applicable to both. For the numerical simulations, however, a typical direct-drive cryogenic implosion design was
used, as shown in Refs. [22] and [23]. The pulse shape and target from OMEGA
shot 77068 was used,(shown in Fig. 1 of Ref. [22]) it is also the best-performing
shot in terms of implosion performance metric χno-α and other experimental observables such as neutron yield and areal density. The target was driven with
26.18 kJ of laser energy to an implosion velocity of 380 km/s, coupling 1.1 kJ as
kinetic energy of the imploding shell (KEsh ) at the start of deceleration (t0 )—this
was estimated using LILAC. Out of this, 550 J was transformed into internal energy of the compressed hot spot (IEh ) at bang time (tb ) for the symmetric or 1-D
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case—a compression efficiency of 0.5. The hydro parameters for the symmetric
implosion are listed in Table 7.1. There is almost no kinetic energy in the hot
spot (KEh ) at tb , only 3 J of KEh  550 J of IEh . As a result, the hot spot is
subsonic and isobaric. In 1-D, the neutron-averaged pressure of the hot spot is 97
Gbar, which is close to ≈ 120 Gbar required for hydro-equivalent ignition,[25, 26]
and the neutron-averaged temperature is 3.8 keV. Although OMEGA targets are
used in the simulations, similar conclusions apply to hydro-equivalent NIF-scale
targets.[8, 22, 31] Detailed comparison of the deceleration phase between OMEGA
and NIF scale targets are described in Ref. [8].
The single-mode velocity perturbations ∆V as a fraction of the implosion
velocity Vimp were used to seed the dp-RTI and degrade the neutron yield compared to the symmetric case, the results of which are shown in Fig. 4.2(a). The
` = 2 perturbation of the core was used to represent the low-mode asymmetry category (blue), and ` = 10 (with largest growth factor Fig. 4.1) was used to
represent the intermediate-wavelength asymmetry category (red). For simulations
with ∆V /Vimp < 2.5%, the dp-RTI is within the linear regime, and with increasing
levels of velocity perturbation it becomes nonlinear and saturates. For intermediate modes, the nonlinear single-mode RTI spikes coalesce during the convergence
and serve as a secondary piston to confine a smaller central volume. However,
this is the outcome of a perfectly symmetric single-mode spikes converging to the
center, a very unlikely event in reality. Therefore, this effect has been removed
from the simulations by introducing sideband modes ` = 8 and 12 along with the
dominant single mode ` = 10, at a lower initial perturbation level (20% of the
∆V /Vimp used for ` = 10). This sideband-modified intermediate mode is denoted
as ` = 10∗ . The degradation in compression efficiency IEh (tb )/KEsh (t0 ) with yield
degradation Y /Y1D is shown in Fig. 4.2(b).
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To calculate the parameters pertaining to the hot spot, it was necessary to
define a boundary separating it from the shell, as shown in Fig. 4.3. The following
condition in hot-spot density ρh (t), based on the maximum of the shell’s density
profile from the 1-D simulation ρmax-1D (t), was used:
ρh (t) < 1/e × ρmax-1D (t).

(4.1)

A condition on the density instead of temperature is advantageous because variation in density has a sharper contrast at the interface, evident from comparison
of proximity of contour lines between Figs. 4.4(i-a) and 4.4(ii-a), or from profiles
of density (gray) and temperature (red) in Fig. 4.5. The shocked and free-fall
parts of the shell were tracked by the position of the return shock, marked by a
jump in the density and pressure profiles. The three regions are shown in Fig.
4.3. The arrows represent the velocity flow field with their lengths proportional
to the magnitude of velocity.

4.3

Effect of Asymmetries on the Implosion Hydrodynamics

In this section we discuss the effect of the two types of distortion on the hydrodynamic parameters and provide physical explanations for the differences with the
symmetric case.
A comparison of the velocity flow pattern is shown in Fig. 4.3. For a symmetric
implosion the flow is radially inward [Fig. 4.3(a)]. The magnitude of the velocity
is small in the hot spot and shocked shell since they have stagnated at bang time,
while the free-fall part of the shell continues to implode. Low-mode asymmetries
introduce nonradial flows in the shell and the hot spot [Fig. 4.3(b)]. This is

CHAPTER 4. NONLINEAR RTI INDUCED ASYMMETRIES OF THE HOT
SPOT
79

because the wavelength of the instability, and likewise the extent of the perturbed
fields around the interface, is comparable to the radius of the hot spot. However,
intermediate-wavelength asymmetries introduce little nonradial flow in the shell,
as shown in Fig. 4.3(c). The spikes move radially inward, penetrating the hot
spot, and the bubbles are pushed radially outward. Most of the mass ablation
occurs near the tip of the spikes for both kinds of distortion. The flows in the hot
spot then carry the ablated mass into the bubbles.
The time evolution of an asymmetric implosion is influenced by the mass
density of the spikes. A comparison of the density of the spikes can be made
using Fig. 4.4, row (i). For ` = 2 the spikes are more massive [see Fig. 4.4(i-b)]
and when nonlinear, they carry enough momentum to jet through to the center of
the implosion. Therefore, displacing the peak in temperature from the geometric
center, this can be seen in the temperature profile (red) of Fig. 4.5(b). The plasma
in the bubbles expands with a low velocity during the disassembly because of the
large bubble size. The ` = 10∗ has several less-massive spikes [see Fig. 4.4(ic)] that stop before reaching the center, even for the very nonlinear cases [see
Fig. 4.5(c)]. The spikes continue to remain stationary after bang time; however,
the bubbles keep expanding throughout. Therefore, the disassembly phase for
implosions with an intermediate mode involve several jets of high-velocity plasma
expanding in the bubbles and are distinctly different from low modes.
The heat flux leaving the hot spot is recycled back as internal energy (IE),
kinetic energy (KE), and P dV work of the material ablated from the inner surface
of the shell. It has been shown in Refs. [2, 4] that, although there is no energy loss
due to thermal ablation, the temperature of the hot spot is reduced and the hotspot density is increased. Figure 4.6 compares the simulations with and without
thermal conduction, illustrating that ablation results in an increase in the hot
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spot mass. For a symmetric implosion this occurs in such a way that the hot-spot
pressure is independent of heat conduction. The profiles for the symmetric case
are shown in Fig. 4.5(a). The hot-spot temperature and density profiles follow
≈ (1 − r̂2 )2/5 and ≈ (1 − r̂2 )−2/5 , respectively, where r̂ ≡ r/Rh . It is known[4] that
this is a consequence of Spitzer thermal conduction [κspitzer ∼ T 5/2 ].
For implosions with asymmetries, however, the hot-spot temperature profiles
are very different [shown in Fig. 4.4, row (ii), and in Fig. 4.5 in red]. The
spikes penetrate into the hot spot, where the tip of the spikes encounter steep
temperature gradients, resulting in higher mass ablation than in the 1-D case.
The ablated material is carried by the vortex flow induced by the dp-RTI and
accumulates within the bubbles, causing a drop in temperature. It is shown
that the plasma within the bubbles for ` = 2 is hotter than the ` = 10∗ case.
This is because of cooling by thermal conduction. For the ` = 10∗ case the
thermal diffusion scale length is comparable to the wavelength of the asymmetry
(L/λRT → 1); resulting in more mass ablation into the hot spot (shown in Fig.
4.6). There are more spikes (and bubbles) for ` = 10∗ (than ` = 2); several spikes
approach the center, undergoing enhanced ablation. In addition, the surface-tovolume ratio of the bubbles is higher,[3] which enhances cooling by conduction for
the mid-mode case. In order to illustrate this, a simple scaling relation for the
temperature of the bubbles (Tbubble ) with the the asymmetry mode number (`) can
derived as follows: starting with the heat equation ρcv ∂t T = ∇.κ0 T 5/2 ∇T , where
cv and κ0 are constants; integrating over the volume of the hot spot V , and using
ρ = AP/T where A is a constant (average mass of ions), yields cv AP V Ṫ /T ≈
H
κn̂.∇T dS, where S represents the surface area of a distorted hot-spot. Using
the characteristic time τ ∼ Rh /Vimp , it can be shown that the left hand side
scales as cv AP V Vimp /Rh . For mid-mode asymmetries, the thermal diffusion scale
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length∼ λRT , (however, that is not the case for low modes, for which the thermal
diffusion scale length is of the order of the hot-spot size ∼Rh ). Using this, it
7/2

can be shown that the right hand side scales as κ0 Tbubble S/λRT . Taking the ratio
of the two sides, and using the scaling for the surface-to-volume ratio of a hot
spot with large bubbles S/V ∼ 1/λRT , and the scaling of hot-spot temperature
in 1-D as T1D ∼ (P Rh Vimp cv A/κ0 )2/7 ,[8, 32] we obtain, Tbubble ∼ (λRT /Rh )4/7 T1D .
Therefore for mid-modes, the temperature of the bubbles decrease with increasing
mode number as Tbubble ∼ T1D /`4/7 for `  1. This shows that for `  1, the
bubbles are cold and they do not sustain fusion reactions.
For a symmetric implosion the KE of the material ablated into the hot spot
is negligible compared to its IE; i.e., the square of the Mach number (Mach2 )
is small ≈ 0.01 and the hot spot is subsonic. Therefore the hot-spot pressure
profile spatially equilibrates, and the hot spot is approximately isobaric; this was
observed by Betti et al.[2, 4] for 1-D implosions and Sanz et al.[5] for weakly
distorted implosions. However, for implosions with large asymmetries, the hot
spot is not isobaric, and in general the variation in pressure profile is dependent
on the Mach2 as follows (derived in Sec. 4.5):
∇P ∼ Mach2 .

(4.2)

A comparison of the contour plots of pressure [Figs. 4.4(iv-b) and 4.4(iv-c)] and
Mach2 [Figs. 4.4(v-b) and 4.4(v-c)] illustrates this. Regions of high Mach2 are
accompanied by a drop in pressure. Clear correlation can also be seen from the
lineout of pressure and Mach2 in Fig. 4.5. The Mach2 increases near the tip of the
spikes and within the bubbles because of mass ablation and accumulating flows,
respectively; therefore, as expected, for low modes there is a more isobaric pressure
profile than for intermediate modes. A highly distorted hot spot has islands of
subsonic region, where the pressure equilibrates quickly, separated by channels of
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high Mach2 flows that isolate the subsonic regions. For example, in Fig. 4.5(c)
the small central isobaric region for ` = 10 is surrounded by the conglomerating
high Mach2 spike tips, or in Fig. 4.5(b) within the large ` = 2 bubble.
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Figure 4.4: Contour plots at bang time tb showing (i) density, (ii) temperature, (iii) P 2 T 1.7
approximately proportional to the fusion reaction rate, (iv) pressure, and (v) Mach2 , for comparison between (a) the symmetric 1-D and asymmetric implosions at Y /Y1D = 0.6 with mode
(b) ` = 2 or (c) ` = 10∗ . The blue dashed line [in (iii) and (iv)] shows the hot-spot boundary
and the red dashed line [in (iii)] shows the (neutron producing or) burn volume. Notice that the
dp-RTI bubbles are relatively cold for the ` = 10∗ (ii-c) but not for the ` = 2 (ii-b); therefore,
the fusion reaction rate is low in the mid-mode bubbles (iii-c). Comparing pressure profiles in
row (iv), it is seen that, unlike the symmetric case (iv-a), an asymmetric hot spot is not isobaric
[(iv-b) and (iv-c)]. The variation in the pressure profile is proportional to the Mach2 [(v-b) and
(v-c)].
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Figure 4.6: (a) Mass of the hot spot versus time for simulations with and without
thermal conduction and radiation transport (no T.C., no radiation), which causes
mass ablation into the hot spot. The asymmetric implosions considered are at
the same level of distortion at tb as in the Fig. 4.5 (i.e., Y /Y1D = 0.4). (b) Plot
showing mass of the hot spot –normalized with the 1-D mass– at bang time (tb ),
versus yield degradation Y /Y1D . Notice that the mass ablation for the mid-mode
asymmetry (` = 10∗ , in red) exceeds the low-mode case.
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4.4

Comparison of Neutron-Averaged and HotSpot–Averaged Quantities

Table 4.1: A summary of the effect of long- (` = 2) and intermediate- (` = 10∗ )
wavelength asymmetries on the neutron (n)-averaged measurable and volume hhsiaveraged parameters, normalized with the corresponding symmetric 1-D quantities. For a quantitative comparison, see accompanying Fig. 4.7.
Y /Y

`

∆V /V

imp

1D

Y1D =
14

1.7 × 10

%

Pn/P

n-1D

Phhsi/P

hhsi-1D

Vn/V

n-1D

Vhhsi/V

Tn/T

Thhsi/T

hhsi-1D

n-1D

hhsi-1D

Vimp =

Pn-1D =

Phhsi-1D =

Rn-1D =

Rhhsi-1D =

Tn-1D =

Thhsi-1D =

380 km/s

97 Gbar

93 Gbar

19 µm

21.1 µm

3.81 keV

3.27 keV

2

0.6

5

0.76

0.72

1.09

1.29

0.97

0.94

10∗

0.6

5

0.99

0.73

0.57

1.31

1

0.77

2

0.4

7.5

0.64

0.57

1.15

1.52

0.93

0.88

10∗

0.4

10

1.08

0.59

0.33

1.56

1

0.6

The purpose of this section is to correlate the hydrodynamic properties discussed in Sec. 4.3 with the neutron (n)-averaged quantities measured with nuclear
diagnostics. The comparisons are shown in Fig. 4.7 and Table 7.1, and described
here. For distorted implosions the physical conditions of the hot spot can be
very different from what is depicted by the n-averaged quantities. The differences
arise because n-averaging provides information pertaining only to the localized
region where the neutrons are produced [i.e., region inside the dashed red line of
Fig. 4.4(iii)]. Therefore, the following explanation can be useful in relating the
n-averaged observables to trends arising from asymmetries of different types.
The hot-spot–averaged quantities, denoted by the subscript hhsi, represent
the hydrodynamic conditions of the hot spot [Fig. 4.7, column (a)]. They are
calculated from the simulations by taking volume averages of the profiles over
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the entire hot spot at bang time (i.e. tb or the time of peak neutron rate). It
is seen that asymmetries result in an increase in the hot-spot volume Vhhsi [Fig.
4.7(a-ii)] and a corresponding reduction in the average pressure Phhsi [Fig. 4.7(ai)], independent of their wavelength. The increase in volume occurs because the
bubbles encounter a spherically diverging geometry and expand more than the
compression provided by the converging spikes. Notice that the Phhsi and Vhhsi are
almost the same for both categories at any given Y /Y1D , therefore, the internal
Γ
energy ∼ Phhsi Vhhsi and adiabatic parameter ∼ Phhsi Vhhsi
(where Γ = 5/3) of the

hot spot must be correlated, at least to the leading order. In more detail, the
∗

`=2
`=10
[Fig. 4.7(a-ii)] at low Y /Y1D results in
> Vhhsi
small difference in volume Vhhsi
∗

> [P V Γ ]`=2
[P V Γ ]`=10
hhsi [shown in Fig. 4.11(a)]. This is caused by the flows in the
hhsi
hot spot, resulting in a non-isobaric hot spot and a reduced compression (∆pdV );
this will be discussed in Sec.4.5.
Since the ` = 10∗ bubbles experience more cooling by thermal losses, the
∗

`=2
`=10
< Thhsi
[see Fig. 4.7(aaverage temperatures are significantly different, Thhsi

iii)], at the same Y /Y1D . The low-mode bubbles are relatively hotter. The hotspot–average areal density ρRhhsi is higher for the mid-mode case [shown in Fig.
4.7(a-iv)], this is because there is more mass ablation into the hot-spot [Fig.
4.6(b)].
The n-averaged quantities are experimentally measurable and therefore they
are important for the comparison. The following formula is used to calculate the
n-averaged pressure Pn and temperature Tn :
R R
dt dV nD nT hσvi Q
Qn = R R
.
dt dV nD nT hσvi

(4.3)

The neutron-averaged ion temperature obtained from experiments can be affected
by bulk flows in the hot-spot,[33] shown in Fig. 4.3. This may result in an
overestimation of the measured temperature in comparison with Tn obtained from
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Eq. (4.3). It is essential to measure the ion temperature along several lines-ofsight, and the effect of bulk motion must to be subtracted before comparison
with the theory. The volume that produces neutrons Vn is calculated using the
following formula with the power index a = 1:
2
R R
dt dV (nD nT hσvi)a
.
Vn = R R
dt dV [nD nT hσvi]2a

(4.4)

Here, a determines the weight assigned to the number of fusion reactions per
unit volume per unit time. A higher value of a results in a smaller volume,
determining more tightly the high temperature part of the hot spot, i.e., the
region producing neutrons. A lower a results in a bigger volume, including lowertemperature regions, i.e., the bubbles. We consider a = 1 because the resulting
volume provides an excellent estimate of the size of the neutron-producing region
consistently for all asymmetry shapes and levels [Fig. 4.4(iii)]. Considering only
mid-mode asymmetries, this is similar in concept to the clean volume of Ref.
[3, 34], which is defined as the volume contained within the RT spikes. However,
this formulation is more general, convenient for numerical implementation, and
produces a time-averaged burn volume.
The n-averaged pressure Pn , volume Vn , temperature Tn , and hot-spot areal
density ρRn versus the Y /Y1D are shown in Figs. 4.7(b-i), 4.7(b-ii), 4.7(b-iii) and
4.7(b-iv) respectively, representing conditions in the burn region. For the ` = 2
case, since the bubbles are hot and sustain fusion reactions (discussed in Sec. 4.3),
the Vn is comparable to the Vhhsi , only slightly smaller. Likewise, Pn , Tn and ρRn
are comparable to Phhsi , Thhsi and ρRhhsi for the low-mode ` = 2, i.e., they decrease
with increasing asymmetry level. However, for the intermediate modes (` = 10∗ ),
the bubbles are cold (Sec. 4.3), so the neutrons are produced only within a smaller
central region; as a result, Vn is significantly smaller than Vhhsi . In the same way,
Pn and Tn represent pressure and temperature, respectively, of the n-producing
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region (i.e., the “clean” region [3, 34, 35]) and are therefore comparable to the
1-D case. A comparison of the hot-spot areal density shows that ρRn < ρRhhsi for
the mid-mode case, this is because the excess mass ablated into the hot spot [Fig.
4.6(b)] accumulates within the bubbles and increase the ρRhhsi , but this does not
impact the ρRn .
The burnwidth τ /τ1D becomes shorter than in 1-D with increasing asymmetry
level [Fig. 4.8]. Since ablation cools the bubbles relative to the center, the neutron
burnwidth is determined by the characteristic time for the evolution of the nproducing region, i.e., the velocity of the spikes, which is higher than Vimp-1D .
−1
Since τ ∼ Vimp
, the burnwidth is expected to be shorter, which explains the burn

truncation. For very large ` = 2 asymmetry (i.e. Y /Y1D < 0.4), however, the
τ increases because the implosion dynamics along the orthogonal directions (i.e.,
along the pole and the waist) are sufficiently mismatched in time leading to a
prolonged but inefficient compression, i.e., an increase in the total burn duration
even though the hot-spot pressure and total yield is low.
We write the degradation in neutron yield Y /Y1D in terms of the n-averaged
quantities and the burnwidth (τ ) in the following way:
Y
=
Y1D



Pn
Pn-1D

2 

hσvi /Tn2
2
hσvi /Tn-1D



Vn
Vn-1D



τ
τ1D


,

(4.5)

where hσvi is the fusion reactivity,[36] a function of Tn . Figure 4.9 shows that the
Y /Y1D [Pn , Tn , Vn , τ ] calculated using Eq.(4.5) matches very well with the Y /Y1D
obtained from simulations, irrespective of the asymmetry level and shape. This
validates the calculation of the n-averaged quantities for both categories and
strengthens the consistency of the physical explanation to account for the yield
degradation Y /Y1D discussed in this section. A comparison of the results obtained from the theory with the trends in experimental observables (from cryogenic
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direct-drive implosions on OMEGA) will be discussed in a forthcoming publication.
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Figure 4.7: Comparison of the hot-spot–averaged quantities at bang time (tb ): pressure Phhsi ,
volume Vhhsi , temperature Thhsi , and ρRhhsi , with the neutron (n)-averaged quantities: pressure
Pn , volume Vn , temperature Tn , and hot-spot ρRn . The plots show each of these quantities
(normalized with their 1-D values) versus yield degradation Y /Y1D resulting from either ` = 2
or ` = 10∗ asymmetry. The n-averaged quantities are correlated closely to the experimental
measurements; however, the plots point out that they can be very different from the actual
hydrodynamic conditions of the hot spot represented by volume hhsi-averaged quantities.
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Figure 4.8: Plot showing the burnwidths τ /τ1D versus yield degradation Y /Y1D
resulting from low- (` = 2) or intermediate- (` = 10∗ ) mode asymmetries. The
burnwidths are calculated using super-Gaussian fit to the neutron rate.

