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Abstract
Relations between stagnation and in-flight phases are derived both analytically and numerically, for hydrodynamic variables relevant to direct-drive inertial
confinement fusion implosions. Scaling laws are derived for the stagnation values
of the shell density and areal density; also the hot spot pressure, temperature
and areal density. Simple formulas are derived for the thermonuclear energy gain
and the in-flight aspect ratio. The ignition condition (Lawson criterion) for conventional hot-spot inertial confinement fusion is cast in a form dependent on the
only two measurable parameters of the compressed fuel assembly: the hot-spot
ion temperature (Tih ) and the total areal density (ρRtot ) that includes the cold
shell contribution. A marginal ignition curve is derived in the ρRtot , Tih plane
and current implosion experiments are compared with the ignition curve. On this
plane, hydrodynamic equivalent curves show how a given implosion would perform
with respect to the ignition condition when scaled up in the laser-driver energy.
The hydrodynamic scaling laws and the ignition criterion provide guidelines for
the optimized fuel assembly design in direct-drive fast ignition and conventional
inertial confinement fusion implosions.
It is found that massive cryogenic shells can be imploded with a low implosion velocity on a low adiabat using the relaxation-pulse technique, to assemble
thermonuclear fuel at high densities, high ρR, and with a small-size hot spot,

vii

optimal for fast ignition. The calculated energy gains for such capsules show that
fast ignition can achieve high gains ∼ 100 for relatively small UV laser drivers
with energy in the few hundred kilojoule range. Experiments on surrogate plastic
shells have been carried out on the OMEGA laser to test the design principles of
fast ignition fuel assembly. Thick, 40 µm plastic shells filled with 25-35 atm of
D2 or D3 He were imploded on a low-adiabat and with a low-implosion velocity
to generate massive cores of compressed plasma with high areal densities optimal for fast ignition. The targets are driven by 20-kJ relaxation adiabat-shaping
laser pulses to keep the inner portion of the shell nearly Fermi degenerate. The
measured kinetic energy downshift of proton spectra is in good agreement with
the theoretical predictions yielding burn-averaged areal densities of 0.140±0.017
g/cm2 and peak areal density during the burn exceeding 0.24±0.018 g/cm2 . The
same implosions with empty plastic shells are expected to reach 1.3 g/cm2 across
the core (i.e., 2ρR) enough to stop fast electrons with energies up to 4.5 MeV
typical of fast ignition scenarios.
It is shown that ignition in these massive capsules can also be triggered by
launching a strong spherically-convergent ignitor shock at the end of the laser
pulse. The assembled fuel is ignited from a central hot spot heated by the collision
of the ignitor shock and the return shock. The resulting fuel assembly features a
hot-spot pressure greater than the surrounding dense fuel pressure. Such a non-

viii

isobaric assembly requires a lower shell kinetic-energy threshold for ignition than
the conventional isobaric one. The thermonuclear gain can be significantly larger
than in conventional isobaric ignition for equal driver energy and hydroequivalent
implosions. The ignitor shock can be launched by a spike in the laser power or
by particle beams. Laser pulses with a high intensity spike have been used on
OMEGA to test the shock ignition concept. Implosion experiments with 40-µm
thick plastic shells filled with D2 gas driven by 17kJ shock-ignition-type laser
pulses have produced burn-averaged areal densities up to 0.22 g/cm2 and peak
areal density during the burn above 0.3 g/cm2 . Those measurements are in good
agreement with the results of one-dimensional hydrodynamic simulations of the
implosions.
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1. INTRODUCTION
Nuclear fusion is a form of nuclear energy generated by the fusing of light elements, mainly hydrogen isotopes deuterium (D) and tritium (T), into heavy nuclei.
Fusion energy has the advantage over fossil and nuclear fission energy sources in
environmental impact and safety issues, as it produces no greenhouse emissions
and does not need to maintain a chain reaction. It also has higher energy density
than other alternative energy sources. While large amounts of deuterium are naturally available in ocean water, tritium can be bred from the lithium isotope Li6
which is also available in great quantities on earth. These advantages make fusion
power an attractive energy source with the potential to provide cheap electricity
for centuries to come. The initiation of fusion reactions, referred to as ignition,
requires the fuel to be heated to temperatures on the order of 5∼10 keV so that
the kinetic energy of the reactive fuel ions can overcome the Coulomb potential
barrier between them. At these high temperatures, the fuel is in the form of a
fully ionized plasma and difficult to confine. There are currently two approaches
aimed at achieving successful confinement of this high temperature plasma in the
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Fig. 1.1: Two approaches are used to drive ICF implosions. In the direct-drive
approach, the laser beams are aimed directly on the target. In the
indirect-drive approach, the laser energy is converted into x-rays to
compress the target.

laboratory, namely magnetic confinement fusion1 and inertial confinement fusion
(ICF).2, 3 This thesis concentrates exclusively on inertial confinement fusion, discussing both the theory of ICF fuel assembly design as well as new approaches to
achieving ignition that go beyond the conventional scheme.
In ICF, one attempts to confine the burning fusion fuel by using the inertia of
an imploded fuel mass. The confined fuel must reach a high temperature and a
high pressure to produce enough thermonuclear reactions, so that the total energy
released by the fusion reactions is much greater than the driver energy required
to compress the fuel. The most common driver for ICF implosion is typically a
laser which drives a cryogenic deuterium and tritium (DT) spherical capsule filled
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with DT gas inward by applying a large pressure on the target surface. As shown
in Figure 1.1, there are two approaches used to generate the necessary energy flux
and pressure required to drive this implosion. Those are the indirect-drive and
the direct-drive approaches. In the indirect-drive approach, the laser energy is
absorbed and converted into x-rays by the high-Z material on the inside surface
of a hohlraum that surrounds the fuel capsule. In the direct-drive approach, the
laser beams are aimed directly at the capsule. A low density coronal plasma forms
around the capsule into which the laser energy is absorbed by electrons in the
vicinity of the critical surface via inverse bremsstrahlung.4 Electrons transport
that energy to the the outer layer of the dense shell by heat conduction thus
increasing the temperature of the shell outer surface. As this layer heats up, some
portion of it gets ablated from the shell. The ablated material expands outward,
driving the inner part of the shell inwards due to momentum conservation. It
is this “rocket effect” that provides the ablation pressure for ICF implosions. A
small portion of the fuel in the center of the capsule is heated by the pdV work of
the imploding shell to reach a much higher temperature than its surroundings, and
thus provides a favorable environment for a high degree of fusion reactivity. This
central “hot spot” region of the fuel, which is a low-density plasma, is the source
of a thermonuclear burn wave that propagates outwards igniting the remaining
dense fuel.
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In order to achieve the desired temperature and density, the laser pulse starts
from driving a uniform shock through the shell. As the shock propagates inside
the shell, the laser power begins to rise and subsequently launches a compression
wave traveling inward to the center of the capsule. Since the shock velocity is
always subsonic with respect to the upstream shocked material, this compression
wave catches up with the shock. Providing the laser pulse timing is correct, the
compression wave should meet with the shock right at the shell inner surface.
When the shock and compression wave merge and break out on the inner shell
surface, an outward traveling rarefaction wave is launched from this surface due
to the density discontinuity at the shell and gas interface.5 Before the rarefaction
wave reaches the shell outer surface, the shell moves inward at approximately
constant speed. Once the rarefaction wave breaks out, the shell outer surface
senses the lower pressure and accelerates inward under the pressure of the laser
driver. This marks the onset of the acceleration phase, during which the shell is
accelerated to a high velocity, called the implosion velocity Vi . The acceleration
phase ends when the laser is turned off, leaving the shell to continue moving
inward at an approximately constant velocity Vi .
Eventually the shell starts to slow down due to the build up of pressure in its
center. This period is the deceleration phase. It starts when the inward traveling
shock reflects off the center of the capsule and hits the imploding inner shell
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surface, causing the shell to slow down. A reflected shock is sent back inward
from the inner shell surface, to rebound off the center and to hit the shell again.
These multiple reflections keep decelerating the shell impulsively but weaken after
a couple of rebounds. This period of time is usually referred to as the “impulsive
deceleration phase”. As the shock strength decreases, the low density gas enclosed
by the inner shell surface develops a fairly uniform pressure and becomes part of
the hot spot. The whole imploding shell acts like a spherical piston on the hot spot,
continuously slowing down until it finally stops, a point referred to as “stagnation”.
The hot spot pressure and temperature keep increasing as the shell converges thus
converting its kinetic energy into internal energy through pdV compression work.
This part is referred to as the “continuous deceleration phase”, during which the
hot spot mass increases because the heat conducted from the hot spot to the shell
causes more shell material to ablate off the shell inner surface into the hot spot.
When the shell stagnates, the pressure is almost constant throughout the hot
spot and the shell, i.e. the fuel assembly has evolved into an isobaric configuration6
in which a relatively low-density, high-temperature hot spot is surrounded by a
high-density, low-temperature dense shell. The dense shell provides the inertial
confinement of the hot spot. A dense shell is more efficient in compressing the
hot spot and provides better hot spot confinement. Another important parameter
determining the hot spot confinement and the energy gain is the capsule areal
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density, defined as ρR ≡