Figure 4.9:

Plot showing yield degradation Y /Y1D calculated using Eq.(4.5)—

based on n-averaged quantities—versus the same obtained directly from the numerical simulations. The good agreement validates the calculation of n-averaged
quantities and the yield formula, irrespective of the asymmetry level and shape.
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4.5

Model for Compression of an Asymmetric
Hot Spot

We present a model for the adiabatic compression of the core including distortion
by dp-RTI. This clarifies the conclusions reached in Sec. 4.3 and relates them
to the implosion energetics of Sec.4.6. The hot-spot energy equation is solved
by applying subsonic-flow ordering; however, we retain the lower-order flow correction terms, unlike previously existing models, therefore allowing variations in
the hot-spot pressure profile. The pressure variations increase with the degree of
distortion.

4.5.1

Flow Correction to Adiabatic Compression

We start with the momentum and energy equations for the hot-spot plasma during
the compression phase,
ρ (∂t~v + ~v .∇~v ) = −∇P,
(4.6)




∂t P/(Γ − 1) + ρv 2 /2 + ∇.~v ΓP/(Γ − 1) + ρv 2 /2
= ∇.κ∇T − Srad + Sα ;
(4.7)
here ρ, ~v , T and P are the mass density, velocity, temperature, and pressure, respectively; the adiabatic index Γ = 5/3 for DT plasma; κ(T ) = κ0 T 5/2 is the
Spitzer thermal conductivity; Srad accounts for the energy density in bremsstrahlung
emission leaving the hot spot; and Sα accounts for the fusion α energy density
deposited in the hot spot. Here we simplify Eq.(4.7) by neglecting Sα and Srad
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because: alpha heating and radiation losses are negligible for the sub-ignition imRt RV
plosion considered [leading to a net radiation loss of t0b 0 h Srad dV dt ≈2-3% of
Rt RV
Etotal , see Fig. 4.17; and t0b 0 h Sα dV dt  Etotal ]. In this model we focus on
the effect of nonuniformities on the hydrodynamics, neglecting the contributions
of alpha-heating and radiation losses.
Implementing subsonic-flow ordering, the hot-spot pressure can be written as
follows:
P(~r, t) = P (t) + p(~r, t),

(4.8)

where P is the average pressure of the hot spot (i.e., volume average) and p is the
variation in pressure profile. Substituting Eq.(4.8) into Eq.(4.6) yields
∇P = 0,

(4.9a)

ρ (∂t~v + ~v .∇~v ) = −∇p.

(4.9b)

Equation (4.9a) leads to P = P (t). For a symmetric 1-D implosion P  |p|,
so the lower-order Eq.(4.9b) does not contribute, resulting in an isobaric hot
spot. Equation (4.9b) involves subsonic-flow corrections to the pressure profile
[∼ O(Mach2 )] and can be scaled as in Eq.(4.2); these corrections are important
for nonlinear dp-RTI.
Similarly, implementing the subsonic-flow ordering [i.e., applying Eq.(4.8) to
the energy Eq.(4.7)] yields,
∂ P
ΓP
+
∇.~v
∂t
Γ
−
1
Γ
−
1




∂
p
ρv 2
Γp
ρv 2
+
+
+ ∇.~v
+
∂t Γ − 1
2
Γ−1
2
= ∇.κ∇T.

(4.10)

The first two terms are of the leading-order, followed by the two flow-correction
terms. Integrating each of the terms in the above Eq.(4.10) over the hot-spot
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volume Vh (t) gives the following:
Z Vh




∂t P /(Γ − 1) dV = Vh ∂t P /(Γ − 1 ]
0

(4.11a)
Z

Vh



∇. ~v ΓP /(Γ − 1) dV =
0
I





ΓP /(Γ − 1) ∂t Vh + ΓP /(Γ − 1)
~vs .n̂dS − ∂t Vh ,
s

(4.11b)
Z

Vh



∂t p/(Γ − 1) + ρv 2 /2 dV ≈

0

Z
∂t



2

I

ρv /2 dV −




p/ (Γ − 1) + ρv 2 /2 ~vs .n̂dS,

s

(4.11c)
Z
0

Vh



∇.~v Γp/(Γ − 1) + ρv 2 /2 dV =
I


Γp/(Γ − 1) + ρv 2 /2 ~vs .n̂dS.
s

(4.11d)
where

H

n̂dS represents integral over the surface of the hot-spot and ~vs is the
RV
velocity of the fluid at the interface. We used 0 h pdV = 0 [since p is the varis

ation about the average P in Eq.(4.8)], and the divergence theorem. The last
term in Eq.(4.11b) and all of the terms in Eqs.(4.11c) and (4.11d) are of the
O(Mach2 ), we have neglected terms of O(Mach4 ) and smaller. The hot-spot
boundary is chosen such that the conduction term on the right-hand side is negH
ligible s (κo T 5/2 )n̂.∇T dSh ≈ 0. This is because the shell is cold (Tsh ∼100 eV
 Th ∼ 3–10 keV) so [Tsh /Th ]5/2 ≈ 0; therefore, there are negligible conduction
losses through the shell. All of the heat flux at the boundary is recycled back
into the hot spot, causing mass ablation[4] and flow across the hot-spot boundary.
H
H
This appears in Eq.(4.11b) as the term [ s ~vs .n̂dS − ∂t Vh = s ~va .n̂dS], with ~va
representing the ablation velocity across the hot-spot boundary. By comparing
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simulations with and without conduction in Figure 4.6, it is shown that ablation
results in an increase in the mass of the hot spot.
Finally, combining all of the terms in Eqs.(4.11a),(4.11b),(4.11c) and (4.11d),
i.e., by integrating Eq.(4.10) over the hot spot volume Vh (t), we find


Vh ∂t P + ΓP ∂t Vh /(Γ − 1) + F = 0.

(4.12)

where the first term is the leading order term and F is the flow-correction, i.e., it
includes all of the O(Mach2 ) terms, and can be simplified as follows

Z Vh
2
ρv /2 dV
F = ∂t
0
I 


ΓP
ΓP
+
+ p ~vs .n̂dS −
∂t Vh
Γ−1
Γ−1
s
 I
Z V h
I
ΓP
2
~va .n̂dS
= ∂t
ρv /2 dV + p~vs .n̂dS +
Γ−1 s
s
0
(4.13)
Therefore, F involves three aspects of the hot-spot dynamics: the rate of change of
kinetic energy of the hot spot, the change in P dV work rate done on the hot spot
by the shell resulting from a non-isobaric profile, and the rate of change of enthalpy
of the hot-spot caused by mass ablation. Equation(4.12) can be rewritten by
multiplying both sides with the ratio of the adiabatic parameter and the internal


 
energy of the hot spot P VhΓ / P Vh /(Γ − 1) as follows,

with

∂t P VhΓ − P VhΓ ξ = 0,


ξ = −F/ P Vh /(Γ − 1) .

(4.14)
(4.15)

The term ξ involves flow-correction and scales as ξ ∼ Mach2 /τh [from Eqs.(4.13)
and (4.15)] where τh ∼ Rh /Vimp is the characteristic hydrodynamic time. To solve
Eq.(4.14) analytically, we approximate ξ(t) with a time average over ∆t = (tb −t0 ).
Therefore,
∆flow ≡ ξ ∆t ≈ −

∆KEh + ∆pdV + ∆H
,
hIEh i

(4.16)
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where hIEh i is the time-averaged internal energy. The change in other quantities
during the deceleration-phase are as follows: ∆KEh = KEh (tb ) − KEh (t0 ) ≈
D R
E
V
∂t 0 h (ρv 2 /2)dV ∆t, this is the net change in hot-spot kinetic energy; ∆pdV ≈
H
p~vs .n̂dS ∆t, this is the net change in P dV work on the hot-spot resulting
s
H
from a non-isobaric profile; and ∆H ≈ Γ/(Γ − 1) P s ~va .n̂dS ∆t, this is the net
change in enthalpy of the hot spot caused by ablation. However, all of the three
terms in Eq.4.16 are essentially related with the amount of mass ablated into the
H
H
hot spot (i.e. Mach2 of the hot spot). Although P s ~va .n̂dS and s p~vs .n̂dS
are quantities averaged over the entire deceleration phase ∆t, they contribute
only when ~va and p are significant, i.e., close to peak compression, when the mass
ablation rate is high [for example: between 150 and 200 ps in Fig.4.6]. Solving
Eq.(4.14) we get
P b VbΓ
= e∆flow ,
P 0 V0Γ

(4.17)

where P 0 , V0 are the average hot-spot pressure and volume at the beginning of
the deceleration phase (t0 ) and P b , Vb are the same at bang time (tb , i.e., time of
peak neutron rate).
In order to determine the sign and relative magnitude of the flow correction
to adiabatic compression (∆flow ), we consider two limiting cases: a symmetric implosion and an implosion with mid-mode asymmetry (` = 10∗ ) at a very nonlinear
stage of the dp-RTI.
For the symmetric case, all of the terms in Eq.(4.16) are small in magnitude
O(Mach21D ) because Mach21D → 0, as a result ∆flow-1D ≈ 0 and
Γ
P b-1D Vb-1D
= e∆flow-1D ≈ 1.
Γ
P 0 V0

(4.18)

Therefore, for a 1-D implosion the compression of the hot-spot is approximately
adiabatic and isobaric.[4]. In detail, the kinetic energy of the hot spot decreases
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over the deceleration phase because the hot-spot stagnates (i.e., ∆KEh-1D < 0).
This can be seen from Fig. 4.13(a) by comparison of KEh at times t0 =0 ns and
H
tb =0.2 ns. In order to determine the sign of the ∆pdV term [≈ ∆t s p~vs .n̂dS ],
one must consider the sign of the variation in pressure (p) at the interface, and
the sign of (~vs .n̂), i.e., whether the surface element is compressing (~vs .n̂ < 0)
or expanding (~vs .n̂ > 0). For the symmetric case, p < 0 at the interface of
the shell and hot spot, this is shown in Fig. 4.4(iv-a) with the blue dashed line
representing the location of the interface; the volume of the hot spot continues to
decrease (~vs .n̂ < 0) during the time interval ∆t; therefore, ∆pdV > 0. The third
term ∆H < 0, because ablation results in flow of material into the hot spot (i.e.,
~va .n̂ < 0). Therefore, for the 1-D case ∆KEh-1D < 0, ∆pdV1D > 0, and ∆H1D < 0,
but their cumulative effect is very small (i.e., ∆flow-1D ≈ 0) because Mach21D → 0.
Considering the highly non-linear mid-mode asymmetric case; for example:
this can be attained numerically by starting with an extremely high initial velocity
perturbation ∆V ∼ 10 to 25% of Vimp . The first term in Eq.(4.16) is negligible
(i.e., ∆KEh → 0), [similar to Fig. 4.13(a) in red] this is because the hot spot does
not stagnate, a consequence of mass ablation into the hot spot, which is stirred
by the RTI vortices. The second term in Eq.(4.16) is negative, i.e., ∆pdV ≈
H
∆t s p~vs .n̂dS < 0. This is because near the tip of the spikes p > 0 but ~vs .n̂ < 0,
and near the tip of the bubbles p < 0 but ~vs .n̂ > 0, at other locations on the
interface ~vs .n̂ → 0. This can be seen from Fig. 4.4(iv-c) by following the interface
(dashed blue line), near the tip of the spikes the pressure is higher than the average
hot-spot pressure (p > 0), whereas near the tip of the bubbles the pressure is lower
than the average pressure (p < 0)—the figure shows a moderately nonlinear case,
and the differences are larger for the extremely nonlinear RTI. Consider the flow
lines shown in Fig. 4.3(c), the bubbles expand outward and near the tip of the
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bubbles (~vs .n̂ > 0), this is because the bubbles—which are surrounded by spikes—
contain pairs for opposite vortices which produce a resultant outward flow in the
center of the bubble, and push the bubble tip outward. The inward flow near the
tip of the spikes result in (~vs .n̂ < 0). The third term in Eq.(4.16) is negative i.e.,
H
∆H ≈ ∆t Γ/Γ − 1P s ~va .n̂dS < 0, this is because ablation results in mass flow
into the hot spot, i.e., ~va .n̂ < 0. The terms in Eq.(4.16) are either negative or
small (i.e., ∆KEh → 0, ∆pdV < 0 and ∆H < 0), therefore, ∆flow > 0 for such
implosions with large asymmetries. Considering the two limits, it is clear that
with increasing Mach2 of the hot spot (i.e., considering implosions with increasing
levels of asymmetry) the ∆KEh increases, however, ∆pdV and ∆H both decrease
such that they determine the sign and magnitude of the flow-correction (i.e.,
∆flow > 0). The monotonicity of the adiabatic parameter [P b VbΓ /P 0 V0Γ ] between
the two limiting cases (i.e., for different asymmetry levels) can also be observed
from numerical simulations, and is shown in Fig. 4.11(a). Therefore, we can
conclude that for asymmetric implosions with mass ablation, the flow correction
term ∆flow > 0, and it increases with increasing Mach2 introduced into the hot
spot.
Dividing Eq.(4.17) by Eq.(4.18) gives
P b VbΓ
= e∆flow −∆flow-1D ≈ e∆flow ≥ 1
Γ
P b-1D Vb-1D

(4.19)

since ∆flow-1D is small [Mach21D  Mach23D ], indicating that the deviation from
adiabatic compression in multidimensions is caused by flow effects inside the hot
spot that are of the order of Mach2 .
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4.5.2

Relating Pressure Degradation and Total Residual
Energy

Asymmetries cause degradation in the hot-spot pressure (P b /P b-1D < 1) and an
increase in volume (Vb /Vb-1D > 1), resulting in degradation of internal energy
of the hot spot [(P b Vb )/(P b-1D Vb-1D )] as shown in Sec. 4.3, where the notation
hhsi represents quantities at tb . In this, and all subsequent sections, we will be
considering quantities only at tb ; therefore, we will omit the subscript “b.”
The total residual energy (TotResE) for an asymmetric implosion is the residual energy (kinetic and internal) in the shell and the residual kinetic energy in the
hot spot, in excess of the symmetric 1-D case. Stated otherwise, this is the energy
that was not converted into internal energy of the hot spot because of asymmetries, i.e., TotResE = ∆IEh , where ∆IEh ≡ (IEh-1D − IEh ) is the degradation in
internal energy.
Taking the ratio of the energy of the hot spot (Eh = IEh + KEh ) for a distorted
case and the 1-D case,
PV
KEh
Eh
+
=
.
Eh-1D
P 1D V1D Eh-1D

(4.20)

where we used Eh-1D ≈ P 1D V1D /(Γ−1) because for a symmetric implosion KEh-1D →
0 (from simulations KEh-1D = 3 J  IEh-1D =550 J). Substituting V /V1D obtained
from Eqs.(4.19) into Eq.(4.20), the pressure degradation can be written as
P
=
P 1D



Eh
KEh
−
Eh-1D Eh-1D



Γ
Γ−1

∆flow
e 1−Γ .

(4.21)

Using energy conservation, considering the symmetric case and any asymmetric
implosion, Eh-1D + Esh-1D = Eh + Esh . This can be rewritten as
Esh − Esh-1D
Eh
=1−
.
Eh-1D
Eh-1D

(4.22)
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Using Eqs.(4.21) and (4.22), we obtain

 Γ
P
Esh − Esh-1D + KEh Γ−1
= 1−
Eh-1D
P 1D

∆flow
e 1−Γ .

(4.23)

The TotResE is comprised of residual kinetic energy (ResKE) including both
the shell and the hot spot, and residual internal energy (ResIEsh ) in the shocked
part of the shell. Therefore,
∆IEh = TotResE = ResIEsh + ResKE
= (Esh − Esh-1D ) + KEh ,

(4.24a)

where ResIEsh = (IEsh − IEsh-1D )

(4.24b)

and ResKE = (KEsh − KEsh-1D ) + KEh .

(4.24c)

The degradation in pressure (i.e. hot-spot averaged [Phhsi /Phhsi-1D ]) can be related
to the total residual energy [using Eqs.(4.23) and (4.24a)] as
P
=
P 1D


 Γ
TotResE Γ−1
1−
Eh-1D

∆flow

e 1−Γ

.

(4.25)

Notice that the flow-correction ∆flow (responsible for variation in pressure-profile)
enhances the pressure degradation P /P 1D by the factor

e∆flow /(1−Γ) .

A similar relation for the increase in hot-spot volume [Vhhsi /Vhhsi-1D ] can be
derived using Eqs. (4.19) and (4.25),
V
=
V1D



TotResE
1−
Eh-1D



−1
Γ−1

−∆flow
e 1−Γ .

(4.26)

A relation for the degradation in hot-spot–averaged temperature [Thhsi /Thhsi-1D ]
with total residual energy can be derived using the ideal gas equation of state
integrated over the volume of the hot-spot,
i.e., [Phhsi Vhhsi /Phhsi-1D Vhhsi-1D = Mhhsi Thhsi /Mhhsi-1D Thhsi-1D ], where Mhhsi is the
mass of the hot spot at bang time tb ,

 

Mhhsi −1
T
TotResE
=
1−
.
Mhhsi-1D
Eh-1D
T 1D

(4.27)
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It is important to emphasize that P and T are volume average quantities and can
differ significantly from the neutron-averaged values.
However, for implosions with ∆flow ≈0 (i.e., implosions with low-mode asymmetries only, and at moderate-to-small distortion levels– Y /Y1D > 0.6) the n-averaged
and the hhsi-averaged quantities are correlated, i.e., Pn ∼Phhsi , Vn ∼Vhhsi , Tn ∼Thhsi
and τ ≈τ1D (shown in Figs. 4.7 and 4.8). In additition Mhhsi ≈ Mhhsi-1D , shown in
Fig. 4.6(b), in blue. Therefore T /T 1D ∼ (1 − TotResE/Eh-1D ), from Eq. (4.27).
For such implosions it can be shown that the no-alpha yield scales with the total
residual energy as:
Y
∼
Y1D


 2Γ−1 + σ 
5.2
TotResE
TotResE Γ−1
≈ 1−
,
1−
Eh-1D
Eh-1D

(4.28)

obtained using the Eqs. 4.5, 4.25, 4.26 and 4.27. This is in agreement with the
numerical scaling by Kritcher et al. [37, 38] We used hσvi /T 2 ∼ T σ and σ ≈ 1.7
for 2 < T < 7 keV.[36]

Results: Limit of Negligible Mass Ablation (∆flow → 0) This is the case of
classical dp-RTI without heat conduction and radiation losses; as a result there is
no mass ablation into the hot spot [see Fig. 4.6 (dashed lines)], the hot-spot Mach
number is negligible (Mach2 → 0), and KEh → 0 even for distorted implosions.
Therefore, the total residual energy in Eq.(4.24a) reduces to TotResE = (Esh −
Esh-1D ) and ∆flow → 0. In this limiting case, Eq.(4.19) simplifies to
Γ
.
P V Γ ≈ P 1D V1D

(4.29)

This implies that irrespective of the asymmetry level and shape, the hot spot
is adiabatic and isobaric. We verify this conclusion using numerical simulations
performed by turning off thermal conduction and radiation transport in DEC2D.
The results from simulations [shown in Fig. 4.10(a)] agree with Eq.(4.29).

(PbVbC)/(P0V0C )
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Figure 4.10: Results from simulations with no mass ablation (i.e., without thermal and radiation transport). (a) Plot showing the ratio of hot-spot adiabatic
parameter at bang time (tb ) and the start of the deceleration phase (t0 ), i.e.,
P b VbΓ /P 0 V0Γ versus yield degradation Y /Y1D . Notice that in this limiting case
(Mach2 ≈ 0) the compression is adiabatic irrespective of the shape and level of
asymmetry, in accordance with Eq.(4.29). (b) Plot of pressure degradation P /P 1D
versus the formula for pressure degradation [Eq.(4.30)] based on residual energy
in the shell, showing that the numerical calculations are in good agreement with
the model.

The pressure degradation from the model Eq.(4.23) reduces to the following:
P
=
P 1D



Esh − Esh-1D
1−
Eh-1D



Γ
Γ−1

.

(4.30)
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Note that since there are no flow corrections (∆flow → 0 and Mach2 → 0), the
pressure degradation is caused by asymmetries alone. As shown in Fig.4.10(b)
the simulations agree with the analytic model. This confirms that at any given
pressure degradation level P /P 1D , the total residual energy is identical for both
mode categories (i.e., independent of the shape of the asymmetries).

Results: Complete Solution with Mass Ablation and Flow-Correction
(∆flow ) As stated earlier, for a symmetric implosion ∆flow is negligible and the
Γ
is a constant with time. This has been verified in
hot spot is adiabatic, i.e., P1D V1D

simulations, shown in Fig.4.11(a), at Y /Y1D = 1. For distorted implosions, mass
ablation into the hot spot can introduce flow corrections leading to ∆flow-3D >
∆flow-1D , which increases with the asymmetry level and depends on the asymmetry
shape. As a result, the adiabatic parameter is expected to increase [Eq.(4.19)].
Since there is more mass ablation for intermediate modes, they are expected to
∗

introduce a greater flow correction ∆flow (i.e., ∆`=10
> ∆`=2
flow
flow ). The explanation
provided by the model satisfies the results from the simulations [shown in Fig.
4.11(a)]. Using the simulation results [in Fig. 4.11(a)] and Eq.(4.19), it was
possible to estimate ∆flow . This was used to determine the factor

e∆flow /(1−Γ) [in

Eqn.(4.25)].
The pressure degradation P/P1D predicted by the model [Eq.(4.25)] agrees
with the simulation results [Fig. 4.11(b)]. Verifying that the flow correction can
enhance pressure degradation (compared to the limiting ∆flow → 0 case; i.e.,
degradation with distortions only), this is because kinetic energy is introduced
into the hot spot (KEh ), which enhances the flow-correction factor in Eq.(4.25),
i.e.,

e∆flow /(1−Γ) < 1.
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Results from simulations with mass ablation into the hot spot.

(a) Plot of the compression adiabatic parameter P b VbΓ /P 0 V0Γ versus yield Y /Y1D .
Notice that the for the ` = 10∗ asymmetry the P V Γ increases more than the
` = 2 case. (b) Plot showing pressure degradation P /P 1D versus the formula for
pressure degradation [i.e., Eq.(4.25), based on total residual energy and ∆flow ].
This validates the model against numerical calculations.
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Figure 4.12: Comparison of energy versus time between the symmetric 1-D case
(black) and asymmetric implosions with low mode ` = 2 (blue) or intermediate
mode ` = 10∗ (red) at Y /Y1D = 0.4. (a) Plot showing time evolution of the
shell kinetic energy (KEsh ) (solid line), which is large initially t = 0 and the
hot-spot internal energy (IEh ) (dashed line) which reaches its maximum at bang
time (tb ) marked by the vertical line. (b) Shell kinetic energy (KEsh ) for the
radially inward motion (solid line) and the radially outward motion (dashed line).
(c) Kinetic energy in the nonradial motion within the shell KEsh (solid line) and
within the hot-spot KEh (dashed line).

4.6

Effect of Asymmetries on the Implosion Energetics

Although there are differences in the hydrodynamics between the two types of
asymmetries (shown in Sec. 4.3 and Figs. 4.12 and 4.13), their effect on the total
residual energy (or degradation in internal energy of the hot spot) is equivalent.
This is estimated quantitatively in this section, through the energy accounting
shown in Figs. 4.14–4.19.
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Figure 4.13: (a) Plot of hot-spot kinetic energy (KEh ) versus time for comparison
between the symmetric 1-D case (black) and asymmetric implosions with low
mode ` = 2 (blue) or intermediate mode ` = 10∗ (red) at Y /Y1D = 0.4. (b) Plot
showing kinetic energy of the hot spot (KEh ) for the radially inward motion and
the radially outward motion.

For implosions with long-wavelength (` = 2) asymmetry, at any time the
spike and bubble axis are at different stages in the implosion; therefore, there
is no overall stagnation. This leads to a higher residual kinetic energy in the
shell compared to the symmetric case, shown in Fig.4.12(a). This is distributed
between inward and outward motion of the shell [Fig.4.12(b)]. Moreover, the
long-wavelength distortion introduces more lateral (i.e., nonradial) kinetic energy
in the shell as compared to the other shorter wavelengths [Fig. 4.12(c)]. There is
more mass ablation compared to the symmetric case, inducing flows and enhancing
kinetic energy into the hot spot, shown in Figs. 4.13(a) and 4.13(b).
For implosions with intermediate-mode (` = 10∗ ) asymmetry, mass ablation
exceeds that from low modes, resulting in a higher hot-spot mass. The increase
in mass is transformed into additional kinetic energy of the hot spot by the RTI
[shown in Fig. 4.13(a)]. Ablation occurring at the spike ends adds to the inward
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Plot of total residual energy or ∆IEh /Eh-1D (i.e., degradation in

internal energy of the hot spot compared to the symmetric case, expressed as
a percent of the internal energy of the hot spot in 1-D) versus degradation in
yield Y /Y1D . The plot shows that at any given Y /Y1D , by comparison of the two
asymmetry categories, the total residual energy (TotResE = ∆IEh ) is very weakly
dependent on the asymmetry shape.

kinetic energy (within the hot spot); the outward flow motion within the bubbles
(during the disassembly) results in higher outward kinetic energy compared to an
` = 2 hot spot [Fig. 4.13(b)]. There is less residual kinetic energy in the “shell”
compared to the ` = 2 at the same yield Y /Y1D [Figs. 4.12(a)–4.12(c)]. This is
because some of the shell energy is used to enhance the hot-spot kinetic energy.
Regardless of the differences in dynamics, however, Fig. 4.14 (and Appendix
4.8) shows that the total residual energy (TotResE = ∆IEh )—at any given yield
degradation level Y /Y1D —is very weakly dependent on the asymmetry shape. For
mid modes the lower yield at the same internal energy is mainly a result of smaller
burn volume [Fig. 4.4(iii)]. According to Eq.(4.24a), at any given ∆IEh /Eh-1D the
total residual energy is comprised of the residual kinetic energy (ResKE) in the
shell and hot spot and the residual internal energy in the shell (ResIEsh ). The
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Figure 4.15: Plots showing (a) residual internal energy of the shell [i.e., ResIEsh
of Eq.(4.24b)] and (b) residual kinetic energy of the shell and hot spot [i.e., ResKE
of Eq.(4.24c)], both as a percent of the internal energy of the hot spot in 1-D,
versus total residual energy or ∆IEh /Eh-1D . The plots cumulatively account for
the degradation in internal energy of the hot spot ∆IEh /Eh-1D resulting from the
asymmetries [Eq.(4.24a)]. The inset (a-i) shows shift in bang time tb < tb-1D ;
i.e., the time of peak neutron-production rate is earlier for an implosion with
asymmetries. Therefore, IEsh < IEsh-1D because less of the shell is compressed by
the return shock at tb for distorted implosions.

accountings for the ResIEsh and ResKE are shown in Figs. 4.15(a) and 4.15(b).
Interestingly, both quantities are independent of the asymmetry mode number,
i.e., at the same level of implosion total residual energy the distribution between
kinetic and internal residual energy is the same for both mode categories. It is
important to note that all the energies are calculated at bang time tb , which is
also the time of peak neutron production and peak hot-spot internal energy. Since
tb shifts earlier for increasing degrees of asymmetry, shown in Fig. 4.15(a-i), it decreases the mass of the shell that has been shocked by the return shock. Therefore,
for distorted implosions the ResIEsh = (IEsh − IEsh-1D ) < 0 [Fig. 4.15(a)].
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Figure 4.16: Plots accounting for the distribution of the residual kinetic energy
either (a) in the shell or (b) within the hot spot [in Eq.(4.24c)] as a percent of the
internal energy of the hot spot in 1-D, versus degradation in internal energy of
the hot spot ∆IEh /Eh-1D . Enhanced mass ablation for the intermediate ` = 10∗
mode results in a greater amount of kinetic energy in the hot spot over the ` = 2
distortion.

According to Eq.(4.24c), the ResKE is distributed between the shell and the
hot spot. A quantitative accounting is shown in Figs. 4.16(a) and 4.16(b). The
residual kinetic energy in the shell is the major contributer, greater than that in
the hot spot. This clearly shows that all modes—irrespective of their asymmetry
category—exhibit comparable ResKE, out of which the fraction of KE that is
transferred into the hot spot is higher for intermediate modes than low modes,
because they experience higher mass ablation.
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Figure 4.17: This figure provides a summary of the energy distribution between kinetic and
internal energy, and at different regions of the compressed target—namely the hot spot, the
shocked shell and free fall shell. The total energy coupled to the system at the end of the laser
drive is Etotal = 1.75 kJ. (a) The initial distribution, i.e., at the beginning of the deceleration
phase t0 , and (b) the final energy distribution, i.e., at bang time tb , are shown. Energy partition
for implosions with (i) low-mode ` = 2 or (ii) mid-mode ` = 10∗ asymmetry are shown, for
different yield degradation levels Y /Y1D . Notice that majority of the residual kinetic energy is
stored in the shocked part of the shell, however, for mid-modes some of this is used to enhance
the hot-spot residual kinetic energy. The single parameter that includes all of the asymmetry
effects on implosion energetics is the degradation in the internal energy of the hot spot (i.e., the
total residual energy).

The distribution of energy in the shell (between the shocked and free-fall parts)
and the hot spot is shown in Fig. 4.17. Although the energy distribution depends
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Figure 4.18: This figure summarizes the residual energy distribution (i.e., difference in energy between an asymmetric and the symmetric case) for (a) low-mode
` = 2 and (b) mid-mode ` = 10∗ asymmetry. Out of the two stacks for each Y /Y1D
level, the first stack represents quantities shown in Figs. 4.15 and 4.16. Notice
that for the low-mode case there is more nonradial residual kinetic energy in the
shocked part of the shell, and for the mid-mode case there is more residual kinetic
energy in the hot spot. The second stack represents the total residual energy (i.e.,
the sum total of the first stack) also shown in Fig.4.14.

on the implosion design, the partition of energy between the hot spot and the shell
is similar over a wide range of ICF implosion designs. Out of the total energy
coupled to the imploding shell at the end of the acceleration phase (Etotal =
1.75 kJ), a majority is in the form of kinetic energy (≈ 60%). We find that
the distribution of energy at bang time tb is very similar for both asymmetry
categories. Only a small amount of energy (≈2-3% of Etotal ) is lost as radiation
until tb (this is the net loss including reabsorption). The kinetic and internal
energy residing in the free fall part of the shell increase with the level of distortion.
However, the internal energy in the shocked part of the shell decreases, this is
because of an earlier bang time compared to the symmetric case. The kinetic
energy in the shocked part of the shell increase with the level of asymmetry, this
is a consequence of RTI induced motion in the shell. As a result the shocked part
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of the shell does not stagnate, unlike the symmetric case. For implosions with
mid-mode asymmetry some of the kinetic energy is transferred to the hot spot,
shown in Fig. 4.17. However, irrespective of the asymmetry category, the energy
transferred to the hot spot as internal energy decreases with increasing level of
distortion. A summary for the residual energy distribution and total residual
energy is shown in Fig. 4.18. It is clear that although there are differences
in the hydrodynamics between the two categories of asymmetry their effect on
the total residual energy (or degradation in internal energy of the hot spot) is
equivalent. The residual kinetic energy in the shell (including both shocked and
free fall parts) is proportional to the total residual energy (in red), however, for
intermediate modes the kinetic energy of the hot spot must also be included in
the residual kinetic energy. In order to relate the residual energy with the hot
spot internal energy one must also account for the change in internal energy of
the shell.

4.7

Conclusions

We presented a detailed study of the physics of asymmetric implosions. This
was done based on simulations of the deceleration phase and models describing
the compression of asymmetric hot spots. The asymmetries are divided into two
categories: long (` ∼ 2) and intermediate (` ∼ 10) wavelength. It was shown that
the hot spot is not isobaric, by taking into account the flows introduced into the
hot spot by the ablative dp-RTI. The variation in pressure results from O(Mach2 )
effects in the hot spot. The flows within the hot spot (∆flow ∼ Mach2 ) lead to an
increase of the adiabatic parameter (i.e., an increase in P V Γ ∼ e∆flow of the hotspot compression). In addition, mass ablation cools the bubbles compared to the
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center; therefore, enhancing the temperature variations. For intermediate modes,
the thermal diffusion scale length is comparable to the mode wavelength; and the
RTI bubbles are cooled by heat losses. The large flows in the bubbles maintain
large pressure gradients within the hot spot. For long-wavelength modes, large
nonradial motion prevents achieving stagnation of the dense shell and the hot
spot, because the spike and bubble axis are always at different implosion stages.
A comprehensive energy accounting was presented, considering kinetic and internal energy distribution between the shell and the hot spot or between radial
and lateral motions. The energy partition calculated for a typical OMEGA implosion is similar to all hydrodynamically scaled targets at ignition relevant energies,
provided the alpha deposition is turned off. It has been shown that the total
residual energy, including residual kinetic energy and residual internal energy, can
be used as a parameter governing the hot-spot–averaged hydrodynamic quantities. Simple analytic relations between the degradation in stagnation pressure
(also volume and hot-spot–averaged temperature) and the total residual energy is
provided; these are valid for all asymmetry shapes.
We showed that the neutron-averaged observables can be different from the
actual hydrodynamic conditions of the hot spot. This is because they contain
information pertaining only to the region of the hot spot that sustains fusion
reactions (i.e., the hot region). A numerical formula to estimate the burn volume
for distorted implosions is provided. It is shown that, the yield degradation—with
respect to the symmetric case—results primarily from a reduction in the hot-spot
pressure for low modes and from a reduction in burn volume for intermediate
modes.
The degradation in yield caused by asymmetries is related to the degradation
in neutron-averaged quantities (temperature, pressure, volume, and burnwidth).
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Similarly, the total residual energy or degradation in hot-spot internal energy
caused by asymmetries is related to the hot-spot–averaged quantities (pressure
and volume). In a forthcoming publication we will use this theory to find the
corrections to the Lawson parameter used to estimate the level of alpha heating
in distorted implosions.[39]

4.8

Appendix:
Other Shapes Represent a Gradual Transition from Low- to Mid-Mode Effects

Figures 4.19(a)–4.19(h) illustrate a gradual transition from the long-wavelength
type (λRT /Rh > 1 and L/λRT < 1) to the ablation-dominated intermediatewavelength category (λRT /Rh < 1 and L/λRT → 1), for which the bubbles are
relatively cold (Tbubble ∼ T1D /`4/7 ). This serves to justify ` = 2 and ` = 10∗ as
representatives for each category. The ` = 2 asymmetry with an opposite phase
is also included in this comparison for completeness. Notice that irrespective of
the differences, it is shown that the total residual energy (which is also related to
the degradation in the hot-spot internal energy) is equivalent for both asymmetry
categories.
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Figure 4.19: Contour plots of temperature at bang time for various shapes of the
hot spot: (a) symmetric 1-D, and asymmetric implosions at Y /Y1D = 0.6 with
low-mode distortions (b) ` = 2, (c) ` = 2 with an opposite phase, (d) ` = 4 and
intermediate mode distortions, (e) ` = 6, (f) ` = 8, (g) ` = 10∗ , and (h) ` = 30. (i)
This plot is the same as Fig.4.14 but includes other asymmetry shapes. It shows
that the degradation in internal energy of the hot spot, expressed as a percent of
the internal energy of the hot spot in 1-D (∆IEh /Eh-1D ) at any given Y /Y1D is
equivalent for different shapes.
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Chapter 5
Asymmetry Trends in
Experiments
5.1

Outline

In this chapter we present a systematic analysis of the experimental results for
direct-drive implosions and discuss a technique to reconstruct the experimental
observables using computer simulations. The observables are from several cryogenic (DT) implosions on OMEGA; these experiments were performed in 2015 and
2016. The diagnostics of the implosion core include neutron and x-ray detectors.
Neutrons are produced from the hot spot by DT fusion reactions; the neutron
diagnostics infer the conditions of the hot spot from measurements of the neutron
flux, neutron time of flight, and the neutron energy spectrum. High-energy x-ray
self-emission from the hot spot, in the 1-to-8 keV range, is imaged using cameras
to infer the shape of the core.
Observation of repeatable data trends in the direct-drive experiments led us
to this analysis. The analysis involves using numerical simulations to predict the
cause for the degradation in observables, followed by a systematic reconstruction
of the experimentally observed conditions of the core. Since the real cause of
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performance degradation for direct-drive implosions is not well known, we use
simulations to predict the observable. The Rayleigh–Taylor instability (RTI)–
induced distortion of the implosion core is a likely cause of degradation. The
asymmetries are categorized into low and mid modes, as in Chap. 4. Low modes
refer to asymmetries for which the RTI wavelength is longer than the hot-spot
radius, whereas for mid modes, the asymmetry wavelength is shorter than the
hot-spot radius. It was also shown in Chap. 4 that the two types of asymmetries
have different effects on the neutron-averaged quantities. In this chapter we show
that a combination of the two types of asymmetries could be used to approximately
reconstruct all of the experimental observables.
The experimental data used in the analysis are summarized in Sec. 5.2. The
reconstruction technique is described in Sec. 5.3. The trends in the stagnation
observables —the inferred pressure, volume, shape, temperature, areal density,
neutron burnwith, and bang time— arising from the various degradation mechanisms are also discussed in 5.3. Our conclusions along with future applications
for this analysis technique are presented in Sec. 5.4.