6

R∞
0

ρdr. As shown in chapter 3, the areal density and

the hot-spot temperature are the key parameters that enter into the ignition
condition. The larger the areal density, the lower the critical temperature required
for ignition. Moreover, large areal densities lead to larger burn fractions and higher
energy gains. Indeed, the burn fraction can be approximated2 as θ ≈ ρR/(ρR+7),
where ρR is given in g/cm2 .
To achieve high densities and areal densities, the shell entropy must be kept
low. The entropy is closely related to the so-called adiabat α. The adiabat
is usually defined as the ratio of the plasma pressure P to the Fermi pressure
PF of a degenerate electron gas. For a fully ionized DT plasma, the adiabat is
approximately α = P/2.2ρ5/3 where the plasma pressure P is in megabars and
the plasma density ρ is in g/cm3 . Since the work to compress a plasma to a
fixed pressure/density is proportional to α3/5 /α, a lower adiabat leads to higher
pressure/density for the same work. From a hydrodynamic performance point of
view, lower adiabats are desirable in ICF implosions.
Since the hot-spot density is much lower than that of the shell, the hot spot
has much higher temperature. Currently existing and planned ICF laser facilities are capable of heating the hot spot up to temperatures of several keVs. At
this temperature the highest averaged reactivity hσvi for thermonuclear reactions
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occurs for a pair of deuteron and triton (DT) nuclei,
D + T −→ He4 + n

(1.1)

This reaction produces a 3.6-MeV alpha particle (He4 ) and a 14.1-MeV neutron.
To maximize the fusion reaction rate, high-yield capsules are typically filled with
an equal amount of deuterium and tritium. The neutrons escape without significantly slowing down and deposit little energy in the hot spot. On the other
hand, the alpha particles are stopped by collisions with electrons, depositing their
energy into the hot spot. If the hot spot reaches a high enough temperature,2, 3
the alpha energy deposition overcomes the energy losses from radiation and heat
conduction. In such circumstances, the DT reactions are self-sustained, leading
to a thermal instability in which the hot spot is rapidly heated up, increasing the
fusion reaction rate. The onset of this thermal instability is usually referred to
as “thermonuclear ignition”. Some alpha particles can escape to the surrounding
cold shell where they deposit their energy to the shell inner surface. Furthermore,
the sharp temperature gradient at the inner shell surface enhances the heat conduction from the hot spot to the inner surface of the cold shell. The combination
of these effects result in the rapid increase of the temperature in the inner portion
of the shell. As the heated portion of the shell reaches ignition temperatures,
the fusion burn begins to propagate. This is the origin of the burn wave that
propagates into the cold shell thus igniting the main fuel. Cryogenic DT is used
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in high-yield ICF implosion designs as shell material. When the burn wave propagates through the shell, the amount of fuel burnt is significantly increased, more
fusion energy is released to drive the thermal instability. The imploding shell is
slowed down and eventually starts to expand outward as the temperature and
pressure increase in the gas. The shell disassembly that follows the burn, causes
the fuel to cool thus quenching the thermonuclear burn.

1.1

Fuel Assembly

The conventional “central hot spot” inertial confinement fusion approach3 described earlier, has an isobaric fuel configuration with a relatively low-density,
high-temperature hot spot, surrounded by a high-density, low-temperature main
fuel. It requires a high implosion velocity to compress the hot spot and the shell.
To reach the 5-10 keV hot-spot temperature necessary for ignition, a shell implosion velocity of order ∼ 4 × 107 cm/s is required for conventional ICF implosions.
The convergence ratio (CR), defined as the ratio between the initial outer capsule
radius and the final hot spot radius, is about 25 ∼ 45 for these high velocity implosions. The requirement for low mode spherical symmetry of the target is stringent
in that a large convergence ratio is needed to produce the ignition spark. When
the dense shell is pushed inward by the low density plasma that surrounds it during the acceleration phase, the acceleration g is pointed from the shell to the low
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density region in a frame of reference fixed with the interface between the two regions. As the density gradient is in the opposite direction of the acceleration, this
interface is unstable and perturbations at this interface start to grow exponentially in time. This instability, that develops on the outer shell surface during the
acceleration phase of ICF implosions, is called the Rayleigh-Taylor (RT) instability.7, 8 The linear growth rate for “classical ” Rayleigh-Taylor instability, assuming
the fluid is incompressible and neglecting the effects of mass ablation,9 can be expressed7–9 as γ =

√

Akg, where k is the wave number of the perturbation mode

and A = (ρh − ρl )/(ρh + ρl ) is the “Atwood number” for a heavier fluid density ρh
and a lighter fluid density ρl . The number of e-foldings of the RT growth during
the acceleration phase is γt = Vi

p

Ak/g, where the implosion velocity is taken as

Vi = gt. Another important hydrodynamic parameter commonly used to compute
the number of e-foldings of ICF implosions is the in-flight aspect ratio (IFAR).
It is defined as the maximum value of the ratio between the average shell radius
and the minimum in-flight thickness (∆if ), and determines the Rayleigh-Taylor
(RT) instability growth on the outer shell surface during the acceleration phase.
According to the derivation in chapter 2, IF AR ∼ Vi2 /α0.6 with α the in-flight
adiabat. A low implosion velocity reduces the IFAR thus lowering the growth
factor of the most dangerous Rayleigh-Taylor instability modes. The latter are
the Rayleigh-Taylor modes with a wave number k such that k∆if ≈ 1. Longer
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Fig. 1.2: Sketches of a uniform pressure (P ) isobaric fuel assembly and a uniform
density (ρ) isochoric fuel assembly. The shaded region is the density
profile. The solid line is the pressure profile.

wavelengths with k∆if < 1 grow more slowly and bend the shell in a ribbon-style
fashion. Shorter wavelengths saturate at smaller amplitudes and do not penetrate
deeply into the shell. Instead, modes with k∆if ≈ 1 grow quite rapidly and are
particularly dangerous since they can penetrate deep into the shell up to the shell
inner surface. Their effect can have catastrophic consequence on the shell integrity and lead to the target break-up. Therefore, high implosion velocities lead
to strong RT growth that can compromise the shell integrity, lower the fusion
reaction yield, and significantly degrade the performance of ICF implosions.
Alternatively, the fuel assembly can be imploded at a lower implosion velocity
of order ∼ 2 × 107 cm/s and smaller IFAR, leading to better shell integrity. A low-
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velocity implosion results in a small-size, low-temperature hot spot surrounded
by a massive cold shell. More driver energy is used to compress the fuel instead
of heating the central gas. This fuel configuration is approximately isochoric
(uniform density) and compresses more mass to lower peak density. By way of
burning more mass, its yield and energy gains are larger than that of the isobaric
configuration if ignited. However, low implosion velocities lead to low central
temperatures. Thus, this type of fuel assembly fails to ignite due to the low
temperature in the hot spot and alternative methods are required to ignite the
compressed fuel. Some of these methods, such as fast ignition and shock ignition,
are discussed in later sections. The isobaric and isochoric configurations are shown
schematically in Figure 1.2. Assembling the fuel in an optimal isobaric or isochoric
configuration requires a careful choice of the target geometry and laser pulse
shapes. The methodology used to optimize the fuel assembly is usually referred
to as “target design”.
To design targets, one needs to correlate the stagnation values of the relevant
hydrodynamic properties to the in-flight values of the controlling hydrodynamic
parameters. The stagnation properties of a fuel assembly determine the implosion
performance. The in-flight hydrodynamic parameters are the ones that can be
controlled through the choice of the target size and materials, as well as the laser
pulse shape and energy. In chapter 2, a set of scaling laws relating the stagnation
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properties to the in-flight hydrodynamic parameters of ICF implosions are derived
and applied to optimal target design in chapter 4.

1.2

Hot-spot Ignition

In a ignited hot spot of an ICF capsule, the fusion reactions are sustained for
a period of time long enough to produce a net energy gain. Simple power balance
considerations19 indicate that thermonuclear ignition of the fuel requires a plasma
temperature above a critical value Tc of several keV and the product pτ to exceed
about 10 atm·s. Here p is the plasma pressure and τ is the energy confinement
time. At temperatures above Tc and pτ > 10, the heating induced by the fusion
products is large enough to raise the fuel temperature and pressure. As the temperature raises, so does the fusion reaction rate leading to a further increase in
temperature. As long as the fusion reactivity increases with temperature, this phenomenon causes a runaway effect in the temperature and fusion rate. This thermal
instability is usually referred to as “thermonuclear ignition”. The Lawson criterion pτ > 10 applies to both magnetic as well as inertial fusion. While magnetic
fusion1 operates in the regime where τ ∼ 1s and p ∼ 10atm, inertial fusion requires
extreme plasma conditions with ultra-high pressures (p ∼ 100Gbar ∼ 1011 atm) to
compensate for ultra-short confinement times (τ ∼ 100ps ∼ 10−10 s). Since ignition starts in the central hot spot, the energy confinement time is governed by the
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heat conduction and radiation energy losses. Those are significant at the multikeV hot-spot temperatures. Direct measurements of p and/or τ in the hot spot of
ICF capsules are difficult. It follows that the performance of current ICF implosions with respect to the ignition condition cannot be accurately assessed. A new
derivation of the Lawson criterion in terms of measurable parameters is therefore
crucial for an objective performance assessment. In Chapter 3, a new form of the
Lawson criterion is derived. This new ignition condition depends on the only two
measurable parameters of the ICF fuel assembly: the total areal density and the
hot spot ion temperature. This new criterion can be easily used to determine how
close to one-dimensional marginal ignition are current ICF implosions performing.

1.3

Fast Ignition

An isochoric fuel configuration produced by slow implosions of massive targets can be ignited by an external trigger. With the development of short-pulse
ultra-intensity lasers (Iλ2 > 1018 W cm−2 µm2 ), ignition can be achieved by separating the compression and the ignition of ICF capsules. This scheme allows
some relaxation of the constraints on the shell implosion velocity, convergence
ratio and hydrostability. This technique is called “fast ignition”.12–14 The density and pressure are less than those in conventional central hot spot ignition and
therefore easier to achieve in principle. In fast ignition, a relatively cold, high
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Fig. 1.3: In fast ignition, there are two methods to guide the ignitor laser beam to
the compressed dense core. In the cone-focused method, a single ignitor
laser beam is guided through a inserted gold cone. In the channeling
method, a ignitor laser beam reaches the dense core via a channel bored
by a prepulse laser through the coronal plasma.

density and high areal density assembly of thermonuclear fuel is ignited by the
external heating of a small volume of the dense fuel. The external heating can be
provided by the fast electrons accelerated by the interaction of an ultra-intense
petawatt laser pulse with either a coronal plasma or a solid target. To approach
the dense compressed core, the laser can be guided either through a gold cone
that is inserted into the capsule or through a channel bored by a laser prepulse.
The channeling and cone-guided methods for laser propagation to the dense fuel
are shown schematically in figure 1.3.
The fast electrons slow down in the cold dense fuel releasing their kinetic energy
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through collisions with the background plasma electrons. The fast electron range
is measured in terms of the fuel areal density, for example, 1MeV electrons15, 16 is
about 0.4-0.6g/cm2 . The igniter beam energy required for fast ignition increases
inversely to the fuel density.17 According to Atzeni’s work,17 the 1MeV electronf ast
beam ignition-energy follows the simple formula Eign
= 11 (400/ρf )1.85 , where

ρf is the dense fuel density in g/cm3 . To keep the energy of the petawatt laser
below a few tens of kilojoules, the thermonuclear fuel density needs to exceed
the value of about 300g/cm3 . To ignite a high density fuel, one requires a high
intensity electron-beam of radius17 rb (µm) ≃ 15 (400/ρf ). As a consequence of
the difficulty associated with focusing laser beams with radii less than 15µm, fuel
densities in the range 300 − 500g/cm3 are desirable.
Fast ignition requires that the volume of the hot spot in the fuel assembly be
much smaller than that of the dense compressed fuel. While perfectly isochoric
assembly is difficult to achieve, a dense core with a small central hot spot can
be realized by carefully controlling the adiabat and the implosion velocity. A
technique to assemble fuel for fast ignition is presented in chapter 4. It relies
on implosions of massive cryogenic capsules driven on a very low adiabat with
relaxation-type24 laser pulses. The shells are accelerated to a rather low implosion
velocity about 1.7 × 107 cm/s and the resulting compressed core features a small
hot spot in relation to the dense core size.
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In direct-drive fast ignition, the high-energy driver is typically a laser with a
wavelength λL ≈ 0.25, 0.35, or 0.53 µm, and the high intensity laser has a power
in the petawatt range with a wavelength of 0.53 or 1.06 µm. The energy gain is
defined as the ratio between the thermonuclear energy yield and the laser energy
on target. Such a definition does not take into account the energy required to
power the lasers. Including the wall plug efficiency of the lasers is essential to
assess the ultimate validity of fast-ignition inertial fusion as an economical energy
source, but it requires detailed consideration on the laser technology. Earlier
attempts56 to determine the gain curves for fast ignition were based on simple
heuristic models of the fuel assembly and thermonuclear yields. In chapter 5 a gain
curve is calculated based on realistic target designs, hydrodynamic simulations of
the implosion, as well as simulations of the ignition by a collimated electron beam
and burn propagation. The targets are chosen according to the design principles
of fast ignition fuel assembly discussed in later chapters. The laser pulses and
target characteristics are optimized to achieve a fuel assembly with a small hot
spot, large densities, and areal densities suitable for fast ignition.

1.4

Shock Ignition

Fast ignition demands precision timing and focusing of multiple short-pulse
ultra-intense lasers. The interactions of these ultra-intensity lasers with plasmas
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are both complicated and difficult to control. The performance of cone-in-shell
targets also suffer from the cone-tip deformation and the asymmetric implosion. A
novel method, namely shock ignition,10 used to assemble and ignite thermonuclear
fuel is presented in chapter 6. It has some advantages over fast ignition in that a
second laser system is not required and that the target spherical symmetry need
not be disrupted, thus reducing the difficulties associated with laser timing and
implosion symmetry.
Shock ignition is a concept for direct-drive laser inertial confinement fusion
where a strong shock wave is launched at the end of the laser pulse to ignite the
compressed core of a low velocity implosion.10 It requires a lower driver energy
for ignition than the conventional isobaric hot-spot ignition concept.11 The fuel
is first assembled to a high areal density (ρR) on a low adiabat (α) with a subignition implosion velocity using shaped nanosecond laser pulses. Then a strong
shock wave is launched into the compressed core that triggers a burn wave and
ignites the fuel. Similar to fast ignition13 and impact ignition,18 the fuel assembly
and ignition are separated and the energy gain (G) scales as G ∼ θ/Vi1.25 , where
θ is the burn-up fraction that increases with ρR and Vi denotes the implosion
velocity. Therefore, a low implosion velocity and high ρR are advantageous.28 The
peak areal density is approximately independent of the shell implosion velocity
and depends on the in-flight adiabat according to ρRmax ∼ α−0.55 favoring an
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adiabat as small as achievable. Low velocity, high-ρR, α ≈1.5 implosions have
recently been demonstrated76 with neutron-averaged areal densities of 0.14g/cm2
and peak ρR of ∼ 0.24g/cm2 . For fast ignition, the implosion laser facility needs
to be combined with a high intensity, short pulse multi-petawatt igniter laser. In
contrast, shock ignition makes use of the pulse shaping capabilities of the implosion
laser facility thus significantly relaxing the technical constraints of the concept.
An important aspect of the new concept is how the fuel assembly is affected by
shock ignition pulse shapes. The shock ignition type pulse shapes has lead to a
significant improvement in performance. Experiments conducted on the OMEGA
laser system show higher compression, with peak ρR exceeding ∼ 0.3g/cm2 .
The strong shock wave that triggers ignition is produced by adding a sharp
intensity spike at the end of the main drive pulse.10 The spike pulse is timed
to meet with the return shock, driven by the rising hot spot pressure during the
deceleration phase, in the shell close to the cold fuel-hot spot interface. The
colliding shocks generate two new shock waves of which one propagates inwards
leading to further compression of the hot spot and a peaked pressure profile with
its maximum in the center. The resulting fuel assembly is non-isobaric with a hot
spot pressure greater than that of the surrounding dense fuel and thus requires
lower energy to achieve ignition than is the case for conventional isobaric hot-spot
ignition. The required driver energy is lowered roughly by the factor (phs /piso )2.5 ,
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where phs is the non-isobaric hot spot pressure and piso is the isobaric pressure.
A pressure ratio of 1.7 results in a four times lower energy requirement. This
mechanism is very effective in thick-shell implosions, where the ignitor shock wave
significantly increases its strength as it propagates through the converging shell.
Massive shell implosions have good hydrodynamic stability properties during the
acceleration phase due to the low acceleration and small in-flight aspect ratio
(IFAR).
This thesis focuses on fuel assembly for conventional, fast and shock ignition
direct-drive inertial confinement fusion. It demonstrates that high-areal-density
fuel assemblies optimized for fast-ignition can be achieved by low-velocity, lowadiabat implosions and that these fuel assemblies can also be ignited by the shock
ignition method. Chapter 2 provides a detailed theoretical treatment of the relationship between stagnation and in-flight phases for hydrodynamic variables
relevant to direct-drive inertial confinement fusion implosions. Scaling laws are
derived for the stagnation shell and the stagnation hot-spot properties. Hydrodynamic simulations of one-dimensional ICF implosions are also carried out in chapter 2 to provide the required numerical fits. The measurable ignition condition
for inertial confinement fusion implosions is derived in chapter 3. Hydrodynamic
equivalent curves for ICF implosions are plotted with the ignition condition, providing a simple energy scaling of the implosion performance. The application of
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these principles to high-performance fuel assembly designs is discussed in chapter 4. A detailed example for low-adiabat, low-velocity ICF implosion design is
given at the end of chapter 4. The gain curve is derived analytically in chapter 5
for fast-ignition target densities around ρ ≈ 300g/cm3 . One-dimensional hydrodynamic simulations of the implosion stage and two-dimensional simulations of
ignition and burn propagation are used to demonstrate that realistic fast-ignition
targets can be ignited by monoenergetic collimated electron beams with duration
of 10 ps and an energy of 15 kJ. The shock ignition method is presented in chapter
6 starting from an analytical derivation of the ICF ignition conditions. It shows
that a nonisobaric fuel assembly, resulting from shock collisions, requires a lower
energy threshold for ignition than the conventional isobaric one. The experimental results of high-areal-density implosions on OMEGA are discussed in chapter
7. The targets used are thick plastic shells filled with D2 or D3 He gas, optimized
for fast ignition. Same targets were also imploded with a shock-ignition type laser
pulse and the experimental results are discussed in chapter 8.
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2. HYDRODYNAMIC SCALING
RELATIONS
The values of hydrodynamic variables, such as entropy, pressure and velocity,
during the acceleration phase are usually referred to as in-flight quantities, and
are usually determined by the target characteristics and driver laser pulse specification. Since the capsule performance depends on the stagnation parameters, it
is important to determine the relations between the in-flight and the stagnation
variables, so that the target and laser pulse can be properly designed to meet the
requirements for high performance implosions. The relevant stagnation parameters refer to the energy gain and to several properties of the dense shell and the
hot spot. The most important ones are the shell areal density, the hot spot areal
density, the shell density, the hot spot temperature and pressure.
While achieving a high hot-spot temperature is crucial for conventional directdrive ignition, the fuel assembly for fast ignition13 (FI) requires a low temperature
hot spot surrounded by a massive cold shell of densities within a 300-500 g/cm3
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range, and high areal density.28 The fast ignition scheme requires values of the
core density within an upper and lower bound imposed by the short-pulse laser
characteristics, such as energy, power, and intensity.17 It also requires a massive
core with high areal density to slow down the ignitor particle beam and improve
the thermonuclear gain. High temperature in the hot spot is not important, if
not detrimental, to fast ignition. Instead, a small and relatively cold hot spot is
preferred in that most part of the driver energy is used to compress the fuel assembly rather than heating the hot spot. The hydrodynamic laws relating in-flight
and stagnation variables are also helpful to establish the basic design principles
to achieve the high densities and high areal densities required in a fast ignition
fuel assembly.
In this chapter, we derive a set of hydrodynamic relations between the inflight and stagnation variables. The summary of these results has been published
in a paper by C.D. Zhou et al., Phys. Plasmas 14, 072703 (2007). The general
guidelines for the design of high performance direct-drive conventional ICF and FI
implosions are described in chapter 4. Section 2.1 briefly introduces the numerical
database used in the derivation and benchmarking of the scaling laws. Section 2.2
presents the gain formula and hydrodynamic efficiency based on the rocket effect
model. The analytic scaling laws for the shell quantities are derived in Section
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2.3. In Section 2.5, the hot-spot scaling relations are developed from an isobaric
model.