5.2

Trends in Cryogenic Implosion Experiments

It has been shown by Regan et al.[1] that direct-drive cryogenic implosions on
OMEGA have achieved hot-spot pressures exceeding 50 Gbar —a performance
that surpassed all previous implosions on OMEGA. The implosion performance
was estimated based on the experimental observables: neutron yield, areal density, ion temperature, hot-spot volume, and neutron burnwidth. The ‘50 Gbar’
implosions used standardized pulse shapes (either a single-picket pulse or a triplepicket pulse) and standardized targets (shown in Fig. 5.1). The 1-D performance
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Figure 5.1: The pulse shapes and targets from the ‘50 Gbar’ implosions.[1]

is estimated from simulations using the hydrodynamic code LILAC.[2] It must be
noted that the laser deposition models in LILAC were optimized to reproduce
in-flight observables like laser-energy deposition and shell trajectory.[3, 4] The estimated implosion adiabat for this design is α∼3.5 (the adiabat α ∝ P/PF at the
interface of the hot spot and shell at the time when the laser-driven shocks reach
this interface, where P represents the hydrodynamic pressure and PF is the Fermi
pressure of a degenerate electron gas). It is considered to be a mid-adiabat implosion design, slightly above the indirect-drive “high foot” design. The hot-spot
pressure in 1-D is estimated to be ∼100 Gbar, close to the ∼120 Gbar required
to demonstrate hydro-equivalent ignition (this is discussed in Chaps. 6 and 7).
Table 5.1 lists the performance of several of these ‘50 Gbar’ implosions. The
performance parameters are similar for all the shots. The neutron yields are
∼4 × 1013 , at a yield degradation level Y /Y1D ∼ 0.3. Where Y1D represents the
post-shot 1-D simulation yield, calculated using LILAC. The hot-spot radii for all
the shots are ∼ 22µm; they were estimated using time-resolved x-ray images[5]
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Table 5.1: This table lists the experimental observable and the corresponding 1-D
estimate from simulations [in brackets] for the ensemble of cryogenic implosions
on OMEGA which produced ∼50 Gbar pressure. In the column showing areal
density (ρR) both NTOF and MRS (second) measurements are listed.
Shot

78959

78963

78967

78969

78971

77064

77066

77068

77070

Y (×1013 )

x-ray R17% (µm)

Ti (keV)

±5%

±0.5 µm

±0.3 keV

4.39

21.3

3.63

[13.8]

[20.9]

[3.6]

4.38

22.1

3.69

[16.3]

[19.8]

[3.74]

3.76

21.4

3.65

[15.3]

[20.4]

[3.69]

4.48

21.7

3.7

[14.1]

[21.4]

[3.66]

3.77

22.1

3.69

[14.4]

[21.4]

[3.64]

4.21

22.0

3.32

[12.5]

[20.4]

[3.48]

4.11

21.9

3.18

[16.1]

[21.4]

[3.66]

5.3

22.

3.6

[17.]

[22.]

[3.82]

4.02

20.3

3.4

[13.3]

[20.4]

[3.55]

∆Ti (keV)

0.54

0.88

0.85

0.46

1.06

0.42

0.57

0.16

0.23

ρR (mg/cm2 )

Burnwidth (ps)

P (Gbar)

±31, ±19 mg/cm2

±10 ps

±7 Gbar

213, 203

71

52

[232]

[54.1]

[109]

204, 208

67

49

[242]

[51.1]

[126]

179, 195

64

50

[238]

[51.1]

[120]

204, 197

59

55

[216]

[54.7]

[104]

220, 208

72

44

[222]

[52.9]

[107]

211, 191

64

56

[219]

[57.4]

[108]

221, 193

70

56

[228]

[52.9]

[112]

211, 194

66

56

[211]

[56.7]

[97]

220, 229

71

57

[239]

[52.6]

[114]

(discussed in Sec. 5.3.2). The ion temperatures (Ti ∼ 3.5 keV) are comparable
to the temperatures from 1-D simulations, to within 10% degradation level. The
Ti ’s were measured using three different detectors—the chemical vapor deposition
(CVD) detector [6] and the 12-m and 15-m neutron time-of-flight (nTOF) detectors [7, 8]—positioned along different implosion lines of sight. The variation in Ti
measurement ∆T , which is the difference between the maximum and minimum
measured temperatures, is greater than 10% for all of the shots. The measured
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Figure 5.2: The laser power absorbed at the target surface is shown for calculations: (a) without considering cross-beam energy transfer (CBET) between the
interacting laser beams, and (b) with CBET. [Reprint with permission, LLE Review, Vol. 150]

areal densities are comparable to the 1-D estimates. The ρR is measured using the
nTOF and magnetic recoil spectrometer (MRS) [9] detectors. The measured burnwidths are slightly longer than the 1-D estimate. The burnwidths are measured
using the neutron temporal diagnostic (NTD). [10]
For direct-drive implosions on OMEGA, it is anticipated that the core is degraded by a combination of low and intermediate modes. Although the origin of
the asymmetries is uncertain, low modes can arise from several factors, including
long-wavelength target defect, target positioning, laser beam balance and laser
beam pointing.[11, 12, 13] In addition, the superposition of all 60 laser beams
on OMEGA can produce overlap intensity variations, which is expected to in-
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troduce intermediate-mode nonuniformities, similar to the ` =6 or 10 modes in
2-D geometry. The cross-beam energy transfer (CBET) calculations by Edgell
et. al,[14] shown in Fig. 5.2, represent the variation in laser-energy absorption at
the target surface. When CBET is included, the nonuniformity is higher by 10×.
These variations may be associated with the origin of mid-mode asymmetry in
direct-drive implosions.

5.3

The Reconstruction Technique and its Application

Unlike the conventional approach that involves full simulations of the implosions
including nonuniformities from numerous sources, our technique focuses only on
the final phase of an implosion. The final phase consists of the deceleration phase
followed by stagnation and disassembly, which are critical in the production of
fusion reaction neutrons detected by the nuclear diagnostics. They also produce
bremsstrahlung emission detected by the x-ray imaging diagnostics. Performance
degradation results from a combination of nonuniformities: they are amplified by
the RTI during the acceleration phase and can feed through to the inner surface,
where they are further amplified during the deceleration phase by the RTI.
The radiation–hydrodynamic code DEC2D is used to simulate the deceleration
phase of implosions. The details of the code have been discussed in Chap. 3. As
outlined in Fig. 5.3, the acceleration phase was simulated using LILAC.[2] It
includes the laser drive with models for cross-beam energy transfer (CBET)[3]
and nonlocal thermal transport.[4] The hydrodynamic profiles at the end of the
laser pulse were used as initial conditions for the deceleration-phase simulations in
2-D. Initial perturbations for the deceleration-phase RTI were introduced at the
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The procedure involved in the reconstruction technique. The (a)

target and (b) pulse shape are used as initial conditions for the 1-D hydrodynamic
code LILAC, which is used to (c) simulate the acceleration phase of implosions.
The hydrodynamic profiles from the (d) in-flight target simulation are transferred
to DEC2D; single- or multimode velocity perturbations are (e) introduced at the
inner surface of the shell. (f) The deceleration phase of the implosion is simulated
in 2-D; (g) the stagnation parameters are extracted from these simulations.

interface of the shell and the hot spot through angular variation of the velocity
field.
Here we consider three categories of degradation: low-mode asymmetry, midmode asymmetry, and 1-D degradation. The low-mode trends are represented
using a ` = 2 and ` = 2 phase-reversed mode (denoted using “` = 2 phase
reversed”); the RTI spike axis coincides with the simulation axis of symmetry
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The initial velocity perturbation spectrum ∆V /Vimp %(`) that was

used to synthetically reconstruct shot 77068.

for the former and they are orthogonal for the latter. The mid-mode trends
are represented using a ` = 10∗ and a multimode spectrum referred to as “mid
modes”. The ` = 10∗ consists of a central mode ` = 10 along with sideband
modes ` = 8 and 12 at 20% of central mode amplitude. The ‘mid modes’ consist
of a spectrum of modes given by 4 ≤ ` ≤ 20 at the same amplitude and a 1/`2
roll-off spectrum for higher modes 20 ≤ ` ≤ 100. In simulations, the implosion
performance was degraded by increasing the peak amplitude but the shape of the
spectrum was preserved. The 1-D degradation is incorporated as a degradation
in the implosion velocity of the shell, i.e., degradation in the initial condition of
the deceleration-phase simulations; this has been denoted using “1D Vimp ”.
The pulse shape and target from OMEGA shot 77068 (used in this analysis)
are shown in Fig. 5.3. The analysis technique is very robust and can be applied to
any implosion and any scale. The choice of shot 77068 was motivated by the fact
that this was the best shot in terms of performance metric χno-α (defined in Chap.
2) and other experimental observables. The target was driven with 26.18 kJ of
laser energy to an implosion velocity of 380 km/s. The experimental observables,
the 1-D simulation parameters, and the reconstructed observables for this shot are
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Plots illustrating that the combination of low and mid modes were

used to reconstruct the core conditions of shot 77068. The density profiles at time
of peak neutron production are shown for (a) the reproduced shot 77068, (b) the
low-mode ` = 2 component, and (c) an equivalent mid-mode ` = 10∗ component.

shown in Table 5.2. Notice that the experimental observables were reproduced
using the 2-D simulations. The velocity perturbation used for this is shown in
Fig. 5.4; it consists of a combination of low- and mid-mode asymmetries. Figure
5.5 shows the shape of the hot spot and shell at time of peak neutron production
(i.e., bang time tb ). The final shape resembles a combination of a low-mode
` = 2, and a dominant mid-mode ` = 10. We emphasize that the exact mode
numbers degrading the experimental performance cannot be inferred from this
analysis technique, and other combinations of modes could also lead to the same
reconstructed observables. However, the overall balance between the degradation
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by low modes and the degradation by mid modes on all of the observables must
be preserved. To illustrate this, we also show trends from a different low mode:
the ` = 2 asymmetry with a reversed phase. Although this mode has a different
structure, the resulting trends are the same; for example, see trends in pressure
and volume degradation in Figs. 5.6 and 5.8. Similarly, the mid modes (of the
spectrum in Fig. 5.4) resembles the mode ` = 10∗ .
The following sections show the analysis of the ‘50 Gbar’ implosion results
using this technique. The effect of low and mid modes on each of the implosion
observables is discussed.
Table 5.2: Comparison of measurements with 1-D simulations (using LILAC and
DEC2D) and 2-D simulations (using DEC2D).
Observables

Experiment

1-D simulation

shot 77068

Reconstructed

Mid modes

`=2

shot 77068

Component (1)

Component (2)

Yield

5.3 × 1013 (±5%)

1.7 × 1014

5.3 × 1013

7.9 × 1013

9.8 × 1013

P ∗ (Gbar)

56(±7)

97

57

77

73

Tion (keV)

3.6(±0.3)

3.82

3.7

3.78

3.71

Rhs (µm)

22(±1)

22

22

20.9

23.4

τ (ps)

66(±10)

61

54

55

56

ρR (g/cm2 )

0.194(±0.018)

0.211

0.194

0.222

0.203

5.3.1

Inferred Hot-Spot Pressure

The hot-spot pressure is not directly measurable but it is inferred from other
observables using [15]
PInferred
=
PInferred-1D

s

Y
Y1D



V
V1D

−1 

(hσvi /Ti2 )
(hσvi /Ti2 )1D

−1 

τ
τ1D

−1
,

(5.1)
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The degradation in inferred hot-spot pressure PInferred , normalized

with 1-D pressure (PInferred-1D ), versus degradation in yield (Y /Y1D ). The ‘50 Gbar’
shots in Table 5.1 are shown in green. The reconstructed shot 77068 is shown in
orange (overlapping the experimentally inferred pressure for shot 77068), with
points (1) and (2) representing the degradation caused separately by the midmode and low-mode components. The gray-shaded region represents an ensemble
of simulations using different amplitude combination of ` = 2 and midmodes; it
is observed that these reproduce the experiments.

where Y is the implosion yield obtained from experiments or simulations and
is normalized with the 1-D yield (Y1D ) from simulations.

The V /V1D is the
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normalized volume of the hot spot, calculated from the x-ray images of experiments or simulations. The fusion reactivity is a function of temperature only,[16]
hσvi /Ti2 ∼ Tiσ , with σ ≈ 1-to-2 for the temperature range of interest to ICF.
The neutron burnwidth τ is the full width at half maximum of the neutron rate
and can be obtained from experiments or simulations. The degradation trends for
each of these observables will be shown in the following sections.
The degradation in pressure corresponding to a given degradation in yield is
shown in Fig. 5.6. The degradation in inferred pressure is an outcome of the
degradation in all of the measurable parameters shown in Eq. 5.1. For any yield
degradation level, the low modes (in blue) result in a greater degradation of the
hot-spot pressure as compared to mid modes (in red). The ` = 2 and ‘` = 2
phase reversed’ produce similar pressure degradation curves; also the ` = 10∗ and
‘mid modes’ produce similar curves. This is because for ‘mid modes’ the hotspot volume is smaller as a result of cooling by penetration of the RTI spikes,
but for low modes the volume is larger (see Sec. 5.3.2). The gray-shaded region
represents an ensemble of simulations using different amplitude combinations of
` = 2 and ‘mid modes’; with the ` = 2 amplitude varying between 4% and
7% of Vimp and the ’mid modes’ amplitude varying between 2% and 4% of Vimp .
The combination of initial velocity perturbation shown in Fig. 5.4 could be used
to reproduce the experimental pressure for shot 77068. The dashed black line
3.72
shows the 1-D pressure scaling with implosion velocity; it follows PInferred ∼ Vimp
.
6.26
The corresponding yield scaling with implosion velocity follows Y ∼ Vimp
. The

implosion velocity degradation is a simplistic method to model the degradation in
implosion convergence; it is useful only for comparison of trends. In experiments,
degradation in implosion convergence can be caused by the following: very short
scale nonuniformities arising from laser imprinting or reduced laser-to-capsule
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drive with respect to simulation, and preheating caused by super-thermal electrons
(which decrease the implosion convergence by increasing the implosion adiabat α).
Notice that the pressure degradation curve for the ‘1-D Vimp ’ coincides with
the low-mode curves but is different from the ‘mid modes’. This can be explained
based on Chap. 4. It is so because, firstly, the isobaric hot-spot approximation is
not valid for implosions with mid-mode asymmetries, and, secondly, the inferred
pressure for mid modes is the average pressure of the x-ray–producing region of
the hot spot. The x-ray–producing volume, however larger than the burn volume
(i.e., neutron-producing volume), is still smaller than the total hot-spot volume
including the bubbles (i.e., Vhhsi of Chap. 4). As a result, the inferred pressure
for implosions with mid-mode asymmetry is higher than the average hot-spot
pressure.

5.3.2

Estimation of the Hot-Spot Size: Using Time-Gated
Self-Emission Images

Time-resolved images of the core x-ray self-emission, as shown in Fig. 5.7, have
been used to estimate the hot-spot volume. Here R17 is the radius at 17% of peak
intensity and Vx-ray /Vx-ray-1D = (R17 /R17−1D )3 .
The effect of asymmetries on the hot-spot volume is shown in Fig. 5.8. It is
shown that with increasing mode amplitude, the x-ray volume increases for low
modes and decreases for ‘mid modes’. By cooling the plasma within the RTI
bubbles, mid-mode asymmetries cause a reduction in the x-ray–emitting volume.
The gray-shaded region (representing the ensemble of simulations) shows that the
volume estimated using a combination of low and mid modes is in agreement with
the measured volume for the ‘50 Gbar’ shots, illustrating that the experiments can
be reconstructed using such combinations of low and mid modes. The effect of

CHAPTER 5. ASYMMETRY TRENDS IN EXPERIMENTS

Figure 5.7:

136

(a) An x-ray image of the hot spot at stagnation for shot 77068,

obtained using a time-resolved Kirkpatrick–Baez (KB) framed camera with a 4to-8 keV photon energy range and an ∼ 6 µm spatial resolution.[5] The measured
and fitted x-ray profiles along the dashed line are shown in (b).

an implosion velocity degradation (i.e., ‘1-D Vimp ’) on the x-ray volume has been
−2.14
shown using the dashed black line; it follows the scaling Vx-ray ∼ Vimp
. Notice

that this curve coincides with the low-mode curves but it is different from the
mid-mode asymmetry curves for the same reasons as previously explained.
Time-resolved x-ray images (i.e., with 10 ps gate width) were produced from
the simulations using the atomic physics code Spect3D. These images were normalized with the maximum intensity for each image and fit with the following
function:
2 +(y/b)2 η/2

f (x, y) = e−[(x/a)

The R17 was obtained from the fit using R17 =

]

√

.