2.1

Implosion Simulation Database

The one-dimensional Lagrangian radiation-hydrodynamics code LILAC20 is
used to generate an implosion simulation database for producing numerical fits
of various scaling laws. This hydrocode is routinely used for ICF target design
studies at the Laboratory for Laser Energetics. It includes SESAME21 equation
of state tables, flux-limited22 Spitzer thermal conduction23 (the value of the flux
limiter is set at f=0.06), multigroup radiation transport, multigroup alpha particle
transport, and 3-D laser ray tracing. In each simulation, the thermonuclear burn
is turned off, since only the stagnating fuel assembly is studied and the scaling
laws are derived by neglecting alpha particle heating. The targets used in the
simulations are mostly spherical shells consisting of a single DT ice layer or two
layers of wetted-foam ((DT)6 CH) and pure DT ice. All targets are filled with 1
atm DT gas, and the initial target aspect ratio varies from 1.0 to 5.5. The target
aspect ratio is the shell radius divided by the shell thickness. The relaxation
(RX) adiabat shaping24, 25 technique is used to design most of the laser pulse
shape for these implosions. Typical pulse shapes and target geometry used in the
simulations are shown in Figure 2.1. The relaxation (RX) laser pulse consists of a
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prepulse followed by an interval of laser shut off and the main pulse. Such a laser
pulse is used to shape the adiabat in the ablator. The RX laser pulse is designed
to induce an in-flight shaped adiabat profile that is monotonically decreasing from
the ablation front (outer shell surface) where the adiabat is high αif = αout , to
the inner shell surface where the adiabat is low αif = αinn < αout . Shaped
adiabat profiles exhibit significant advantages (see reference24–27 for details) with
respect to flat adiabat profiles where the adiabat is uniform through the ablator
(αif = αinn = αout ). Since the characteristics of the final fuel assembly depend
only on the inner surface adiabat αinn , the comparison between shaped adiabat
and flat adiabat profiles needs to be performed for equal αinn . In this case, shaped
profiles have larger mass-averaged adiabat hαif i and larger ablation front adiabats
αout than the corresponding flat adiabat profiles. This causes higher ablation
velocities and thicker targets leading to better hydrodynamic stability during the
acceleration phase in shaped adiabat implosions. Furthermore, laser pulses using
the RX method are easier to implement28 since they require a lower laser-power
contrast-ratio (ratio of peak power to foot power) than corresponding flat adiabat
pulses.
The implosions of about fifty targets are simulated to fill the database. In these
numerical simulations, the driver energy varies from 25kJ to 2MJ, adiabat 0.7 to
4.0, implosion velocity 1.5 to 5.0 × 107 cm/s. Most of the implosions are driven
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Fig. 2.1: Target geometry and RX laser pulse for a 100-kJ, αinn = 0.7 implosion
used in the implosion simulation database

by a UV laser driver with a wavelength λL = 0.35µm and the laser intensity
is adjusted to achieve the best performances. Since the intensity varies over a
relatively narrow range (0.75 < I15 < 1.05 × 1015 W/cm2 ), it does not represent a
good scaling parameter. Thus, all the intensity scaling dependence uses analytic
results in the derivation of the scaling laws in later sections.

2.2

Hydrodynamic Efficiency and Gain
Formula

In direct-drive ICF, the “rocket effect” drives the implosion of the shell. In
this process, only a small fraction of the deposited laser energy is converted into
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the shell kinetic energy. The ratio between the shell kinetic energy and the laser
energy on target is defined as the hydrodynamic efficiency η. Let’s consider a
shell of mass M, with exhaust material ablated with velocity u relative to the
shell. The momentum conservation equation can be written as,
M

dv
dM
= −u
dt
dt

(2.1)

where v is the shell velocity. Integrating equation (2.1) from the initial mass M0
to the final mass Ms , and writing the ablated mass as Ma = M0 − Ms , leads to
the shell implosion velocity,
Vi = u ln



M0
Ms





Ma
= −u ln 1 −
M0

(2.2)

Since most of the absorbed laser energy converts into either kinetic energy of the
shell or exhaust energy of the ablated material, the hydrodynamic efficiency only
depends on the ratio between ablated mass and initial mass. The kinetic energy
h 
i2
a
of the shell is Ek = (M0 − Ma ) ln 1 − M
u2 /2, and the exhaust energy is
M0
Eex = Ma u2 /2. Thus, the hydrodynamic efficiency η can be written as2
η=

(1 −

Ma
)[ln(1
M0

−

Ma /M0

Ma 2
)]
M0

(2.3)

In typical ICF implosions, the ablated mass does not exceed 80% of the initial
mass (Ma /M0 < 0.8). Within this range, equation (2.3) can be approximated as
η ∼ (Ma /M0 )0.87 .
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Fig. 2.2: Hydrodynamic efficiency η from simulations (dots) compared to the
numerical fit (solid line)

For a shell of inner radius R and in-flight thickness ∆if , the total initial shell
mass scales as M0 ∼ ρif R2 ∆if , where ρif is the in-flight shell density. By defining
the shell in-flight aspect ratio as Aif = R/∆if , an asymptotic scaling relation
between Aif and the in-flight Mach number M achif is obtained analytically3 for
spherical implosions, Aif ∼ M ach2if . Thus, the initial shell mass can be approximated by M0 ∼ ρif R3 /Aif ∼ ρif R3 M ach−2
if . The mass ablation rate Ṁa is proportional to the ablation velocity Va , the in-flight shell density ρif and the ablation
surface ∼ R2 , and scales as Ṁa ∼ ρif Va R2 . For a shell of radius R and implosion
velocity Vi , the total time of acceleration scales with the implosion time tI = R/Vi .
Thus the total mass ablated during the implosion is Ma ∼ Ṁa tI ∼ ρif Va R3 /Vi .
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The ablation velocity, i.e. the speed of the ablation front moving through the
shell, is determined by the properties of both the shell and the laser.3 It is usually expressed in terms of the shell in-flight adiabat αif , laser intensity IL and
3/5 −1/15 −14/15
λL
.

wavelength λL , as Va ∼ αif IL

5/3

Using the relation αif ∼ pif /ρif and

pif ∼ PL ∼ (IL /λL )2/3 ,3 where PL is the laser-driven ablation pressure, the inflight Mach number is expressed as
Vi
−3/10 −2/15 2/15
M achif ∼ p
∼ Vi αif IL
λL
pif /ρif

(2.4)

Notice that the dependence of the ablation velocity and pressure on the laser
specifications comes from the planar scaling.3 Thus one can easily derive the ratio
−1/3 −2/3
λL .

between the ablated mass and initial mass as Ma /M0 ∼ Vi IL

Substituting

this relation into equation (2.3), yields the hydrodynamic efficiency scaling law
η ∼ IL−0.29 Vi0.87 λ−0.58
L

(2.5)

A fitting formula obtained from the implosion simulation database, discussed in
the previous section, leads to a very similar result,
η

f it

0.051
= 0.25
I15



Vi (cm/s)
3 × 107

0.75 

0.35
λL (µm)

0.5

(2.6)

where I15 represents the laser intensity in units of 1015 W/cm2 , Vi is the implosion
velocity in cm/s, and λL is the laser wavelength in µm. The coefficient in (2.6)
is adjusted to account for the fraction of absorbed laser energy. The numerical
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fit (2.6) is approximately equal to the scaling in reference [15] and is compared
with the simulation results in Fig 2.2. Equation (2.6) shows that for a fixed laser
intensity, η increases with higher implosion velocities. This is because fast targets
have less initial mass and a greater fraction is ablated off.
The hydrodynamic efficiency in equation (2.6) is now used to derive a scaling
relation for the thermonuclear gain of ignited capsules. The thermonuclear energy
gain G is defined as the ratio between the thermonuclear energy yield to the
driver energy on target. The thermonuclear energy yield comes from the energy
of the fusion products. Each D+T fusion reaction generates Ef = 17.6M eV
of energy. The total energy output for an ignited shell of final mass M1 , with
burn-up fraction θ ≈ ρR/(7 + ρR)2 is Eg = M1 θEf /2mi , where mi = 2.5mH is
the average ion mass. The laser energy is written in terms of the shell kinetic
energy EL = M1 Vi2 /2ηh , and the energy gain is expressed as G = ηθEf /mi Vi2 .
Substituting the hydrodynamic efficiency (2.6) derived above, the energy gain can
be rewritten in the following form28–30
73
G ≈ 0.25
I15



3 × 107
Vi (cm/s)

1.25 

θ(ρR)
0.2



0.35
λL (µm)

0.5

(2.7)

Equation (2.7) shows that, the energy gain decreases with the implosion velocity
and increases with ρR. For a given driver energy on target, lower implosion velocities require more massive targets, and therefore more fuel available for reactions.
Higher ρRs lead to longer confinement time and therefore higher burn fractions.
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Thus low implosion velocities and higher areal densities are necessary to achieve
high gains. The scaling relation for the areal density is derived in the next section. It is important to emphasize that the gain formula in (2.7) assumes that
ignition has occurred and a burn wave has propagated through the dense fuel.
In conventional ICF, ignition requires a large enough implosion velocity since the
ign
1.8
minimum kinetic energy required for ignition scales as Ekin
∼ αif
/Vi5.9 .11, 31–35 It

follows that hot spot ignition sets a lower bound on the implosion velocity thus
limiting the maximum gain. Even in fast ignition, the upper bound for the gain
is set by a lower limit in the implosion velocity. The minimum implosion velocity
is set by the density required for fast ignition28 as shown by the density scaling
in the next section and by the ignition energy scaling.17 However, the minimum
implosion velocity required for ignition is significantly less in FI as compared to
conventional ICF, thus leading to higher FI gains for the same driver energy.

2.3

Stagnation Shell Properties

For inertial fusion energy (IFE) applications, the thermonuclear gain must be
greater than ∼100 and the areal density must be at least ∼ 3g/cm2 .2, 3 To facilitate the pulse design for ICF implosion capsules, it is useful to develop analytic
relations for the implosion characteristics. Let us first consider a 1D spherical
shell at stagnation, as shown in Fig 2.3, consisting of a sphere with a central hot
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Fig. 2.3: Isobaric configuration of stagnation ICF fuel assembly

spot surrounded by a shell of highly compressed fuel. The cold shell with density
ρs and temperature Ts has a thickness ∆s . The hot-spot radius is denoted by Rh
that is also regarded as the inner shell radius. Thus, the outer shell radius can be
written as Rs = Rh + ∆s . To derive simple scaling relations for the hydrodynamic
variables at stagnation, we can adopt the isobaric model,6 and assume that the
stagnation pressure is approximately uniform throughout the hot spot and the
cold shell (p = ph = ps ). We denote with ρh and Th the hot spot density and
temperature, respectively and recognize that, in the isobaric configuration, the
denser fuel is much colder than the hot spot, thus leading to ρh < ρs and Th > Ts .
By denoting with As = Rh /∆s the shell stagnation aspect ratio, the shell
stagnation volume can be written as Vs = 4πRh3 Σ(As )/As , where Σ(x) ≡ 1 +
(1/x) + 1/(3x2 ) is a volume factor. Using the total shell mass at stagnation Ms ,
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the compressed shell areal density scales as ρs ∆s ∼ Ms ∆s /Vs ∼ Ms /Rh2 Σ(As ).
For a shell with implosion velocity Vi and kinetic energy Ek = Ms Vi2 /2, the shell
areal density scaling can be written as,
ρ s ∆s ∼

Ek
2 2
Rh Vi Σ(As )

(2.8)

Since the shell kinetic energy is converted mostly into internal energy at stagnation, then
Ek ∼ ps (Rh + ∆s )3

(2.9)

5/3

By setting ps ∼ αs ρs , where αs is the stagnation adiabat, the energy conver5/3

4/3

sion (2.9) is rewritten as Ek ∼ αs ρs (1 + As )3 ∆3s ∼ αs (ρs ∆s )5/3 (1 + As )3 ∆s ,
leading to
3/4

∆s ∼

Ek

(2.10)

3/4

αs (ρs ∆s )5/4 (1 + As )9/4

Substituting equation (2.10) into (2.8), and eliminating Rh = As ∆s , yields the
following scaling relation for the areal density
1/3

4/3

ρs ∆s ∼ Φ(As )αs−1 Ek Vi

where the function Φ is defined as Φ(x) ≡ (x2 + x + 1/3)

(2.11)
2/3

/ (1 + x)3 .

Using equation (2.10), the shell stagnation thickness can be written as,
1/3

∆s ∼

Ek
1/3 5/9

αs ρs (1 + As )

(2.12)
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Substituting equation (2.12) into (2.11), and solving for ρs , yields the density
scaling relation,
ρs ∼ Ψ(As )Vi3 αs−3/2

(2.13)

where the function Ψ is defined as Ψ(x) ≡ [(1 + x) Φ(x)]9/4 .
Notice that αs and As are stagnation variables. The stagnation adiabat is
significantly greater than the adiabat of the fuel in flight, in that the return shock
driven by the high pressure inside the hot spot increases the fuel adiabat when
it propagates outwards through the shell.11 The compressible thick shell model
is used in reference [19] to relate the stagnation to the in-flight adiabat leading
2/3

to αs ∼ αif M achif . A similar relation was found in reference [20], and with
a slightly different power index in reference [21]. Using equation (2.4) as the
scaling relation for the in-flight Mach number, yields the scaling relation for the
stagnation adiabat
4/5

2/3 −4/45 4/45
IL
λL

αs ∼ αif Vi

(2.14)

Both the density and areal density scaling (2.13) and (2.11) can be rewritten in
terms of the in-flight variables, leading to
−6/5

ρs ∼ Ψ(As )αif

−4/5

ρs ∆s ∼ Φ(As )αif

2/15 −2/15
λL

Vi2 IL

(2.15)

1/3

(2.16)

2/3 4/45 −4/45
IL λ L

Ek Vi
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Fig. 2.4: Stagnation aspect ratio As from simulations (dots) compared to the
numerical fit (solid line)

These two scaling relations, (2.15) and (2.16), are the results of mass and energy
conservation, and entropy variation due to the return shock.
The shell stagnation aspect ratio As is determined numerically by fitting the
implosion simulation database described in section II. The simulations show that
the stagnation aspect ratio depends primarily on the implosion velocity and weakly
on the adiabat. A fit of the simulation results leads to the following scaling,
Afs it

1.48
≈ 0.19
αif



Vi (cm/s)
3 × 107

0.96

(2.17)

as shown in Fig 2.4. This numerical fit is then used in the derivation of the
stagnation scaling laws that follows. In typical ICF implosions, the stagnation
aspect ratio value falls in the range of 1 < As < 4. Within this interval, the

2. HYDRODYNAMIC SCALING RELATIONS

35

functions Φ(As ) and Ψ(As ) can be approximated with the following power laws,
Φ(As ) ∼ 1/A0.92
and Ψ(As ) ∼ 1/As0.62 . Since the kinetic energy Ek is related to
s
the laser energy EL through the hydrodynamic efficiency, Ek = EL η, substituting
(2.6) and (2.17) into (2.15), (2.16), yields the following scaling laws for the density
and areal density
−1.08 1.4 0.13 −0.13
Vi IL λL
ρs ∼ αif

(2.18)

−0.63 0.33 0.03 −0.25
ρs ∆s ∼ αif
EL Vi λL

(2.19)

Notice that in the areal density scaling, the laser intensity dependence is neglected
1/180

due to the small exponent (IL

). The dependence of ρs ∆s on the implosion

velocity is also very weak, only Vi0.03 . This is because high compression requires
large implosion velocities, and large implosion velocities are obtained, for a fixed
laser driver, by reducing the mass of the target. Since the areal density needs
both compression and fuel mass, these two effects balance each other, making the
areal density approximately independent of the implosion velocity.
In order to validate the analytic scaling laws, the shell stagnation properties
are also determined using the implosion database. The shell density is defined
as the peak value of the averaged density, with the average carried out over the
areal density, ρs =

R

R
R
R
ρdρr/ dρr = ρ2 dr/ ρdr. The shell areal density ρRs is

taken as the maximum value of

R∞
0

ρdr during the implosion. As shown in Fig 2.5

and 2.6, these quantities are well approximated by the following numerical fitting
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Fig. 2.5: Averaged shell density ρs from simulations (dots) compared to the numerical fit (solid line)
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Fig. 2.6: Peak shell areal density ρRs from simulations (dots) compared to the
numerical fit (solid line)
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Fig. 2.7: Density and areal density dependence on laser wavelength. Equation
(2.20) (density, dashed curve) and (2.21) (areal density, solid curve) are
plotted for a 100-kJ implosion with Vi = 5 × 107 cm/s, αif = 2 against
laser wavelength λL . The solid triangles (density) and squares (areal
density) represent the numerical results for the same implosion with
λL = 0.21, 0.26 and 0.35 µm, respectively.

formulas,
hρifρRit

425 0.13
(g/cm ) ≈ 1.12 I15
αinn
3

it
(ρR)fmax
(g/cm2 )

1.2
≈ 0.54
αinn







0.35
λL (µm)

0.13

(2.20)

0.33 

0.35
λL (µm)

0.25

(2.21)

Vi (cm/s)
3 × 107

EL (kJ)
100

These numerical formulas compare favorably with the analytical scaling laws
(2.20) and (2.21). In the implosion simulation database, αinn represents the value
of the in-flight adiabat on the inner shell surface corresponding to the minimum
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value of the in-flight adiabat for both shaped and flat adiabat implosions. Notice that the analytic wavelength scalings are used in the numerical fit, since the
wavelength is fixed at λL = 35µm in the implosion simulation database. However,
the analytical wavelength scaling is verified by simulating three 100-kJ targets
imploded with velocity Vi = 5 × 107 cm/s and αif = 2.0, at different laser wavelengths of 0.21, 0.26 and 0.35 µm. Their average densities and maximum areal
densities are shown in Fig 2.7, and closely follow the analytic scaling relations of
(2.18) and (2.19).