(5.2)

a × b[−log(0.17)]1/η . The index η

represents the index of the super-Gaussian fit, with η = 2 representing a Gaussian
function. The disassembly phase of implosions is different for low modes and mid
modes, as discussed in Chap. 4. During the disassembly (i.e., for t > tb ), the R17
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Figure 5.8: Plot showing the volume of the hot spot, obtained from time-resolved
x-ray images and normalized with the 1-D volume (Vx-ray /Vx-ray-1D ) versus the yield
degradation Y /Y1D . The ‘50 Gbar’ shots in Table 5.1 are shown in green. The
reconstructed shot 77068 is shown in orange (overlapping the x-ray volume for
shot 77068), with points (1) and (2) representing the degradation caused by the
mid- and low-mode components, separately. The gray-shaded region represents
an ensemble of simulations using different amplitude combination of ` = 2 and
mid modes; it is observed that these reproduce the experiments.

decreases with time for mid modes, whereas it increases for low modes; also the
index η decreases for mid modes and increases for low modes (shown in Fig. 5.9).
Since detection of mid modes in experiments is challenging because of the limited
spatial resolution of the detectors, the above time-evolution trends in the x-ray
images could motivate future experiments.
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Figure 5.9: (a) Plot showing the time evolution of the x-ray R17 obtained from
simulations. This is shown for the symmetric case (black line), low-mode ` = 2
case with Y /Y1D = 0.6 (blue line), mid-mode ` = 10 case with Y /Y1D = 0.6 (red
line), and the reproduced case with Y /Y1D ≈ 0.3 (green line) for simulations of
shot 77068. (b) Plot showing the time evolution of the super-Gaussian η for the
x-ray emission profile (see Eq. 5.2) for the above-mentioned implosion simulations.
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Shape Analysis of Time-Integrated Self-Emission Images

Table 5.3:

The properties for the time-integrated GMXI images from experi-

ments.
Shot

time integrated x-ray R17 (µm)

η

a/b

filter

±0.5 µm

± 0.2

± 0.01

6.5 mil Be +

78959

25.6

2.7

1.16

3 mil Al

78963

28.1

2.3

1.17

3 mil Al

78967

26.7

2.3

1.16

3 mil Al

78969

27.4

2.6

1.16

3 mil Al

78971

27.1

1.9

1.20

3 mil Al

77064

27.7

2.6

1.11

2 mil Al

77066

26.8

2.6

1.1

2 mil Al

77068

26.7

2.94

1.16

2 mil Al

77070

25.9

2.56

1.13

2 mil Al

In this section we discuss how asymmetries influence the time-integrated x-ray
images. Since the photon statistics (i.e., determined by the number of incident
photons) are insufficient for the 10-to-15 ps time-gated images, we do not use these
images to infer the shape of the hot spot; instead we use the time-integrated images
obtained using the gated monochromatic x-ray imaging (GMXI) module.[17] In
Fig. 5.10 the first column shows the density profile and flow pattern at bang
time. The corresponding synthetic self-emission images along with lineouts across
a different axis are shown in the second and third columns, respectively. The
cross sections were taken through the center of the image; they are marked on
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the contour plot with the same color as on the intensity plot. The x-ray images
were reconstructed with the same filter and point spread function (PSF) as the
experimental shot 77068, i.e., filtered with 6.5 mil of Be and 2 mil of Al, which
transmit x rays in the 4-to-8 keV range, and a 7.5 µm PSF. The images were
fit using the function shown in Eq. 5.2. The R17 of the time-integrated images,
the ellipticity parameter (a/b), and the super-Gaussian exponent η are calculated
from the fit. It is found that low modes cause an increase in the a/b and R17 ,
with the index η comparable or larger than the 1-D case. In comparison mid
modes cause a reduction in the index η because the mid-modes exhibit several
low-temperature bubbles surrounding the hot center, producing a more-gradual
intensity variation with radius.
Table 5.3 shows the properties of the time-integrated x-ray images for the
‘50 Gbar’ shots. It is observed that for all of the shots, the time-integrated R17
is larger than the time-resolved images by ∼ 3-to-4 µm, which is in consistent
agreement with our analysis. The η < η1D indicates the presence of mid modes
and the a/b > 1 indicates the presence of low modes in the implosions.
Figure 5.11 shows the time-integrated image for shot 77068 and the reconstructed image for the same. The agreement in shape and other parameters
(R17 ,a/b and η) reassures the presence of systematic mid modes along with low
modes in the ‘50 Gbar’ implosions. In summary, low modes increase the ellipticity parameter (a/b) and radius (R17 ) from the time-integrated x-ray images, and
mid modes produce a lower super-Gaussian index η. A combination of low- and
mid-mode asymmetries can be used to reproduce the experimental images.
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Intensity

shown on
all plots

R17 = 23.5
η = 4.35
a b =1
(b)

R17 = 26.1
η = 4.5
a b = 1.26
(c)

R17 = 23.3
η = 3.05
a b =1
(d)

R17 = 22.1
η =3
a b = 0.94
(e)

R17 = 25.5
η = 3.5
a b = 1.16

Figure 5.10: Contour plots of the density profile and plasma flow pattern at bang time (first
column), time-integrated synthetic x-ray emission images (second column), and image lineouts
(third column). The black dashed line represents the lineout of the symmetric image; it is shown
on all plots. The lineouts along the three different axes are labeled with different colors (red,
blue, and green). The 2-D super-Gaussian fit parameters have been included. The images for
(a) symmetric implosion, (b) ` = 2 at Y /Y1D = 0.6, (c) ` = 10 at Y /Y1D = 0.6, (d) ‘mid modes’
with 2% ∆V at Y /Y1D = 0.47, and (e) reconstructed shot 77068 are shown.
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Figure 5.11: A comparison between time-integrated x-ray images for shot 77068
obtained from (a) experiments and (c) the reconstructed simulation. The lineouts
along the different axes are labeled with different colors (red, blue, green and
orange), the lineouts for the experimental image are represented using solid lines
[in (b) and (d)], and the simulations are represented using dashed lines [in (d)].
The lineout for the symmetric case is shown with black dashed line [in (b) and
(d)]. The super-Gaussian fit parameters for both experiment (b) and simulation
(d) are listed.
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Neutron-Averaged Ion Temperature

Figure 5.12:

Plot showing degradation in neutron-averaged ion temperature

(Ti /Ti-1D ) versus the degradation in yield (Y /Y1D ). The points in green represent the minimum ion temperature measured for the ‘50 Gbar’ shots; the red bar
associated with each data point represents the maximum ion temperature measurement. The reconstructed shot 77068 is shown in orange (overlapping with
data); the points (1) and (2) represent degradation caused by the mid-mode and
low-mode components separately. The gray-shaded region represents an ensemble
of simulations using different amplitude combination of ` = 2 and mid modes; it
is observed that these reproduce the experiments.

Figure 5.12 shows the degradation in ion temperature (Ti /Ti-1D ) with degradation in yield (Y /Y1D ). It is observed that asymmetries cause a small degradation
in Ti /Ti-1D , within 10% to 15% of the 1-D value, for all yield degradation levels
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Figure 5.13: Plot showing the maximum variation in ion temperature measurements (∆Tmax ) versus degradation in yield (Y /Y1D ). For the ‘50 Gbar’ experiments, shown in green, the ∆Tmax is given by ∆Tmax = Ti-max − Ti-min across
measurements along different lines of sight. The simulations show maximum variation in ion temperature given by ∆Tmax = Max(Tspike-axis , Tbubble-axis ) − Ti , where
Tn-avg is the neutron-averaged ion temperature and Tspike-axis , Tbubble-axis are apparent temperatures along the spike and bubble axes, respectively.

above Y /Y1D > 0.2. This is because the temperature of the region of the hot-spot
that produces fusion neutrons, i.e., the hot region, is only marginally affected
by asymmetries (see Chap. 4). Marked in gray are the results from simulations
with a combination of low- and mid-mode asymmetries. The points in green,
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representing the ‘50 Gbar’ experiments, fall within the gray region. In 1-D the
0.91
, which is estimated
temperature scaling with implosion velocity follows Ti ∼ Vimp

from the dashed black line. It is observed that at the same yield degradation
(Y /Y1D ), the temperature degradation is greater for ‘1-D Vimp ’ than asymmetries.
The variation in ion temperature measurements between detectors is shown
using the red bars; the length of the bar is proportional to ∆Tmax = Ti-Max − Ti-Min
between measurements. Bulk flows in the neutron-producing region of the hot
spot, marked with arrows in Fig. 5.10 (first column), can affect the temperature
measurements. It can result in a higher measured temperature depending on the
line of sight of the detector. The variation in neutron-averaged ion temperature
versus yield degradation level is shown in Fig. 5.13. For the simulations, the
apparent temperatures (i.e., including flow effects) are calculated, using the Murphy et al.[? ] formulation. The maximum variation possible is estimated using
[∆Tmax = Max(Tspike-axis , Tbubble-axis ) − Ti ], where Tspike-axis (or Tbubble-axis ) is the
apparent temperature measured by a detector sitting on the spike axis (or bubble
axis) and Ti is the neutron-averaged ion temperature calculated without including the flow effects. We find that the ∆Tmax from experiments and the calculated
∆Tmax are comparable for implosions with ` = 2 and mid modes. The phasereversed mode (‘` = 2 phase reversed’) produces higher variation in apparent
temperature than others.
In summary, our technique, which combines low and mid modes, can be used
to consistently reproduce the neutron-averaged temperature measurements and
estimate the variation in temperature for the ‘50 Gbar’ experiments.
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Figure 5.14: Plot showing the degradation in areal density ρR versus degradation
in yield; the ρR and yield are normalized with the 1-D estimated values.The
NTOF (triangles) and MRS (diamonds) ρR measurements for the ‘50 Gbar’ shots
are shown in green. The reconstructed shot 77068 is shown in orange (overlapping
with data), with points (1) and (2) representing degradation caused by the midmode and low-mode components, separately. The gray-shaded region represents
an ensemble of simulations using different amplitude combination of ` = 2 and
mid modes; it is observed that these reproduce the experiments.

5.3.5

Implosion Areal Density

The effect of asymmetries on the areal density ρR is discussed in this section.
The ρR’s obtained from experiments and simulations are shown in Fig. 5.14. It
is observed that the measured ρR’s are comparable to the 1-D estimated values,
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although the yields are heavily degraded Y /Y1D ∼ 0.3. In the simulations the
neutron-averaged integral ρ∆r was calculated along radial lines.
The ρR scaling with implosion velocity is shown by the dashed black line (‘1-D
Vimp ’); notice that the ρR for implosions with asymmetries is always higher than
this curve. The ρR is a parameter dependent on the implosion convergence; for
symmetric implosions the yield decreases with decreasing convergence. Instead,
for distorted implosions, the convergence of the spikes can be high but this does
not increase the yield (see Chap. 4). At high-yield degradation (Y /Y1D < 0.4),
the ρR for ` = 2 and ` = 10∗ (with single-mode RTI) is greater than the estimated
ρR1D . This is because the RTI spikes approach the implosion center, producing
a compressed plasma with a higher ρR. For the ‘mid modes’ case, this effect is
reduced. For the‘ ` = 2 phase reversed’ case, the spike lies on the implosion waist;
the massive spike converges less and the ρR increase is modest.
A combination of low and mid modes (shown by the gray region) could be used
to reconstruct the ρR for the ‘50 Gbar’ shots (shown in green). The measurements
along with consideration of the asymmetry trends suggests that a fraction of the
measured ρR could be contributed by the cold spikes and bubbles surrounding
the burn volume; therefore, they do not contribute in fusion-yield production.

5.3.6

Burnwidth and Bang Time

Figure 5.15(a) shows a plot of burnwidth degradation (τ /τ1D ) with yield degradation (Y /Y1D ). It is observed that the burnwidths from NTD measurements are
longer than the 1-D calculated value (τ /τ1D > 1); however, the estimated error
in the NTD burnwidths is considerable. The scaling of burnwidth with implosion
−1.2
velocity is represented using the ‘1-D Vimp ’ curve; it follows τ ∼ Vimp
.

In simulations with asymmetries, the burnwidth shows a modest reduction
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with degradation in yield. However, for very large low-mode asymmetries (i.e.,
Y /Y1D < 0.4), the burnwidth increases with decreasing yield, which is described
in Chap. 4. A combination of low and mid modes (shown with gray) produce
burnwidths that are comparable to the 1-D burnwidth (to within ±30%), but, on
average, they are shorter than the burnwidths for the ‘50 Gbar’ implosions.
Figure 5.15(b) shows a shift in bang time compared to the 1-D estimated values
(tb − tb-1D ) with degradation in yield (Y /Y1D ). The bang time from experiments
(measured using the NTD) are shifted forward in time; however, the estimated
error in the NTD bang times are considerable. Notice that unlike burnwidths,
this is in agreement with the asymmetry trends, which also shift the bang time
forward; but it is opposite to what an implosion velocity degradation would do,
i.e., ‘1-D Vimp ’ shifts the bang time later, (tb − tb-1D ) > 0.
We propose three possible explanations for the discrepancy between burnwidth
and bang time. One possibility is the inaccuracy of the measurements. The NTD
measurements for burnwidth and bang time have large error bars and probably are
influenced by systematic effects that are not being considered here. It is possible
that the actual burnwidths are 10-15 ps shorter, and the actual bang times are
10-to-15 ps later than what are measured. The 10-to-15 ps in both burnwidth
and bang time are within the measurement error. This would mean that both are
consistent with the trends arising from asymmetries.
The second possibility is that there is a low-mode asymmetry (not considered
here) that is causing an increase in burnwidth and simultaneously shifts the bang
time earlier. We speculate that it could be the outcome of a ` = 1 mode. This is
based on the observation that for very large ` = 2 asymmetry (i.e., Y /Y1D < 0.4),
the τ increases with a decrease in yield. The implosion dynamics along the orthogonal directions (i.e., along the pole and the waist) are sufficiently mismatched
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in time, causing a prolonged but inefficient compression, i.e., an increase in τ although the yield is low. We speculate that this effect on the burnwidth may be
enhanced for a ` = 1 asymmetry, which involves a larger bulk flow. This could
not be verified because the DEC2D simulation domain is currently restricted to
a 90◦ wedge (see Chap. 3) instead of the full 360◦ required for a ` = 1 simulation.
The most likely explanation is that there is a 1-D degradation in implosion
convergence in addition to a low mode (like the ` = 2) and a mid mode (like
the ` = 10). This would mean that there is a systematic difference in the laser
drive that is not accounted for by the laser–plasma coupling models in the LILAC
simulations. Therefore the burnwidths are indeed longer, as measured by the
NTD and predicted by the ‘1-D Vimp ’ scaling curves. However, the bang time,
which depends on the history of the acceleration-phase, is not correctly captured
by the simplistic deceleration-phase (‘1-D Vimp ’) scaling.
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Figure 5.15: Plots showing (a) burnwidth (τ /τ1D ) and (b) shift in bang time with
respect to the 1-D simulations (i.e., tb − tb-1D ) versus degradation in yield (Y /Y1D ).
The points in green represent the experimental results from the ‘50 Gbar’ implosions
(Table 5.1). The reconstructed shot 77068 is shown in orange; the points (1) and (2)
represent degradation caused by the mid-mode and low-mode components, separately.
The gray-shaded region represents an ensemble of simulations using different amplitude
combination of ` = 2 and mid modes.
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Summary and Future Work

In this chapter a technique to investigate the implosion performance degradation
mechanisms was discussed, based on trends in the experimental measurable. This
was applied to an ensemble of DT cryogenic implosions on OMEGA that achieved
hot-spot pressures exceeding 50 Gbar.[1] It was shown that a combination of lowand mid-mode asymmetries could be used to reconstruct the implosion core.[18]
In addition to the presence of low modes, which cause a degradation of the stagnation pressure, it was shown that mid-mode asymmetries have a significant impact
on the implosion performance. While it is challenging to image mid-mode asymmetries in implosions, this technique can be used to infer the effect of mid modes
on the observables. It was shown that mid modes decrease the hot-spot size (i.e.,
time-resolved x-ray R17 ) and lead to center-peaked, time-integrated x-ray images
(i.e., a smaller super-Gaussian exponent η compared to a symmetric implosion).
This occurs because the region of mid-mode bubbles surrounding the hot center
introduces a gradual variation in the x-ray intensity. A consistent explanation for
the ion-temperature, areal-density, volume, and pressure measurements for the ‘50
Gbar’ shots was described. The possible reasons behind the modest discrepancies
between burnwidth and bang time was discussed based on the measurements and
the predicted degradation trends.
A combination of low and mid modes was used to reconstruct all the experimental observables pertaining to the core. Mitigation of low- and mid-mode
asymmetries would both result in an increase of the fusion yield, either through
an increase of the inferred hot-spot pressure (from 56 Gbar to 80 Gbar) for low
modes, or through an increase in the burn volume for mid-modes.
In the future this analysis technique will be applied to different 1-D implosion
designs, which would enhance the understanding and possibly lead to identification
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Chapter 6
Scaling of the Implosion Core

6.1

Introduction

The NIF[1, 2] was built to perform 1.8–2 MJ (i.e. ignition-scale) indirect-drive
implosions with 192 beams in a polar configuration (discussed in Chap. 1, Sec.
1.1.4). X-ray illumination was chosen instead of direct laser illumination because
it was expected to improve target stability, but at the cost of a reduced laser
energy coupling to the target. Consequently, the stagnation pressure required for
indirect-drive ignition is more than double that for direct drive with the same
laser energy. Currently, the NIF is not configured to perform symmetric directdrive illumination; therefore it is being used in polar-direct-drive mode to test
direct drive (discussed in Chap. 1, Fig. 1.5). Polar direct drive is expected to
achieve lower performance levels than symmetric drive. OMEGA experiments, on
the other hand, routinely use symmetric illumination, so extrapolating OMEGA
to the NIF can be viewed as an upper bound of current NIF polar-direct-drive
capabilities. Nevertheless, given the low NIF shot rate and high cost, extrapolating
OMEGA experimental results to the NIF provides a very valuable tool for guiding
future direct-drive experiments on the NIF.
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The theory of hydrodynamic equivalence provides a way to extrapolate implosion performance on the OMEGA Laser System to ignition scales. In this chapter
we do not include the effect of alpha heating on extrapolation, the scaling of the
fusion yield with alpha heating will be discussed in Chap. 7. Since the implosion
hydrodynamics is determined by the internal energy of the hot-spot at stagnation
[Ph Vh /(Γ − 1) where Ph and Vh are the stagnation pressure and volume; discussed
in Chap. 4], the theory of hydro-equivalent scaling is developed keeping identical
Ph for implosions with different driver energies. Unlike the pressure, the implosion
yield (no-α) is not a scale invariant quantity because Y ∼ Pn2 Tn1.7 τn Vn is determined by the scaling of the temperature Tn (see Chap. 4, the neutron-averaged
quantities are represented with subscript ‘n’), which depends on the scaling of
hot-spot transport properties (i.e., thermal and radiation transport shown in Sec.
6.2). The target dimensions (i.e. radius R and shell thickness ∆) and time scale
with laser energy EL as
1/3

1/3

R ∼ ∆ ∼ EL ; t ∼ EL ,

(6.1)

where ELNIF /ELΩ ≈ 43 . Therefore target sizes and laser pulse shapes for extrapolated direct-drive (NIF) ignition-scale implosions are four times larger and longer
than on OMEGA. It was shown by Nora et al.[3] that hydro-equivalent implosion
designs require equal values of the implosion velocity Vimp , shell adiabat α0 , and
laser intensity IL ; a comprehensive table of the 1-D (no-α) hydrodynamic scaling
relations for ICF was provided. A consequence of this choice of scaling is that the
acceleration-phase RTI also scales hydro-equivalently, assuming the initial seeds
of the instability scale proportionally to the target radius R. The goal of this
chapter is to examine the effect of the above hydrodynamic scaling (Eq. 6.1) on
the deceleration-phase RTI and the hot-spot ignition condition.
The remainder of this chapter is organized as follows: Sections 6.2 and 6.3
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describe simple analytic scalings of the deceleration phase RTI and the no-α yield
over clean (Y OCno-α ). Sec. 6.4 describes the hydro-equivalent simulations for
the NIF and OMEGA scales. Sec. 6.5 presents the effect of non-hydro-equivalent
physics on the RTI scaling and compares the simulations to theoretical predictions.
Sec. 6.6 summarizes the results of the Y OCno-α scaling, and its effect on scaling
of the no-α ignition condition.

6.2

Hydro-Equivalent Scaling of the Deceleration Phase

In addition to the Rayleigh–Taylor (RT) unstable outer surface during the acceleration phase, the inner surface of the shell is also unstable to the Rayleigh–Taylor
instability (RTI) during the deceleration phase (discussed in Chaps. 3 and 4). The
RT spikes stream into the hot spot, decreasing the stagnation pressure or the burn
volume and increasing the surface-to-volume ratio of the hot spot. This in turn
increases the conduction losses,[4] resulting in a reduction in hot-spot temperature. The perturbations rapidly become nonlinear, and a significant fraction of
the shell’s kinetic energy is used to feed lateral motion, instead of contributing to
the hot-spot pressure through radial compression (see Chap. 4).[5, 6] The effective
areal density ρR of the shell is expected to decrease and degrade the confinement
time, hot-spot pressure, and neutron yield. The yield-over-clean (Y OC or Y /Y1D )
is used as a measure of the effect of hydrodynamic instabilities on the implosion
performance:[7]

Y OC =

yield from experiments or 3-D/2-D simulations
yield from 1-D simulations


.