2.4

In-Flight Aspect Ratio

Another important hydrodynamic parameter determining target performance
is the in-flight aspect ratio (IFAR), which is defined as the maximum value of
the ratio between the average shell radius and the in-flight thickness. The IFAR
determines the Rayleigh-Taylor (RT) instability growth on the outer shell surface
during the acceleration phase, and it is commonly used3 to assess the stability
properties of ICF implosions. The growth rate of the RT instability for a typical
√
direct driven DT capsule can be approximated by γRT = 0.94 kg − 2.7kVa ,36, 37
where k is the mode wave number, g is the acceleration and Va is the ablation
velocity defined in section II. The RT growth factor is exp(γt) and γt ≡ Ne is the
number of e-foldings. Using the growth rate formula, the number of e-foldings can
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Fig. 2.8: In-flight aspect ratio from simulations (dots) compared to the numerical
fit (solid line)
be written in the following form,
q
Ne = 1.33 µ(k∆if )IF AR − 5.4µ(k∆if )IF AR(Va /Vi )

(2.22)

where µ = D/R is the ratio between the distance D traveled by the shell during
the acceleration phase and the target radius R.
The aspect ratio IFAR follows the Mach number scaling law as IF AR ∼
M ach2if ,3 obtained by scaling the shell kinetic energy M Vi2 /2 with the work done
by the ablation pressure ∼ Pa R3 . A simple manipulation leads to the following
scaling relation
−4/15 4/15
λL

IF AR ∼ Vi2 hαif i−0.6 IL

(2.23)

where hαif i is the spatially averaged in-flight adiabat of the shell. Some com-
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plications arise in the numerical computation of the IFAR at the beginning of
the acceleration phase since the shocks propagating through the shell, affect the
shell thickness. It is common practice to compute the simulated IFAR after the
shell has traveled a small fraction of the inner radius. In our implosion simulation
database, the IFAR is taken as the shell aspect ratio when the inner shell surface
moves 1/5 of its initial radius, leading to the numerical fitting formula,
−0.27
40I15
IF AR ≈
hαif i0.72



Vi (cm/s)
3 × 107

2.12 

λL (µm)
0.35

0.27

(2.24)

as shown in Fig 2.8. The shell thickness used in the IFAR is defined as the
distance between the inner and outer points where the density is 1/e times the
maximum value. Such a definition of the IFAR leads to values that are about
20% below the maximum IFAR.29, 30 Notice that, in flat adiabat implosions, the
average adiabat is the same as its inner value, hαif i = αinn . Instead, shaped
adiabat targets have approximately hαif i ≈ 1.6αinn , thus leading to lower IFARs
and better stability for the same inner surface adiabat. Equation (2.24) indicates
that high in-flight adiabat, low velocity shells have low IFARs; hence, are less
sensitive to the hydrodynamic instability growth during the implosion.
A simple form of the number of RT e-folding (2.22) can be obtained by approx3/5 −1/5 −14/15 3
λL
.

imating the ablation velocity with Va ≈ 4.3 × 104 αout I15

For shaped

adiabat implosion, αout is the adiabat on the outer shell surface where the laser
ablation takes place and the RT instability develops. Since the mode numbers
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causing shell break-up are those with k∆if ≈ 1, the number of e-foldings for those
modes is obtained by substituting (2.24) into (2.22) yielding,
#
"


2/15
2/3
0.6
λL
Vi
0.59 0.35
αout
7
Ne =
− 1/3
2/15
3 × 107 hαif i0.36 I15
0.35
λL
hαif i0.72
I15

(2.25)

Equation (2.25) shows that Ne is proportional to the implosion velocity; hence,
high implosion velocities lead to large growth factors for the most dangerous
modes. It is important to notice that adiabat shaped targets with αout > αinn
(thus hαif i > αinn ) have better stability by reducing the RT drive (first term on
the right hand side of (2.25)) and augmenting the ablative stabilization (second
term on the right hand side of (2.25)).

2.5

Stagnation Hot Spot Properties

The hot spot is the low-density plasma heated by the pdV work of the cold,
dense surrounding shell. In the following derivation, to distinguish hot spot and
shell quantities, we use the subscript h when referring to quantities of the central
hot spot, and the subscript s when referring to those of the surrounding cold
shell. The superscript stg represents the corresponding quantity at stagnation.
The hot spot consists of the ionized DT gas and the plasma ablated off the inner
shell surface. By neglecting Bremsstrahlung radiation energy losses and assuming
alpha particle local deposition, the hot spot compression can be described from the
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deceleration phase up to the onset of ignition by solving the Lagrangian equations
of motion.31, 38 It is found that the hot-spot energy balance can be written in the
following compact form
d h 3/5 3 i
8/5
p R = Dα ph Rh3
dt h h

(2.26)

The right hand side of (2.26) represents alpha-particle heating. The coefficient Dα
is related to alpha-particle energy and fusion reaction rate as Dα =

Eα Sα
,
40

where

Eα = 3.5M eV , Sα = 9.65 × 10−19 cm3 s−1 keV −2 , and Z is the atomic number. In
the absence of alpha-particle heating (Dα = 0), (2.26) reduces to ph Rh5 ≈ const,
indicating that the hot spot compression can be described as an adiabatic process
5/3

ph Vh

≈ const, where Vh ∼ Rh3 is the hot spot volume. Although the hot spot

mass increases with time due to ablation off the inner shell surface, it is indeed an
insulated system from the energy point of view, since the ablated shell material
carries the energy lost by heat conduction back into the hot spot. In this model,
the only energy loss is due to the transfer of the hot spot internal energy to the
rebounding shell kinetic energy. This assumption is only valid up to the onset of
ignition. At ignition, the alpha particle heating is greater than the energy losses,
and the hot spot is no longer adiabatic.
Analyzing the self-similar flow inside the hot spot,31, 38 all the relevant hot spot
hydrodynamic parameters can be expressed as functions of the hot spot pressure
ph and radius Rh . The scaling relations for the hot spot mass, areal density,
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central density and central temperature are respectively as follows,38
Mh (t) ∼

Z

t
′ β



ph (t )

0

ρrh (t) ≡

Z

 ν+1/3
Rh (t ) ph (t ) γ dt′

Rh

0

ρdr ∼

′

Mh (t)
Rh (t)2

1
 ν+1

(2.27)

(2.28)

Mh (t)
Rh (t)3

(2.29)

ph (t)
ph (t)Rh (t)
∼
ρh (t)
ρrh (t)

(2.30)

ρh (t) ∼
Th (t) ∼

′ 3γ

where t = 0 is the starting time of deceleration phase, and ν is the Spitzer thermal
conductivity. For γ =

5
,ν
3

=

5
,
2

the index β has a constant value of β =

4
.
5

Notice that the hot spot mass increases with time due to ablation off the inner
shell surface, even though the hot spot is an insulated system from the energetic
perspective.
In order to model the evolution of the hot spot under the action of the cold
imploding shell, the latter is approximated by a thin, uniform, incompressible layer
of high-density material with mass Ms and initial velocity Vi . The imploding shell
is considered as a rigid spherical piston compressing and heating the hot spot
during the deceleration phase. It converts its kinetic energy into hot spot internal
energy via pdV work. Once a sufficiently large pressure is reached inside the
hot spot, thermonuclear ignition is triggered by the locally deposited power from
the alpha particles, leading to a fast increase of the hot-spot energy. In typical
ICF implosions, the shell is thick, compressible and non-uniform. Its dynamics
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is governed by a set of compressible flow relations referred to as the “thick shell
model”.31 Nevertheless, even the simple thin shell model used here provides an
adequate qualitative description for the shell interaction with the hot spot and it
can be used in the derivation of the scaling relations. The thin shell slows down
under the pressure of the hot spot, and its dynamics is governed by Newton’s law,
Ms R̈h = 4πRh2 ph

(2.31)

Combining this equation with the adiabatic relation ph Rh3γ ≈ const, yields a single
ordinary differential equation describing the hot spot radius evolution in time
R̂h3

d2 R̂h
=1
dt̂2

(2.32)

where t = 0 corresponds to the starting time of the deceleration phase, and t̂ and
R̂h are a dimensionless time and hot spot radius respectively.
Rh
R̂h =
,
Rh (0)

t
t̂ = ,
τ

τ=

s

Ms
4πph (0)Rh (0)

(2.33)

By defining the dimensionless implosion velocity as V̂i = |Vi | τ /Rh (0), the initial
conditions of equation (2.32) can be written as,
R̂h (0) = 1,

˙
R̂h (0) = −V̂i ,

¨
R̂h (0) = 1

(2.34)

Notice that in the initial conditions, the time derivative is with respect to t̂, Rh (0)
is the hot spot radius, and Vi is the shell implosion velocity at the beginning of
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the deceleration phase. Equation (2.32) can be analytically solved, yielding
q
R̂h (t̂) = 1 − 2t̂V̂i + t̂2 (1 + V̂i2 )

(2.35)

and leading to the following values of the stagnation time and radius,
V̂i

t̂stg =

1+

V̂i2

Rh (0)
Rhstg = q
1 + V̂i2

,

(2.36)

The hot spot pressure is derived from the adiabatic condition,
ph (t̂) = h

ph (0)
1 − 2t̂V̂i +

t̂2 (1

+

(2.37)

i5/2

V̂i2 )

yielding the stagnation value

5/2

2
pstg
=
p
(0)
1
+
V̂
h
i
h

(2.38)

Using equations (2.27) to (2.38), it is straightforward to derive scaling relations
for the hot spot variables at stagnation. Since the hot spot is adiabatic, we set
stg 3γ
ph (t)Rh (t)3γ ≡ pstg
into (2.27) to find the scaling relation for the hot spot
h (Rh )

mass
Ms (t) ∼




stg 3γ
pstg
h (Rh )

 ν+1/3
γ

Z

t
′ β

′

ph (t ) dt

t0

1
 ν+1

(2.39)

The stagnation hot spot mass is calculated by transforming equation (2.39) into
an integration over the dimensionless time t̂, taking t0 = 0 as the beginning of the
deceleration phase, and t = t̂stg as the stagnation time. A simple manipulation of
(2.39) yields,
Mhstg = Mh (t̂ = t̂stg ) ∼

(

h

1
γ

stg 3
τ (pstg
h ) (Rh )

iν+ 31 Z

0

t̂stg

1
) ν+1

ph (t̂)β dt̂

(2.40)
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Substituting the hot spot pressure history during the deceleration phase (2.37),
leads to the following simple form of the time integral in (2.40),
Z t̂stg
i
ph (0)β h
β
2
ph (t̂) dt̂ =
V̂i + (1 + V̂i ) arctan V̂i
2
0

(2.41)

∼ ph (0)β V̂i2
where only the highest order term is retained for large implosion velocities (V̂i >>
1).
The in-flight values of the hydrodynamic variables are related to the stagnation
values through the thin shell model. Equations (2.36) and (2.38) for the hot spot
radius and pressure at the beginning of the deceleration phase, can be written in
the following form
Rh (0) ∼ Rhstg V̂i

(2.42)

−5
ph (0) ∼ pstg
h V̂i

(2.43)

Substituting (2.42) and (2.43) into (2.33), and rewriting the quantity τ ph (0)β as,
1
τ ph (0)β = √ Mc1/2 ph (0)3/10 Rh (0)−1/2
4π

(2.44)

3/10
∼ Mc1/2 (pstg
(Rhstg )−1/2 V̂i−2
h )

leads to the following form of the hot spot mass,
4/7
Mhstg ∼ Ms1/7 (pstg
(Rhstg )16/7
h )

(2.45)

It is important to distinguish the two masses, Mhstg and Ms . Mhstg is the hot spot
mass at stagnation, consisting mostly of the ablated material from the inner shell
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surface. Ms is the cold shell mass at the beginning of the deceleration phase,
and it scales with the shell kinetic energy Ek = Ms Vi2 /2. Substituting (2.45) into
(2.28) and (2.30) leads to the following relations for the hot spot areal density
and temperature in terms of its stagnation properties
4/7
ρRhstg ∼ Ms1/7 (pstg
(Rhstg )2/7
h )

(2.46)

3/7
Thstg ∼ Ms−1/7 (pstg
(Rhstg )5/7
h )

(2.47)

For an isobaric assembly, the stagnation pressure is uniform throughout the
hot spot and the shell (pstg
h = ps ), so that the hot spot stagnation pressure can be
5/3

related to the shell stagnation properties through the shell adiabat, pstg
h = αs ρs .
Thus, substituting (2.13) and (2.14), yields the stagnation pressure scaling law,
−6/5

5/3
pstg
αif
h ∼ Ψ(As )

2/15 −2/15
λL

Vi4 IL

(2.48)

Using the shell stagnation aspect ratio definition, the hot spot radius is Rhstg =
As ∆s . Setting Ms ∼ Ek Vi−2 , the scaling laws for the stagnation hot spot properties
are obtained upon substitution of (2.10), (2.14) into (2.46) and (2.47),
−4/7

ρRhstg ∼ Ω(As )αif

−8/35

Thstg ∼ Π(As )αif

34/21

Vi

22/21

Vi

5/21 4/63 −4/63
IL λ L

(2.49)

2/21 8/315 −8/315
IL λ L

(2.50)

Ek

Ek

where the functions Ω(x) and Π(x) are defined as Ω(x) = x2/7 Ψ(x)50/63 /(1 + x)2/7 ,
Π(x) = x5/7 Ψ(x)20/63 /(1 + x)5/7 . These two functions can be approximated as
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Ω(As ) ∼ 1/A0.43
s , and Π(As ) ∼ const, for As within the range of 1 < As < 4 for
typical ICF implosions. Thus, by using (2.6) and (2.17), the scaling laws in (2.48)
to (2.50) can be rewritten in their final form,
−1.40 3.02
Vi
pstg
h ∼ αif

(2.51)

−0.49 1.38 0.24
ρRhstg ∼ αif
Vi EL

(2.52)

−0.23 1.12 0.09
Thstg ∼ αif
Vi EL

(2.53)

The laser intensity and wavelength dependence are disregarded due to the small
power indices. Notice that the hot spot temperature depends mostly on the implosion velocity. The faster the target is driven, the higher the temperature can rise
in the hot spot. This occurs because the compression work is supplied at a rate
proportional to the implosion velocity. For large implosion velocities, the work
rate overcomes the thermal conduction losses; hence, the temperature increases.
The scaling relations (2.51) to (2.53) are compared with the numerical results
from the simulated implosion database. The database is used to derive scaling
relations for the stagnation aspect ratio, the stagnation pressure, stagnation hot
spot temperature, the hot spot ρR, the shell ρR and the stagnation shell density.
The stagnation aspect ratio As = Rh /∆s is defined as the ratio of the hot spot
radius to the shell thickness. The shell interface is set by the local minimum of
the density gradient scalelength L ≡ ( ρ1 dρ
)−1 across the fuel. From the center
dr
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Fig. 2.9: Stagnation pressure hph i from simulations (dots) compared to the numerical fit (solid line)
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Fig. 2.10: Stagnation hot spot areal density ρRh from simulations (dots) compared to the numerical fit (solid line)

<Hot spot temperature>

sim

(keV)

2. HYDRODYNAMIC SCALING RELATIONS

50

8

6

4

2

0

0

2

4

6

8

fit

<Hot spot temperature> (keV)

Fig. 2.11: Maximum hot spot temperature hTh i from simulations (dots) compared to the numerical fit (solid line)
outward, the first minimum encountered represents the inner shell surface that
also corresponds to the hot spot radius Rh . The second minimum is due to the
outward going return shock, representing the outer shell surface. The distance
between these two minima is defined as the shell thickness ∆s . The hot spot ρr is
the maximum areal density from the center to Rh achieved during the implosion,
R R (t)
ρRh ≡ max( 0 h ρdr). The hot spot temperature Th and pressure ph are the

maximum temperature and pressure averaged over the hot spot volume, hT, pi =
R Rh (t)
0

(T, p)dr3 /Rh (t)3 . The numerical fit derived from the simulated implosion

database is shown in Fig 2.9, 2.10 and 2.11, and the scaling relations are given
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below,
1.85

3.45 Vi (cm/s)
(10 M bar) ≈ 0.90
αinn
3 × 107
0.27
0.62 

0.31 Vi (cm/s)
EL (kJ)
f it
2
ρRhotspot (g/cm ) ≈ 0.55
αinn
3 × 107
100
1.25 

0.07
EL (kJ)
2.96 Vi (cm/s)
f it
hT ihotspot (keV ) ≈ 0.15
αinn
3 × 107
100
it
hpifhotspot

5

(2.54)
(2.55)
(2.56)

Notice that equations (2.54) to (2.56) are in good qualitative and even quantitative
agreement with the analytic scaling laws of (2.51) to (2.53). It is important to
emphasize that the fusion burn is not included in the simulations. This leads to
hot spot temperatures lower than the one in ignition targets due to the lack of
the alpha particle heating. Thus, (2.54) to (2.56) represents a lower bound of
the estimated hot spot temperature and pressure that can be achieved in high
performance implosions.
In summary, the hydrodynamic relations (Table 2.1) for hydro efficiency, thermonuclear gain, in-flight aspect ratio, shell density and areal density, hot spot
areal density, pressure and temperature derived in this paper, can be used to optimize the design of conventional and fast ignition ICF targets. These relations are
derived both analytically and numerically using a simulated implosion databased
generated by the one-dimensional hydrodynamic code LILAC. These scaling relations can provide guidance in designing targets and laser pulses for conventional
and fast ignition inertial confinement fusion.
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Variable
Hydrodynamic Efficiency

Scaling Relation
η≈

Thermonuclear Gain
Shell Areal Density (g/cm2 )
Shell Density (g/cm3 )
Shell IFAR
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0.051
0.25
I15

G≈
(ρR)max ≈

1.2
α0.54
inn

hρiρR ≈
IF AR ≈



Vi (cm/s)
3×107



73

0.25
I15



3×107
Vi (cm/s)

EL (kJ)
100

0.33 

425 0.13
I15
α1.12
inn
−0.27
40I15

0.72

hαif i

0.75 





1.25 

0.35
λL (µm)

Vi (cm/s)
3×107

Vi (cm/s)
3×107

Hot spot Areal Density (g/cm2 )

ρR ≈

0.31
α0.55
inn



Vi (cm/s)
3×107

Hot spot Temperature (keV )

hT i ≈

2.96
α0.15
inn



Vi (cm/s)
3×107

Hot spot Pressure (Gbar)

hP i ≈

345
α0.90
inn



Stagnation Aspect Ratio

As ≈

1.48
α0.19
inn



0.35
λL (µm)



θ(ρR)
0.2

1.25 

Vi (cm/s)
3×107

Vi (cm/s)
3×107



0.25 
0.35
λL (µm)

2.12 

0.62 

0.5

Vi (cm/s)
3×107

0.13

λL (µm)
0.35

EL (kJ)
100
EL (kJ)
100

1.85

0.06

0.27

0.27

0.07

0.96

Table 2.1: Summary of the scaling relations derived. With the exception of the
gain, all the variables are calculated in the absence of alpha-particle
self-heating. The gain is calculated assuming that the ignition has
taken place.
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3. A MEASURABLE LAWSON
CRITERION
In conventional ICF,2, 3 a shell of cryogenic deuterium and tritium ice is imploded at high velocities (∼ 2 − 4 × 107 cm/s) and low entropy to achieve high
central temperatures and high areal densities. The final fuel assembly consists
of a relatively low density (∼ 30 − 80g/cc) high temperature (∼ 4 − 8keV) core
(the hot spot) surrounded by a dense (∼ 300 − 1000g/cc) cold (∼ 100eV) fuel
layer (the compressed shell). The Lawson criterion19 determining the onset of
thermonuclear ignition is usually expressed through the product pτ > 10atm · s
where p is the plasma pressure in atm and τ is the energy confinement time in
seconds. In magnetic fusion devices, both the pressure and confinement time
are routinely measured and the performance of each discharge can be assessed
by comparing the value of pτ with respect to the ignition value (10atm · s). In
inertial confinement fusion, both p and τ cannot be directly measured and the
performance of subignited ICF implosions cannot be assessed with respect to the
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ignition condition. Often, the Lawson’s criterion is extended to ICF by simply
restricting its application to the hot spot and by replacing p with the ideal gas
equation of state p = 2ρh Th /mi (ρh is the hot spot mass density, Th is the hot
spot temperature, and mi is the DT average ion mass), and τ with the sound
wave traveling time through the hot spot, τ ∼ Rh /Cs (here Rh is the hot spot
radius and Cs is the hot spot sound speed Cs ∼

√

Th ). This leads to the hot spot

√
ignition condition (ρh Rh ) Th > const where ρh Rh is the hot spot areal density.