(6.2)

In this section we consider the hydrodynamic scaling of the deceleration-phase
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RTI. The growth rate for the instability in the linear regime can be approximated
with[8]
s
γRT = α

k hgi
− βk hVabl i ,
1 + k hLmin i

(6.3)

where hgi is the average acceleration, hLmin i is the average minimum densitygradient scale length, hVabl i is the average ablation velocity, and the coefficients
α and β are 0.9 and 1.4, respectively. As described in Chap. 3, increasing Vabl
and Lmin reduces the RTI growth rate and the unstable spectrum exhibits a cutoff
around ` ≈ 90.[9] The stabilizing terms depend on the thermal and radiation
transport in the hot spot. The number of e foldings of the instability scales as
s
s



2
2
2
`
c
/V
k
hgi
t
Vabl
imp
sh
RT
Ne = α
− βk hVabl i t ∼ α
− β`
. (6.4)
1 + k hLmin i
1 + ` (Lmin /Rh )
Vimp
It was written in dimensionless form using k = `/Rh , t ∼ Rh /Vimp , and the
sound speed in shell c2sh ∼ Psh /ρsh . The inertia of the shell is balanced by the
hot-spot pressure as Msh R̈h = 4πRh2 Ph with Msh ∼ ρsh Rh2 ∆; this was used to
determine the scaling of the shell acceleration R̈h ≡ g ∼ (c2sh /Rh ). The scaling of
the stabilizing terms, (Vabl /Vimp ) and (Lmin /Rh ), requires estimating the scaling
of thermal conduction and radiation transport in the hot spot.
Thermal-, radiation-, and α-transport are typically modeled using diffusive
terms. The diffusive terms in spherically converging geometry [i.e. r−2 ∂r (r2 ∂r Q),
where r is the radial coordinate and Q is the diffused quantity] can be written in
the reference frame of the ablation front as


1
∂
2 ∂
(Rabl + ζ)
Q ,
∂ζ
(Rabl + ζ)2 ∂ζ

(6.5)

where ζ = r − Rabl , with Rabl representing the position of the ablation front.
During the acceleration phase, the distance between the critical-density surface where the laser (or x ray) energy is absorbed and the ablation front corresponds to the region where energy is diffused, i.e. ζ ∼ (Rcr − Rabl ). For ICF
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implosions this distance is small compared to Rabl , i.e. (ζ/Rabl ) ∼ 0.1  1.
Therefore, the thermal diffusion term reduces to planar geometry [i.e. (∂ 2 /∂ζ 2 )Q]
and the convergence effects can be neglected for the outer ablation-front surface.
Therefore, the ablative stabilization term (derived in Ref. [3]) can be written
as Vabl /Vimp ∼ ṁabl (IL )Vimp and the outer surface ablative RTI scales hydroequivalently as long as IL , α0 and Vimp are kept constant.
Instead, during the deceleration phase, ζ/Rabl ∼ 1; therefore, the convergence
effects are significant and the diffusive terms do not scale hydro-equivalently. Using the scaling relation for the temperature at target center as Tc ∼ E 0.07 ∼ R0.21 ,
the ablation velocity [in Eq. (2.10)] scales with the target size as


5/2
1
κ0 Tc
Vabl
∼√ .
∼
Vimp
ρsh Rh
R

(6.6)

The temperature scaling was first derived in Ref. [10], and can be retrieved
analytically since T ∗ ∼ Tc ∼ R2/7 from the temperature relation in Eq. (2.7)
(with Vimp and ps as the constants in scaling). Equation (6.6) indicates that
larger targets exhibit lower ablative stabilization. It will be shown in Sec. 6.5.1
that scaling of the ablative stabilization caused by Vabl /Vimp is determined solely
by thermal conduction, whereas scaling of the finite density-gradient scale-length
stabilization (Lmin /Rh ) is determined by radiation transport (see Sec. 6.5.2). This
is because the Atwood number in Eq. 6.3 for finite Lmin can be written as
AT ≡

1
1
∼
.
1 + kLmin
1 + ` (Lmin /Rh )

(6.7)

Reabsorption of radiation on the inner surface of the shell enhances the scale length
such that hkLmin i ∼ 1 for ` < 60 and hkLmin i  1 for ` > 60. Therefore, it is useful
to assess the scaling of radiation transport using (Lmin /Rh ) as the normalized
scaling parameter. It is shown from simulations (see Sec. 6.5.2.) that for NIF-like
targets (Lmin /Rh )NIF ∼ 0.1, while for OMEGA targets (Lmin /Rh )Ω ∼ 0.07. Since
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[(Lmin /Rh )NIF /(Lmin /Rh )Ω ] ∼ 1.5, stabilization by Lmin is enhanced for larger
targets, which is an opposite trend compared to ablative stabilization.
Alpha-particle transport is not considered because the hot-spot ignition condition χno-α uses no-α parameters (discussed in Chap. 2). The alpha particles
stopped within the hot spot augment the hot spot temperature, and those leaking
out of the hot spot deposit their energy at the inner surface of the shell driving
mass ablation. As shown in Ref. [11], both mechanisms enhance the ablative
stabilization of the RTI. In a NIF size target close to ignition, the stabilization of
the RTI from alpha-driven ablation is significant. In the no-α extrapolation of the
implosion performance (χno-α ) from OMEGA to NIF, the alpha-driven ablative
stabilization is included through the value of the power index (µ) of the Y OC as
shown in Eq. (12) of Ref. [7]. It was argued that without ablative stabilization
the power index µ would have been larger (≈ 0.8), and (alpha driven) ablative
stabilization reduces the power index by half (≈ 0.4). Therefore, the implosion
performance metric [of Eq. 2.33] has a correction because of hydrodynamic instabilities given by a factor Y OC µ with µ = 0.4
 1.6
Tn
0.8
Y OC 0.4 .
χno-α ' (ρRn )
4.7

6.3

(6.8)

Scaling of the no-α Yield Over Clean

The scaling of the Lawson parameter in Eq. 6.8 using ρR ∼ E 1/3 and T ∼ E 0.07
can be written as
0.4
χno-α ∼ E 0.38 Y OCno-α
.

(6.9)

Using this equation and considering ENIF /EΩ ∼ 64 the hydro-equivalent ignition
condition on OMEGA can be obtained, χΩ = 0.21(Y OCΩ /Y OCNIF )0.4 . Since the
normalized target surface-roughness level on NIF scale targets are ∼ 4× lower
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Ω
NIF
than on OMEGA targets [i.e., σice
/RΩ / σice
/RNIF ∼ 4] the hydro-equivalent
ignition condition on OMEGA improves to
χno-α = 0.19 (Y OCΩ /Y OCNIF )0.4 .

(6.10)

The small improvement in the ignition condition from 0.21 to 0.19 occurs only
by considering the above-mentioned surface roughness scaling, and assumes equal
growth factors between NIF and OMEGA during the deceleration phase. Here we
also assumed that the laser imprint level on direct-drive OMEGA and extrapolated
direct-drive ignition-scale implosions are equal.
The yield degradation resulting from the deceleration-phase RTI can occur
because of two physical reasons (discussed in Chap. 4): by reduction of the burn
volume (i.e. ≈volume within RT spikes) or by reduced coupling of the shell’s
kinetic energy to hot-spot pressure as the energy is used to drive the RTI. A
simple estimate for the Y OC, assuming a reduction of the clean volume only (i.e.
without considering a drop in hot-spot pressure and temperature compared to
without RTI), leads to

Y OC ∼

Vc
V1-D




3
σ0 GRT
,
= 1−
R1-D

(6.11)

where R1-D is the hot-spot radius in 1-D (i.e. without considering deceleration
RTI) and Vc ∼ (R1-D –σ0 GRT )3 is the hot-spot clean volume under the RTI spikes,
σ0 is the initial perturbation on the inner surface, and GRT is the total growth
factor of the RTI spikes into the hot spot. The Y OC’s from the implosions of the
two scales (NIF and OMEGA) are related through the following equation:

 NIF NIF   Ω  
3
σ0 GRT
R1-D
1/3
Y OCNIF = 1 −
1 − Y OCΩ
,
(6.12)
NIF
σ0Ω GΩ
R1-D
RT
The ablative stabilization of the deceleration-phase RTI is different on the two
scales, resulting in different growth factors. Simulations have been performed
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to determine the scaling of GRT and Y OCno-α and predict the hydro-equivalent
ignition condition on OMEGA.

6.4

Hydro-Equivalent Implosion Design and Simulations of Deceleration-Phase RTI
(a)

(b)

OMEGA
CD
DT ice

NIF
CD
DT ice

11 μm
41 μm

5 μm
152

m

μm

379

DT gas
9μ
176

431
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DT gas

35 μm
209 μm

TC11973J1

Figure 6.1:

Target specifications for an (a) OMEGA-scale and (b) NIF-scale

cryogenic implosion simulation.

This section describes the design and performance of the set of hydro-equivalent
implosions used in this article. The 2-D simulations of the deceleration phase
using the Eulerian radiation–hydrodynamics code DEC2D [12, 13, 14] are also
described.
The OMEGA-scale target shown in Fig. 6.1(a) is similar to those used in
current cryogenic implosions performed on OMEGA.[15] This target had an 11
µm plastic (CD) ablator, 41 µm of DT ice, and a 431 µm outer radius. It was
imploded with 27 kJ of laser energy, and when simulated with the 1-D hydrocode
LILAC,[16] it achieved an implosion velocity of ≈ 360 km/s with an average
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(t/tbang)

Time history of the essential hydrodynamic parameters (a) laser

intensity IL , (b) implosion velocity Vimp , and (c) fuel adiabat α versus normalized
time (t/tbang ) for the NIF-scale (blue) and hydro-equivalent OMEGA-scale (red)
implosions.

in-flight adiabat of 3. The hydro-equivalent NIF-scale target [Fig. 6.1(b)] was
designed by scaling up the radius of each layer roughly by a factor of 4 since the
laser energy was scaled 43 (i.e., 64) times to 1.8 MJ. The NIF-scale target has a
35 µm thick CD ablator, 209 µm thick DT ice layer, and a total radius of 1769
µm. The laser intensity IL versus normalized time (t/tbang ) is kept unchanged
[see Fig. 6.2(a)]. The time of peak neutron production tbang is 11.42 ns and 2.83
ns for NIF and OMEGA implosions, respectively. The target thickness had to be
modified slightly to account for the nonscalable effects of radiation preheat in the
acceleration phase. This arises because the radiation mean free path (`m ) is the
same in both target scales but the thickness of the ablator (CD) layer is 4× less
on the OMEGA target, resulting in a lower preheat shielding. To keep the same
fuel adiabat [see Fig. 6.2(b)] for implosions of different scales, some of the CD
ablator was mass equivalently exchanged with DT ice for the larger targets.[3]
The implosion velocity for targets of both scales are the same [shown in Fig.
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Figure 6.3: (a) In-flight aspect ratio (IFAR) versus normalized time (t/tbang ) and
(b) pressure at stagnation (Ps ) versus radial distance for the NIF-scale (blue) and
hydro-equivalent OMEGA-scale (red) implosions.
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6.2(c)]. The time evolution of the in-flight aspect ratio (IFAR) and the pressure
profiles at stagnation Ps for the targets of both scales match closely (see Fig. 6.3),
showing that the implosions are in accordance with the theory for 1-D hydroequivalent scaling.[3] Energy in radiation flux leaving the hot-spot boundary [i.e.
(1/e)ρmax and ρmax (peak of shell density)] was measured. These measurements
were used to calculate the fraction of emitted energy that was reabsorbed R(t)
(shown in Chap. 2, Fig. 2.5) and the fraction that was lost L(t). The minimum
density-gradient scale length Lmin and ablation velocity Vabl = (Ṁhs /4πRh2 ρshell )
at the inner surface of the shell were calculated for analysis in Sec. 6.5. Radiation
transport was turned on/off during the deceleration phase to study the individual
effects of thermal conduction and radiation transport on the scaling of Vabl and
Lmin .
The effects of the RTI on the deceleration phase of ICF implosions were studied using the hydrodynamic code DEC2D (described in Chap. 3). [14] The
radial profiles of density, pressure, velocity, and temperature were extracted at
the end of the acceleration phase (i.e. when the laser is turned off) from the
1-D NIF-scale simulation. The hydro-equivalent OMEGA profiles were generated
by scaling down the size by a factor of 4, producing implosions with an exactly
hydro-equivalent acceleration phase; therefore, an exclusive study of the scaling
of the deceleration phase is possible. The profiles were mapped onto a 2-D highresolution grid with single- or multimode velocity perturbations applied at the
inner surface of the shell. The velocity perturbations were identical (i.e. hydroequivalent) on both scales. The growth of the RTI at the interface of the hot-spot
and shell degraded the implosion performance. Thermal transport, α transport,
and multi-group radiation transport were modeled as diffusion processes. Each
of these can be turned on/off in the simulation. Since the no-burn case is con-
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sidered in this article, the α-energy deposition was turned off. The scaling of
thermal transport and its impact on the scaling of the RTI is shown in Sec. 6.5.1;
therefore, radiation transport was turned off for that section. Sec. 6.5.2 discusses
results where both thermal and radiation transport processes were included.
Single-mode simulations for a mode number ` varying from 2 to 68, with three
different initial velocity perturbation amplitudes[4] (∆V /Vimp ) – 0.01%, 0.05%,
and 0.1% of implosion velocity Vimp –were carried out. The ∆V /Vimp was chosen
to keep the RTI within the linear regime. The time of peak neutron production
tbang was 1 ns after the laser was turned off on the NIF scale and 250 ps on the
OMEGA scale. The single-mode growth factor was calculated as the ratio of the
amplitudes at tbang and at tbang − 800 ps into simulation on the NIF scale (or
tbang − 200 ps on OMEGA). The simulations were repeated by including thermal
conduction and radiation transport (for Sec. 6.5).
Multimode simulations (for Sec. 6.6) were carried out by including modes
2 ≤ ` ≤ 68. An `–2 roll-off spectrum for mode numbers ` > 20 and a constant amplitude for 2 ≤ ` ≤ 20 were used. Simulations were repeated by varying ∆V /Vimp
from 0 (unperturbed) to 4%. The Y OC (yield2-D /yield1-D ) was calculated for
implosions on both scales. Simulations with an alternative `–1 roll-off spectrum
show good agreement with these results.

6.5

Non-Hydro-Equivalent Physics of the Deceleration Phase

The scaling of the deceleration-phase RTI is determined by scaling the stabilization resulting from mass ablation (Vabl /Vimp ) and density-gradient scale length
(Lmin /Rh ) which can be understood by a study of the effect of thermal conduc-
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tion and radiation transport during this phase. This section presents the results
from simulations and compares them to the analytic scaling in Sec. 6.2.

Effect of Thermal Conduction: Vabl /Vimp Scaling
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Figure 6.4:
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0

Pressure P , density ρ, and temperature T at time of peak neutron

rate tbang versus radial distance for NIF-scale (blue) and OMEGA-scale (red)
implosions. Simulations were performed using the 1-D code LILAC, including
thermal conduction (without radiation transport) during the deceleration phase.

The analytical scaling of Vabl /Vimp shown in Eq. 6.6 can be rewritten using
the radius and time-scaling factor S ≡ RNIF /RΩ = 4 as
NIF
Vabl
∼
Ω
Vabl



RNIF
RΩ

−0.5
≈ 0.5.

(6.13)
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Figure 6.5: (a) Ablation velocity Vabl and (b) normalized density scale length
Lmin /Rh versus normalized NIF time (S = 4) for NIF (blue) and OMEGA (red)
implosions. Simulations were performed using the 1-D code LILAC, with (solid
lines) and without (dashed lines) radiation transport for the deceleration phase.

On OMEGA the hot-spot mass density at stagnation ρs is higher and the hot-spot
temperature Ts is lower than on NIF-scale implosions (see Fig. 6.4), leading to
the 1-D scaling of hot-spot temperature as T ∼ R0.21 . This can be attributed
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to the higher mass ablation rate on OMEGA, which is in qualitative accordance
with Eq. 6.13. The pressure at stagnation Ps is the same on both scales, showing
hydro-equivalence.
The Vabl for the implosions of both scales is shown in Fig. 6.5(a). It is clearly
seen that thermal conduction determines the scaling of ablation velocity (i.e.
Vabl /Vimp ) because including radiation transport has no effect on the scaling of
Vabl since it enhances the Vabl on both scales equally. Simulations show that


NIF
Vabl
Ω
Vabl




≈

no rad

NIF
Vabl
Ω
Vabl


≈ 0.6.

(6.14)

rad

which agrees with the analytical scaling in Eq. 6.13.
The normalized density-gradient scale length (Lmin /Rh ) arising from thermal conduction is rather small and causes almost no effect to the scaling of
deceleration-phase RTI. From Fig. 6.5(b), considering the simulations without
radiation, the normalized scale lengths at stagnation are (Lmin /Rh )NIF ≈ 0.02 and
(Lmin /Rh )Ω ≈ 0.05. Since Lmin /Rh  1 on both scales, it only affects the very
high ` modes that are already stabilized by ablation, and has little effect on the
scaling of the deceleration RTI [see Eq. 6.7].
While the classical RTI (i.e. no ablation) is exactly hydro-equivalent [see Figs.
6.6(a) and 6.7(a)], the ablative stabilization caused by thermal transport does not
scale hydro-equivalently [Fig. 6.6(b)], with the OMEGA target exhibiting higher
stabilization.
To study the effect of Vabl /Vimp scaling (i.e. thermal conduction) on the
deceleration-phase RTI, a series of single-mode simulations without radiation
transport (i.e. only thermal transport) for different ` numbers were carried out.
Hydro-equivalent velocity perturbations with a single cosine mode were imposed
on the inner surface of the shell. Short-wavelength modes exhibit higher ablative
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stabilization because of thermal conduction [see Eq. 6.4 and Fig. 6.7(b)]. The
growth factors on the NIF are ≈ 2.7× those on OMEGA, which is in agreement
to the scaling in Eq. 6.4. Multimode simulations show that differences in the deceleration phase of hydro-equivalent implosions have an effect on the Y OC ratio,
with Y OCΩ > Y OCNIF by ∼ 25% when the RTI becomes highly nonlinear (near
saturation).
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Figure 6.6: Density plots at hydro-equivalent times showing ` = 60 deceleration
RT growth on OMEGA (top half) and the NIF (lower half). (a) Simulations without thermal conduction on both scales match perfectly, illustrating that classical
RTI is exactly hydro-equivalent. (b) Simulations with ablation caused by thermal
transport (only) do not scale hydro-equivalently resulting in different RT growth.
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Effect of Radiation Transport: Lmin /Rh Scaling
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Figure 6.8: Density profiles at time of peak neutron rate for hydro-equivalent (a)
NIF and (b) OMEGA implosions. It is shown that radiation reabsorbed by the
NIF shell results in a greater enhancement of the scale lengths for the NIF with
respect to the OMEGA-target.

In this subsection we discuss the scaling of the RTI stabilization mechanism

CHAPTER 6. SCALING OF THE IMPLOSION CORE

175

caused by reabsorption of bremsstrahlung emission from the hot spot. As the
central plasma is heated by compression during the deceleration phase, it emits
bremsstrahlung radiation. Some of the radiation emitted from the hot spot is
absorbed on the inner surface of the shell, causing mass ablation and increasing
Lmin and Vabl during the last 400 ps (NIF-scale time) before bang time tbang (see
Fig. 6.5). The mean free path of photons with energy hν (in DT plasma) is given
by the Kramers formula [17]

√
4

l ≈ 2.25 × 10

T (hν)3
,
ρ2

(6.15)

where l is in µm, the electron temperature T and photon energy hν are in keV,
and the density of plasma ρ is in g/cm3 . Photons emitted in a 5 keV hot spot
exhibit a mean free path (mfp) of 2500 µm in the hot spot (considering a mass
density of 50 g/cm3 ) and a mfp of 20 µm in the cold (200 eV) shell with a mass
density of 250 g/cm3 . The shell thickness for a typical NIF-scale target near
stagnation is ∼50 µm, whereas for a hydro-equivalent OMEGA target the shell
is 4× thinner (≈12.5 µm). Consequently, more of the radiation emitted from the
hot spot is reabsorbed by the NIF shell (see Fig. 2.5). The fraction of emitted
energy that is reabsorbed by the shell at stagnation (Rs ) is more on NIF (0.54)
than on OMEGA (0.36). As a result of higher reabsorption, the density-gradient
scale length is enhanced in the NIF target more than in the OMEGA target (see
Fig. 6.8). A quantitative measure is provided in Fig. 6.5(b); by adding radiation
transport to the simulations, the scale length (Lmin /Rh ) increases by fivefold on
the NIF scale, whereas the change is only a factor of 1.6 on OMEGA. Since there is
a broad spectrum of emission frequency ν from the hot spot, the photons absorbed
deeper in the shell enhance the density scale length; therefore, radiation transport
determines the scaling of Lmin in hydro-equivalent implosions:
 rad 
 rad 
Lmin
Lmin
>
.
no rad
rad
Vmin
Lno
min
NIF
Ω

(6.16)
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A comparison of the central hot-spot temperatures for the simulations with and
without radiation transport show that radiation transport has little effect on the
scaling of the temperature with target size, unlike thermal conduction. As discussed in Sec. 6.2, the scaling of the temperature [10] with target size is Tc ∼ R0.28
without considering radiation transport, and it changes to Tc ∼ R0.21 when radiation transport is included.
The effect of the Lmin /Rh scaling on the linear RTI growth factors is shown
in Fig. 6.7(c). The RTI on the NIF-scale implosion experiences higher stabilization from enhanced density gradients compared to OMEGA for the same initial
perturbation ∆V /Vimp . Similar studies on another target with a high implosion
velocity (≈430 km/s) showed identical trends. Comparing Figs. 6.7(b) and 6.7(c)
shows that stabilization of the deceleration-phase RTI caused by ablation velocity Vabl /Vimp and density scale length Lmin /Rh scales oppositely with target size.
The stabilization related to Vabl is predominant on the smaller target, resulting
Ω
in (GNIF
RT /GRT )no rad ≈ 2.7 whereas the stabilization related to Lmin /Rh scales inΩ
versely and reduces the difference to (GNIF
RT /GRT )rad ≈ 1.35. The impact of thermal

conduction is more significant on the scaling of the RTI. The results of single-mode
linear growth factors including both thermal conduction and radiation transport
show that deceleration-phase RTI growth factors on NIF implosions are ≈ 35%
higher than on hydro-equivalent OMEGA implosions.

6.6

Scaling of the no-α Ignition Condition

Multimode simulations (see Fig.

6.9) with hydro-equivalent initial perturba-

tions (i.e. equal ∆V /Vimp , described in Sec. 6.4) were used to calculate the
Y OCΩ /Y OCNIF ratio [see Fig. 6.10(a)]. Increasing the nonuniformities result in
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Figure 6.9: Contour plot of the density at bang time, showing nonlinear multimode RTI on NIF and OMEGA scales. The dashed line demarcates the fusion
volume (or neutron-averaged volume); the Y OCno-α values for this set of hydroequivalent simulations are indicated at the top corners.

higher Y OC ratios, until the RTI becomes highly nonlinear (as in Fig. 6.9) and
saturates at


Y OCΩ
Y OCNIF


∼ 1.17.

(6.17)

The scaling of the deceleration-phase RTI discussed in earlier sections is applicable to the linear and moderately nonlinear regimes of the instability. In the
highly nonlinear regime the RTI saturates and this phase of the instability scales
equivalently (from simulations), therefore the Y OC ratio asymptotes as shown in
Fig. 6.10(a). This indicates that the opposite scaling of the ablative and radiative stabilization mitigate their effects on the capsule performance and make the
deceleration RTI almost effectively hydro-equivalent.
The analytic curve [shown in Fig. 6.10(b)] is obtained from Eq. 6.12 by
varying the Y OCΩ and using a 35% higher linear growth factor on the NIF (see

CHAPTER 6. SCALING OF THE IMPLOSION CORE

178

(a)

YOCΩ
YOCNIF

1.17
1.15
1.10
1.05
1.00

2
3
1
Hydro-equivalent velocity
perturbation (ΔV/Vimp)%

0

4

(b)

YOCΩ
YOCNIF

1.15
1.10
1.05
1.00
TC10888J1

Figure 6.10:

Highly
nonlinear
RTI

0.6

0.7

0.8

0.9

1.0

YOCΩ

(a) Results from multimode simulations showing no-α Y OC ra-

tio versus velocity perturbation for NIF- and OMEGA-scale implosions.

(b)
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Sec. 6.5.2); the curve matches well with the multimode simulations in the linear
regime and reproduces the Y OC ratio of 1.17 obtained from simulations (for a
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Y OCΩ of 0.66, the calculated Y OCNIF is 0.56). It is important to note that the
formula in Eq. 6.12 assumes that the yield deterioration is caused by a reduction
in the clean volume only, i.e. the pressure and temperature of the clean region
are unaltered (compared to 1-D, see Sec. 6.3). In the highly nonlinear regime
the Y OC ratio obtained from simulations deviate from the linear theory [see Fig.
6.10(b)]. This can be attributed to the fact that for such highly nonlinear RTI
the conditions in the neutron producing volume differ from the conditions in an
undistorted implosion, therefore, the simple clean volume estimation of Eq. 6.12
does not produce the correct estimate. For such cases a significant fraction of the
shell’s kinetic energy is used to drive the instability instead of compressing the hot
spot to higher pressures. A meticulous analysis of the effect of nonlinear RTI on
the neutron averaged quantities (related to the yield) and the hot-spot averaged
quantities (related to the implosion energetics) is shown in Chap. 4.
Using the above Y OC ratio derived from considering the scaling of the stabilizing effects on the deceleration-phase RTI, the ignition parameter in Eq. 6.10 is
given as χΩ ≈ 0.2. This is in agreement with the analysis in Ref. [3] and valid
within the frame of the two-dimensional analysis. While three dimensional effects
on the RTI may lead to a quantitative change of our conclusions, we do not expect
any qualitative changes in the scaling results, a similar study in 3-D geometry can
be done in future.

6.7

Conclusions

A comprehensive study of the scaling of the deceleration-phase RTI has been carried out to assess its impact on the Y OC scaling and the hydro-equivalent ignition
condition. An analytic model for the hot-spot ignition condition has been devel-
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oped, including the emission losses and reabsorption, and mass ablation. It is
shown that because of the convergence effects, the diffusive terms responsible for
ablative stabilization (thermal conduction and radiation transport) do not scale
hydro-equivalently with implosion size. Thermal conduction determines the scaling of the ablation velocity Vabl during the deceleration phase, and NIF implosions
exhibit lower Vabl than hydro-equivalent OMEGA implosions. On the other hand,
radiation emitted from the hot spot is more effectively reabsorbed by the thicker
NIF shell, enhancing the density gradient scale lengths (Lmin /Rh ) in NIF more
than in OMEGA targets. Therefore, mitigation of the deceleration-phase RT instability caused by Vabl /Vimp and Lmin /Rh scale oppositely with target size. The
linear growth factors on the NIF are 35% higher than on OMEGA. Considering both linear and nonlinear multimode simulations, it has been shown that the
deceleration-phase Y OC for OMEGA is only ∼ 17% higher than the Y OCno-α
for NIF ignition-scale targets. A no-α Lawson ignition parameter of χΩ ≈ 0.2
on OMEGA is required to achieve hydro-equivalent ignition for symmetric directdrive NIF.
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Chapter 7
Fusion Yield Extrapolation to
Larger Drivers
In this chapter, a general fusion-yield extrapolation procedure to estimate ICF implosion performance at higher laser energies is described. The scaling assumes only
that the implosion hydrodynamic efficiency is unchanged at higher energies, and
relies solely on a volumetric scaling of the experimentally observed core conditions;
the conditions for scaling are discussed in Sec. 7.2. Since the stagnation physics
for conventional hot-spot ignition is equivalent for both direct- and indirect-drive,
our theory for alpha heating extrapolation (derived in Sec. 7.3) is general and
can be applied to both. It is shown that, direct-drive implosions on the OMEGA
laser have achieved core conditions that would lead to significant alpha heating at
incident energies available on the National Ignition Facility (NIF) scale. It is estimated, using the theory in Sec. 7.3 validated by the simulations in Sec. 7.4, that
the current best-performing OMEGA implosion [1] extrapolated to a 1.9 MJ laser
driver with the same illumination configuration and laser-target coupling would
produce 125 kJ of fusion energy with similar levels of alpha heating observed in
current highest performing indirect-drive NIF implosions.[2]
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7.1

Outline

In this chapter we show that recent direct drive OMEGA implosions [1](see Chap.
5), for the first time, have achieved core conditions that would lead to significant
levels of alpha heating if reproduced at scales typical of the National Ignition
Facility (NIF) [5]. At NIF scale, these direct drive targets would yield about 125
kJ of fusion energy, 5× the highest fusion output achieved to date in ICF. The level
of alpha heating and yield amplification is predicted to be similar to that achieved
with the 1.9 MJ indirect-drive NIF [5] high foot (HF) implosions [2]. These HF
implosions have achieved record fusion yields of nearly 1016 neutrons or about 26
kJ of fusion energy [6], demonstrating significant levels of alpha heating. Based on
analytic models and detailed numerical simulations [8, 7], it was estimated that
alpha-particle heating has led to a ∼2–2.5× enhancement of the fusion yield [8, 6].
In the absence of alpha heating, the fusion yield from hydrodynamic compression
alone would have been ∼ 4–5 × 1015 . By extrapolating recent OMEGA results
in size to match the 1.9 MJ of incident NIF laser energy, we find that the bestperforming direct-drive OMEGA implosion to date would lead to a neutron yield
of 4.5 × 1016 neutrons and a level of alpha heating corresponding to about a
2× yield enhancement, similar to the indirect-drive HF targets at the same laser
energy. The larger fusion yield in direct drive, results from the larger size and
fuel mass of the 1.9 MJ direct-drive targets. A burning plasma metric [8], Qα =
alpha energy/pdV work > 1 determines the burning-plasma regime (discussed in
Chap. 2), where the energetics is dominated by the alpha heating. In this chapter
a Qα ≈ 0.5 is inferred for OMEGA implosions extrapolated to 1.9 MJ.
In order to evaluate the performance of implosions obtained with drivers of limited energy, an approach has been developed to extrapolate fusion yields, including
alpha heating from current direct-drive inertial confinement fusion experiments on
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OMEGA at tens of kilojoules of incident laser energy to multi-megajoule drivers.
The results of the extrapolation are first obtained analytically and then validated
by multi-dimensional simulations. The analytic theory uses the three-dimensional
hydro-equivalent scaling developed by Nora et al. [9] and Bose et al. [10] (shown
in Chap. 6). These theories do not include the effect of alpha heating and can only
be applied to extrapolate fusion yields and hydrodynamic properties due to compression alone without accounting for alpha-energy deposition (i.e. “no-alpha”
properties). The effect of alpha heating is included separately using the model of
Betti et al. [8], where the fusion-yield enhancement by alphas is estimated using
the “no-alpha” properties of the implosion (shown in Chap. 2). The analytic
results are validated with numerical simulations. We first directly simulate the
OMEGA implosions using radiation–hydrodynamic codes and reproduce the core
conditions to match all of the experimental observables (shown in Chap. 5). The
simulation is then scaled hydro-equivalently to larger sizes and laser energies to
determine the fusion yield and the level of alpha heating. We find that the predictions of the analytic model are in good agreement with the results of direct
simulations.

7.2

Conditions for Scaling to Ignition Relevant
Laser Energies

The extrapolation of the experimental results from OMEGA to NIF energy assumes only that the implosion hydrodynamic efficiency is unchanged at higher
energies. The aspects of this assumption are explained in this section.
The scaling assumes that an implosion on a smaller laser facility is duplicated
on a larger laser to reproduce the same energy density (i.e. pressure) but over
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a larger volume surrounded by a compressed cold shell of the same density and
shape. The laser intensity is kept constant while the target mass and volume scale
with the absorbed laser energy; therefore, implosion velocity and in-flight adiabat
are the same, leading to an equivalent acceleration history (see Chap. 6). This
implies that the implosions are hydrodynamically identical with a larger target
1/3

dimension and time scale R ∼ t ∼ EL , where EL is the laser energy. It follows
that the linear and nonlinear growth factors of the hydrodynamic instabilities are
equivalent [9, 10] (see Chap. 6). The three-dimensional hydro-equivalent scaling
assumes that all the initial nonuniformities scale with target size, leading to the
same level of shell distortion.
With regard to laser plasma instabilities and interactions (LPIs) in the coronal
plasma, this thesis does not attempt to predict their scaling with size and energy.
It is well known that LPIs do not scale proportionally with size and it is not
possible to quantitatively extrapolate the effects of LPI at NIF energies from
OMEGA results. LPI experiments at ignition scale energies on the NIF will be
conducted over the next several years to determine laser-target coupling and the
effects of LPIs. The goal of these studies is to demonstrate coupling similar to or
improved over that observed on OMEGA. For the purpose of this extrapolation
model, we assume that LPIs on NIF will allow to reproduce the same OMEGA
implosion (equal velocity and adiabat) at the larger scale to match the 1.9 MJ
NIF energy.
It is important to emphasize that predicting performance on different laser
systems (OMEGA and NIF) is not the purpose of this chapter. The accuracy of
such an extrapolation depends on the ability to correctly simulate current and
future experiments, and to correctly capture all the sources of degradation [11]
of implosion performance from low- to high-mode asymmetries, from nonlocal
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electron transport to laser plasma coupling. The goal of this chapter is much less
ambitious but much more robust since it only assumes that the core conditions of
an OMEGA implosion can be identically reproduced (same pressure, shell density,
and shape) but with a larger spatial size on a larger laser facility. Therefore, in
terms of hydrodynamic performance, the implosions at 1.9 MJ are assumed to
be identical to the OMEGA implosions, just larger in target size by a factor of
(ENIF /EOMEGA )1/3 ≈ 4×.

7.3

The Theory for Alpha Heating Extrapolation
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Figure 7.1: OMEGA cryogenic implosion 77068: (a) laser power versus time (b)
and target design.

The only improvements brought by the larger size are in the thermal transport within the hot spot and the effect of alpha-particle energy deposition (or
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alpha heating). Both effects are based on straightforward physics considerations.
Assuming the validity of Spitzer thermal conduction [12], the thermal transport
improves at larger sizes (reduced surface/volume), leading to a modest increase in
the central temperature. This can be determined by equating the rate of change of
the hot-spot mass to the mass ablation rate off the shell inner surface into the hot
spot. Mass ablation is driven by the heat flux leaving the hot spot and deposited
on the shell inner surface,
dM
= S ṁabl ,
dt

(7.1)

where M is the hot-spot mass, S is the hot-spot surface, and ṁabl is the mass
ablation rate off the shell inner surface. We relate volume and surface to the linear
dimension R (S ∼ R2 , V ∼ R3 ). Using the ideal gas equation of state for the
hot-spot plasma ρ ∼ P/T , the hot-spot mass is M ∼ P V /T , where P and T are
hot-spot pressure and temperature. The mass ablation rate caused by the heat
conduction from the hot spot is calculated by integrating the energy equation
across the hot-spot boundary as in Ref. [10], yielding ṁabl ∼ T 5/2 /R. During the
final stage of the implosion (deceleration phase) the shell reaches peak implosion
velocity and decelerates because of the increasing hot-spot pressure. The hydrodynamic time scale is τ ∼ R/Vimp , where Vimp is the implosion velocity. Substituting
these scaling relations into Eq. (7.1) leads to T 7/2 ∼ P RVimp . Since the hot-spot
pressure and Vimp are unchanged in the hydrodynamic scaling, the temperature
2/21

dependence with target size or laser energy follows T ∼ R2/7 ∼ EL

which is

in fairly good agreement with the results of numerical simulations [13] showing
T ∼ EL0.07 . The difference in power indices (2/21 versus 0.07) is because of the
effect of radiation losses on the temperature. The bremsstrahlung losses relative
to the input pdV work increases with target size (at the relatively low areal densities of interest to laser fusion), reducing the benefits of the Spitzer temperature
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scaling. The T ∼ EL0.07 scaling includes the effects of the increased laser energy
absorption occurring at a larger scale. In ideal hydro-equivalent implosions, the
absorbed fraction is assumed constant and we find that the power index is slightly
smaller T ∼ EL0.06 . This result indicates that hydrodynamically scaling the same
implosion from OMEGA to NIF laser energy leads to a temperature increase of
about 30% (but same pressure). The higher temperatures (T ∼ EL0.06 ∼ R0.18 ),
1/3

larger volumes (V ∼ R3 ∼ EL ) and longer confinement times (τ ∼ R ∼ EL ) in
larger targets increase the fusion yield. The yield scales as Y ∼ n2 hσvi V τ , where
n is the DT particle density, hσvi is the fusion reactivity, V is the burn volume,
and τ is the confinement time. For yield amplifications less than ∼ 10, most of
the yield comes from the central hot spot and therefore the quantities above are
related exclusively to the core. Using the fit for hσvi /T 2 ∼ T 1.7 [14] leads to
Y ∼ P 2 T 1.7 V τ . Without accounting for alpha-energy deposition (“no-α”), the
yield due to compression alone is obtained by substituting the size dependence of
T ,V ,τ and P ∼const leading to the following scaling
Yno-α ∼ R4.3 ∼ EL1.43 .

(7.2)

Equation (7.2) indicates that the compression yield increases by about 460× when
extrapolating from a 26 kJ to a 1.9 MJ laser driver.
Estimating the level of alpha heating requires extrapolating the so-called no-α
Lawson parameter χno-α , this parameter is described in Chap. 2[8]. Following
this, χno-α determines the yield enhancement caused by alpha heating by using
exclusively no-α properties. There are different ways of expressing χno-α . Here
we use the expression of Refs. [8, 14] that is also related to the Livermore ITFx
[7, 16, 17]
stag
16
χno-α ≈ (ρRno-α )0.61 0.12Yno-α
/MDT

0.34

,

(7.3)
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where ρR is in g/cm2 , the no-α neutron yield is in 1016 , and the stagnating DT
mass at bang time is in mg. The latter is often approximated with 1/2 of the
unablated DT mass [8, 15] but in this work we use the more-accurate value from
the simulation. Note that Eq. (7.3) is approximately equal to ITFx0.34 . Using the
size dependence ρRno-α ∼ R, MDT ∼ R3 and Yno-α ∼ R4.3 from Eq. (7.2) leads to
the following hydrodynamic scaling of the no-α Lawson parameter
χno-α ∼ R1.05 ∼ EL0.35 .

(7.4)

The yield enhancement caused by alphas can be readily estimated once the χno-α
is determined. Using the fitting formula of Ref. [8], the fusion yield including
alpha heating and the yield amplification are given by
Yα = Ŷamp Yno-α ,

Ŷamp ' (1 − χno-α /0.96)−0.75 .

(7.5)

This analysis is applied to shot 77068, representative of the best-performing
implosion on OMEGA to date (see Chap. 5)[1]. Shot 77068 used a two-shock
26.2 kJ single-picket laser-pulse with relaxation-type adiabat shaping [18]. The
laser pulse shape and target design for this cryogenic implosion are shown in Fig.
(7.1).The primary neutron yield measured by the 15.8 m neutron time-of-flight
(nTOF) [20] detector was 5.0×1013 (±5%). Including the downscattered neutrons
the total neutron yield becomes 5.3 × 1013 . The neutron-averaged areal density
measured by the magnetic recoil spectrometer (MRS) [21] was 0.194 (±0.018)
g/cm2 . The initial DT mass of 27 µg was partially ablated; using 1-D radiation–
hydrodynamic simulations, we estimate that about 18 µg remained unablated and
about 11.5 µg is stagnating at bang time. All the relevant measurements and 1D simulation results are shown in the second and third columns of Table. 7.1.
Applying the scaling in Eq. (7.2) from 26.2 kJ to 1.9 MJ of laser energy, we
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Table 7.1: Comparison of measurements with LILAC and DEC2D simulations
(sim).

Observables

(1)

Experiment[1]

1D sim.

(2)

2D sim.

(3)

Yield

5.3 × 1013 (±5%)

1.7 × 1014

5.3 × 1013

P ∗ (Gbar)

56(±7)

97

57

Tion (keV)

3.6(±0.3)

3.82

3.7

Rhs (µm)

22(±1)

22

22

τ (ps)

66(±10)

61

54

ρR (g/cm2 )

0.194(±0.018)

0.211

0.194

(1) at 26.18 kJ laser energy
(2) using LILAC and DEC2D
(3) using DEC2D; see reconstruction technique in Chap. 5.
estimate that OMEGA implosion 77068 extrapolated to 1.9 MJ would produce
2.4 × 1016 neutrons from compression alone. To estimate the enhancement caused
by alpha heating, we calculate the Lawson parameter for shot 77068. Using the
measured areal density, neutron yield, and estimated stagnation mass, we find
χno-α (77068) ≈ 0.138 and its extrapolation [Eq. (7.4)] to 1.9 MJ is 0.61, which is
close to the value of 0.66 estimated for the HF target [8]. The yield enhancement
caused by alpha heating from Eq. (7.5) leads to an amplification of 2.1× and
to a total neutron yield including alpha heating of about 5 × 1016 or 140 kJ of
fusion energy. Note that the accurate power indices and parameters in the scaling
laws are critically important for large extrapolations in energy. Indeed the power
indices 1.5 and 0.37 in Ref. [9] [instead of 1.43 and 0.35 in Eqs. (7.2) and (7.4)]
and the use of 1/2 DT mass instead of stagnating mass as in Eq.(7.3) would have
lead to an extrapolated fusion yield of 270 kJ, ∼ 2× above the correct value.
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7.4

Consolidation with Simulations
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Figure 7.2: Density contour plots from DEC2D at time of peak neutron rate for
OMEGA shot 77068 (a) and hydro-equivalent 1.9 MJ direct-drive implosion with
alpha-particle energy deposition (b).

We validated this new analytic scaling using direct simulations and reconstruction of all experimental observables (see Chap. 5). The OMEGA implosion is first
simulated in 1-D using the code LILAC [22]. This simulation indicates that the
experiments are degraded with respect to 1-D predictions (see Table 7.1). The
simulated 1-D yield is 1.7 × 1014 , about 3.2× larger than measured. Simulated
ion temperature, areal density, and burn duration are slightly above the measured
value. Simulated and measured hot-spot sizes are the same and the experimentally inferred pressure [23] of 56 Gbar is below the 1-D simulated value of 97
Gbar. To match the experimental observables, the implosion performance was
degraded by adding a spectrum of target nonuniformities at the beginning of the
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Table 7.2: DEC2D simulation of OMEGA target and its hydro-equivalent extrapolation to 1.9 MJ

OMEGA

1.9 MJ no-α

1.9 MJ with α

Yield

5.3 × 1013

2.25 × 1016

4.45 × 1016

P ∗ (Gbar)

57

57

79

Tion (keV)

3.7

4.7

5.1

Rhs (µm)

22

92.3

92.5

τ (ps)

54

215

193

ρR (g/cm2 )

0.194

0.83

0.81

deceleration phase. The radiation–hydrodynamic code DEC2D (see Chap. 3)[24]
was used to simulate the deceleration phase of the implosion starting from the
1-D profiles from LILAC at the end of the laser pulse. In DEC2D, nonuniformities are introduced through angular perturbations of the velocity field on the
inner surface of the shell (similar to Ref. [25]) that is Rayleigh–Taylor unstable
during the shell deceleration. The spectrum of nonuniformities was chosen to reproduce the measured pressure, hot-spot radius (volume) and shape. Since long
wavelength modes cause a reduction in hot-spot pressure, a dominant ` = 2 mode
was used with an amplitude 5% of the implosion velocity (see Chaps. 4 and 5).
To compensate for the increase in hot-spot volume caused by the ` = 2 mode, a
spectrum of intermediate mode numbers (` = 4–20) with amplitude 2% and high
` > 20 modes with amplitudes ∼ 1/`2 was added (see Chaps. 4 and 5). The mass
density of the distorted OMEGA implosion at time of peak neutron rate is shown
in Fig. 7.2(a); the hot-spot and dense fuel exhibit large distortions in shape. The
results of 2-D simulations are shown in Table 7.2 indicating a fairly close match
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Figure 7.3: Time integrated x-ray images of the hot-spot from (a) experiment (b)
reconstructed from simulation (c) comparison of intensity profiles along dashed
line; a more detailed analysis of these images is shown in Chap. 5.

with the experimental observables. Figure (3) shows good agreement between the
measured and simulated hot-spot shape [(a),(b)] and emission profiles 3(c) from
the time integrated x-ray images [26].
Using DEC2D, the simulation was scaled in size by 4.17× following the scaling
1/3

R ∼ EL

from 26.2 kJ to 1.9 MJ and keeping identical radial velocity, density,

and temperature profiles. The same velocity perturbation was used to degrade
the scaled implosion (see Chap. 6). The simulation was first performed without
alpha-energy deposition. As expected from Chap. 6, the shape is almost identical;
the only difference is the size. The core properties are listed in Table 7.2 and are
consistent with the analytic scaling. The pressures are identical whereas hot-spot
radius, burnwidths and ρR scale by ∼ 4×. The hot-spot temperature is ∼30%
higher for the larger implosion and the compression neutron yield increased by
425× to 2.25 × 1016 , similar to the analytic prediction. The DEC2D run was then
repeated with the alpha-particle energy deposition turned on. The core conditions
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are shown in Fig. 7.2(b) and Table 7.2. Including alpha-energy deposition produces a yield amplification of ∼ 2×, leading to a neutron yield of 4.45 × 1016 (125
kJ of fusion energy)— slightly below the analytic prediction. A burning plasma
parameter Qα ≈ 0.5 is inferred from Ŷamp ≈ 2 and Fig. 3 in Ref.[8].
Although it was possible to reproduce OMEGA experimental observables using the above spectrum of nonuniformities, the actual causes of degradation are
currently uncertain; a detailed analysis of the possible degradation mechanism is
discussed in Chaps. 4 and 5. However, as mentioned above, the results of the extrapolation are independent of the degradation mechanism affecting OMEGA implosions. For example, we recover similar results if the 1D simulation of OMEGA
shot 77068 is degraded by reducing the implosion velocity rather than by imposing
2D perturbations. Regardless of the degradation mechanism, the hydrodynamic
extrapolation to a 1.9 MJ driver should lead to an approximately unique value of
the fusion yield since the alpha heating depends primarily on the no-α Lawson
parameter.

7.5

Summary and Future Directions

In conclusion, we have shown that 26 kJ direct-drive OMEGA implosions [1] have
achieved -for the first time- core conditions (pressure, temperature and density)
that lead to significant alpha heating if hydrodynamically scaled to NIF energies. The predicted level of alpha heating leads to the doubling of the fusion
output like in indirect-drive HF implosions on NIF. Fusion yields of ∼ 125 kJ
are predicted, ∼ 5× that of the indirect-drive HF targets because of the larger
mass of direct-drive targets. Figure 7.4 shows that an improvement in implosion
core symmetry resulting from either correction of the low-mode or mid-modes,
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Figure 7.4: Plot of yield amplification versus χno-α , with 1-D and 2-D simulation
results are shown in red, and the curve Yα /Yno-α = (1 − χno-α /0.96)−0.75 is shown
in blue. The Lawson ignition condition χno-α ≥ 1 and the burning plasma regime
Qα ≥ 1 are shown by the gray and blue regions respectively. The OMEGA shot
77068 and its equivalent implosion extrapolated to a 1.9 MJ driver are shown in
yellow, they exhibit inferred core pressures of 57 Gbar. Correcting either the lowmode or mid-mode component of this implosion can produce ≈ 80 Gbar pressure
(see Table 5.2), with its performance approaching the burning plasma regime; the
1-D design has a hot-spot pressure of ≈100 Gbar.

included in the reconstruction of shot 77068 (and other ‘50 Gbar’ shots [1], shown
in Chap. 5), can produce a burning plasma (i.e., Qα ≥ 1) when extrapolated to
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1.9 MJ. The importance of our extrapolation model is that it shifts the emphasis
for a successful NIF direct-drive implosion from hydrodynamics to laser-plasma
interaction physics at the megajoule scale. This is because the hydrodynamics
can be validated by scaling from OMEGA results (as done here). This chapter
shows that if one can reproduce the same hydrodynamics of OMEGA targets on
the NIF then significant alpha heating is achievable. Therefore the emphasis in
direct-drive ICF research should be in making sure that the LPIs on NIF do not
degrade the implosion performance more than on the OMEGA targets.
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L. Dewald, T. R. Dittrich, T. Döppner, D. E. Hinkel, L. F. Berzak Hopkins,
J. L. Kline, S. Le Pape, T. Ma, A. G. MacPhee, J. L. Milovich, A. Pak, H.-S.
Park, P. K. Patel, B. A. Remington, J. D. Salmonson, P. T. Springer, R.
Tommasini, Nature 506, 343–348 (2014).
[3] J.H. Nuckolls, L. Wood, A. Thiessen, G.B. Zimmermann, Nature 239, 139
(1972).

BIBLIOGRAPHY

199

[4] S. Atzeni and J. Meyer-ter-Vehn, The Physics of Inertial Fusion (Clarendon,
Oxford, 2004); J. D. Lindl, Inertial Confinement Fusion (Springer, New York,
1998).
[5] E.M. Campbell and W.J. Hogan, Plasma Phys. Control. Fusion 41, B39
(1999); E. I. Moses, J. Phys.: Conf. Ser. 112, 012003 (2008).
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Chapter 8
Conclusion
This thesis covers a detailed analysis of the deceleration and stagnation phases
of ICF implosions; including studies on the effect of core-shape on implosion performance, investigation of the degradation sources in OMEGA experiments, and
scaling of the experimental results to larger and more energetic laser drivers. The
main goal is to provide a technique to compare implosions performed at different energy scales, and aiding the search for the optimal driver on the path to
thermonuclear ignition.
The metric used to estimate implosion performances was discussed in chapter
2, it was derived using a simple model for the final stage of ICF implosions. The
model includes the hot-spot energy balance equation, the hot spot temperature
equation, and equations for the dynamics of the imploding shell. A solution of
the model was shown to illustrate the onset of the thermonuclear instability in
the hot-spot.[1] The model, refined with simulations, was used to obtain the implosion performance metrics. It was shown that the parameters involved in this
metric require conditions of the hot-spot that are not influenced by self-heating
(i.e. the no-alpha conditions). However, self-heating in experiments occur spontaneously because of alpha particle energy deposition. In order to estimate the
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no-alpha conditions from the experimental parameters it is essential to estimate
the level of alpha heating. The transient nature of ICF implosions, greatly complicate the estimation of the performance enhancement by self-heating. However,
it was shown that this can be resolved using simulations and the explanation
from the simplified alpha-heating model. In simulations, the self-heating could be
conveniently turned off to estimate the corresponding no-alpha conditions. The
implosion performance estimated from experiments (including self-heating), are
used to determine the yield amplification level which is then used to provide the
no-alpha implosion performance level. The success of this method relies on the
uniqueness of the alpha heating curves shown in figure 2.11. A burning plasma
condition was defined such that the self-heating of the hot-spot exceeds its internal energy from the P dV compression alone. The implosion performance metric
and the burning plasma condition are required to assess the progress towards
ignition.[2]
A multidimensional radiation-hydrodynamics code was developed to perform
simulations of the deceleration phase of ICF implosions; this along with several
diagnostic techniques (for generating the experimentally measurable quantities)
were used to study the effect of asymmetries on implosions. This was used to
perform extensive studies of the effect of asymmetries on the compression, selfheating, and hydrodynamic scaling of the implosion core.
It is known that distortions of the implosion core degrade the implosion performance. Asymmetries arise because the interface between the hot-spot and
the shell experience opposite density and pressure gradients and is unstable to
the Rayleigh Taylor instability (RTI). Chapter 3 provided a review on the RTI,
with a discussion on the ablative stabilization of the RTI because of a density
gradient and mass ablation at the interface. The hydrodynamic code (DEC2D),
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used for the numerical study of the deceleration-phase RTI, was discussed in this
chapter.[1]
The effect of asymmetries on the fusion yield and the hot-spot pressure was
discussed in chapter 4. The asymmetries of the hot-spot were divided into low
(` < 6) and intermediate (6 < ` < 40) modes by comparison of the RTI wavelength with the hot-spot radius. It was found that long-wavelength modes introduce substantial nonradial motion, whereas intermediate-wavelength modes
involve more cooling by thermal losses. It was shown that distorted hot spots can
be non-isobaric, in contrary to the symmetric case discussed in chapter 2, and the
variation in pressure within the hot spot is proportional to M ach2 . This effect
is more pronounced for mid mode asymmetries, for which the bubbles surrounding the hot spot have large flows that maintain the large pressure gradients. In
addition for mid-modes, the RTI bubbles are cooled by increased thermal losses.
The above mentioned effects are rather small for long-wavelength asymmetries.
The long-wavelength modes introduce large nonradial motion, causing an accumulation of residual kinetic energy in the shell and resulting in degradation of
hot-spot pressure. The comprehensive energy accounting presented in this chapter, showed that the total residual energy can be used as a parameter to estimate
the degradation in stagnation pressure. [3]
In experiments, the conditions of the hot-spot are inferred using neutron and
x-ray diagnostics. It was shown that the neutron-averaged observables can be
different from the actual hydrodynamic conditions of the hot spot. This is because they contain information pertaining only to the region of the hot spot that
sustains fusion reactions (i.e., the hot region). A numerical formula to estimate
the neutron-producing volume for distorted implosions is provided. It was shown
that, the yield degradation—with respect to the symmetric case—results primar-

CHAPTER 8. CONCLUSION

205

ily from a reduction in the hot-spot pressure for low modes and from a reduction
in burn volume for intermediate modes. The degradation in yield caused by asymmetries is related to the degradation in neutron-averaged quantities (temperature,
pressure, volume, and burnwidth).[3]
In chapter 5, the theoretical understanding developed in the chapter 4 was
used to analyze OMEGA experiments. A new technique to identify trends in ICF
implosion observables was discussed. It was applied to the highest performing
implosions denoted as “50 Gbar” shots. The analysis of the experiments showed
that in addition to the presence of low modes, which cause a degradation of the
stagnation pressure (from ∼100 Gbar in 1-D to ∼50 Gbar), mid-mode asymmetries degrade the hot-spot size and have a significant impact on the implosion
performance. A combination of low- and mid-modes was used to reconstruct all
the experimental observable pertaining to the implosion core, simultaneously.[4]
To estimate the performance level of these direct-drive implosions on an ignition scale laser, like the NIF, a comprehensive scaling theory was developed.
Chapter 6 discusses the scaling of the deceleration-phase Rayleigh–Taylor instability (RTI). It is shown that ablative stabilization of the RTI resulting from
thermal conduction and radiation transport is different on the two scales. However, the RTI mitigation related to the two components scale oppositely with
implosion size, and balances each other. As a result, the degradation of implosion
performance caused by the deceleration-phase RTI is similar for OMEGA and NIF
scales.[1]
Chapter 7 discusses the scaling of OMEGA implosions to NIF including the
effect of self-heating. It is shown that for the first time, direct-drive implosions
on the OMEGA laser have achieved core conditions that would lead to significant
alpha heating at incident energies available on the NIF scale. The extrapola-
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tion of the experimental results from OMEGA to NIF energy assumes only that
the implosion hydrodynamic efficiency is unchanged at higher energies. This approach is independent of the uncertainties in the physical mechanism that degrade
implosions on OMEGA, and relies solely on a volumetric scaling of the experimentally observed core conditions. It is estimated that the current best-performing
OMEGA implosion extrapolated to a 1.9 MJ laser driver with the same illumination configuration and laser-target coupling would produce 125 kJ of fusion
energy with similar levels of alpha heating observed in current highest performing
indirect-drive NIF implosions.[5, 6, 7] As a path forward for cryogenic implosions
on OMEGA, correction of the systematic degradation in the OMEGA implosions
—by improving either the low- or mid-mode symmetry— can produce conditions
for a burning plasma when scaled to NIF energies. The importance of this work is
that it shifts the emphasis for a successful NIF direct-drive implosion from hydrodynamics to laser-plasma interaction (LPI) physics at the megajoule scale. This
is because the hydrodynamics can be validated by scaling from OMEGA results.
This work shows that if one can reproduce the same hydrodynamics of OMEGA
targets on the NIF, then significant alpha heating is achievable. Therefore, the
emphasis in direct-drive ICF research should be in making sure that the LPIs
on NIF do not degrade the implosion performance more than on the OMEGA
targets.
Since this extrapolation of the fusion yield relies solely on a volumetric scaling
of the core, and since the stagnation physics for conventional hot-spot ignition is
equivalent for both direct- and indirect-drive, this general fusion yield extrapolation technique can be applied to both. This provides a technique to compare
implosions performed at different energy scales, and facilitates the search for the
optimal driver and target to achieve thermonuclear ignition.[5]
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