There are two problems with such a simple derivation: (a) the confinement time
is incorrect since it neglects the inertial confinement of the surrounding cold shell,
and (b) the hot spot areal density cannot be experimentally measured.
A more accurate form of the hot spot ignition condition is given in the literature2, 40–42 with the alpha heating balancing all the hot spot power losses (thermal
conduction and radiation looses). Our approach to ignition is somewhat different
than the one in Atzeni’s work.40 First, our ignition model is dynamic as it includes
both the compression and expansion phases of the shell motion. Second, our ignition condition is given in terms of the total areal density rather than the hot-spot
areal density. Third, the ignition condition is viewed as an instability of both the
pressure and the temperature rather than only the temperature. This causes the
heat conduction losses to enter the ignition condition in a fundamentally different
way. A more detailed discussion of this point is provided in section 3.1. It is im-
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portant to emphasize that the presence of a cold dense shell surrounding the hot
spot significantly alter the onset of the thermonuclear instability (a similar point
is made in the literature31, 38, 40 ). Since the heat conductivity is negligible in the
cold shell, most of the heat leaving the hot spot is recycled back into the hot spot
in the form of internal energy and pdV work of the plasma ablated off the inner
shell surface. Much of the radiation losses are also recycled back through ablation
since the cold shell is opaque to the low energy portion of the x-ray bremsstrahlung
spectrum (only the high energy x-rays can penetrate the dense shell). The heat
conduction and, to some extent, the radiation looses do not appreciably change
the hot spot pressure (i.e. energy).38 Instead, those losses raise the density and
lower the temperature while keeping p ∼ ρT approximately constant. Since the
fusion rate scales as n2 hσvi, with hσvi ∼ T 3−4 for T < 5 − 6keV and hσvi ∼ T 2
for 7 − 8 < T < 30keV, it follows that the alpha self-heating is degraded by heat
conduction and radiation losses only at low temperatures less than 5 − 6keV but
unchanged at high temperatures T > 7 − 8keV. This occurs because at high temperatures, the fusion rates depend only on the hot spot pressure (n2 hσvi ∼ p2 )
that is independent of the heat losses. While these recycling effects38 improve the
ignition threshold, the expansion losses, that are often not included in the ignition
condition, causes a transfer of internal energy to kinetic energy and degrade the
ignition conditions. Since, the hot spot expansion occurs against the dense shell,
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the ignition conditions depends on the inertia of the dense shell. Furthermore,
the hot spot internal energy comes from the shell kinetic energy which is also
used to assemble the shell areal density. As shown in chapter 2, there is a direct
correlation between the hot spot areal density and shell areal density. Thus one
can expect that the ICF Lawson criterion depends on the shell areal density.
In this chapter, we derive a form of the Lawson criterion that can be directly
measured in ICF implosions and includes the confinement of the surrounding cold
shell. One can use such a new criterion to assess how far current and future
subignited ICF implosions are from achieving ignition. Such a new ignition criterion depends on the only two measurable quantities in the ICF fuel assembly:
the total areal density ρRtot and the hot spot ion temperature Tih . Note that the
total areal density mostly comes from the cold shell surrounding the hot spot,
and is directly related to the inertial confinement time. In cryogenic implosions,
the total areal density can be measured through charged particle spectroscopy,
or x-ray radiography. The ion temperature is measured with the neutron time of
flight (NTOF) diagnostics.98 For instance, recent cryogenic implosions43 of D2 targets on the OMEGA laser77 have achieved a fusion burn-average areal density of
200mg/cm2 and burn-average ion temperature of 2keV , the highest performance
for a cryogenic implosion to date. The burn-average areal density has been measured through the energy downshift of the proton spectrum from the secondary
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D+He3 reactions.44 The ion temperature was measured through the NTOF diagnostics. Using the measurable Lawson criterion described here, one can now
compare implosion performance with respect to the ignition condition. The ion
temperature used in the ignition condition is the temperature computed without
the alpha particle heating. Thus, our measurable Lawson criterion is applicable
to D2 surrogate targets and DT subignited implosions. Obviously, ignited DT
implosions do not need a theoretical ignition criterion to verify that the ignition
conditions have been achieved.
We also show that hydroequivalent curves can be represented on the same
(ρRtot , Tih ) plan. Hydroequivalent curves are defined as curves with constant
adiabat and implosion velocity. Since the laser energy is the only parameter
varying along such curves, they can be used to predict how a given implosion
would perform when scaled up to a larger laser. For example, any implosion
carried out on the OMEGA laser77 is represented by a point on a hydroequivalent
curve. By increasing the laser energy and keeping the implosion hydroequivalent,
the point on the diagram moves along the hydroequivalent curve. If that point
ends up within the ignition region for NIF-like energies, then one can conclude
that that particular OMEGA implosion scales to one-dimensional ignition on the
National Ignition Facility45 (NIF). These results are also described in a Physics
of Plasmas paper39 by C.D. Zhou et al.
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This chapter is organized as follows. The analytic ignition model is described
in section 3.1 while its initial conditions are derived in section 3.2. The ignition
condition from the analytic model is derived in section 3.3, and compared with the
results of one-dimensional hydrodynamic simulations in section 3.4. The assumptions concerning the alpha particle confinement are discussed in section 3.5, and
comparison with previous forms of the ignition condition are presented in section
3.6. The hydroequivalent curves are derived in section 3.7.

3.1

DYNAMIC MODEL OF
THERMONUCLEAR IGNITION

The dynamic model described in this section includes the standard energy
losses and sources (heat conduction, radiation losses, alpha heating) as well as the
compression and expansion dynamics of a hot spot surrounded by a dense shell.
The model describes the assembly phase of the hot spot up to ignition. It does
not include the propagation of the burn wave or the disassembly of the ignited
fuel. As such, energy gains are not calculated and the focus is restricted to the
onset of the thermonuclear instability in the hot spot (i.e. ignition).
During the assembly of the hot spot, its temperature is high and the flow
velocity is less than the hot spot sound speed. Thus, we adopt the subsonic
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model31, 38 and neglect the kinetic energy with respect to the internal energy inside
the hot spot. We assume that most of the alpha particles generated from the
fusion reactions deposit their energy into the hot spot requiring that the hot spot
size exceeds the alpha particle mean free path. This condition depends on the
hot spot areal density and temperature and is verified at posteriori. The energy
losses in the hot spot include heat conduction and bremsstrahlung radiation. The
conservation of the hot spot energy including the pdV work of the shell, the alpha
particle heating, the conduction and radiation energy losses, can be written in the
following simple form,
∂
∂t



p
γ−1



 

ϕρ2
γp
+ ∇ · ~u
= ∇ · κ(T )∇T +
hσvi εα − ∇ · F~
γ−1
4m2i

(3.1)

where ρ(r, t), p(r,t), ~u(r, t) are the hot spot density, pressure and velocity, respectively. Here γ is the ratio of specific heats or adiabatic index (γ = 5/3) and
κ(T ) = κ0 T ν is the Spitzer thermal conductivity with ν = 5/2. The second term
on the right hand side of equation (3.1) represents the alpha particle energy deposition, with ϕ the absorbed alpha-particle fraction depending on the hot-spot
areal density and temperature, mi the ion mass for DT, εα = 3.5M eV the alpha
particle energy from DT reactions, and hσvi the fusion reaction rate as a function
of the ion temperature T. The last term is the bremsstrahlung radiation. The radiation flux F~ is the first moment of the radiation field over angle46 and integrated
over all frequencies.
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Inside the hot spot, the temperature is high and the plasma is optically thin. At
the interface of the hot spot and the cold shell, the temperature drops significantly
and much of the radiation energy escaping the hot spot is absorbed near the
hot spot boundary. The optically thick plasma has approximately a Planckian
spectrum, thus the absorption coefficient κr can be approximated with free-free
Rosseland mean opacity. The emission and absorption coefficients2, 47 for the hot
spot plasma are expressed in terms of pressure and temperature in the following,
2

j = C1 p T

−3/2

,

17

C1 ≈ 1.76 × 10

Z 3 m2p
1/2

(1 + Z)2 ck

,

7/2

κr = C2 p2 T −11/2 ,

Z 3 m2p ck
−6
C2 ≈ 1.4 × 10
(1 + Z)2

(3.2)

where p is the plasma pressure in N/m2 , T the temperature in J, mp = 1.67 ×
10−27 kg the proton mass, Z the ion charge and ck = 1.6 × 10−16 J/keV . The
emission coefficient j is in W/m3 and the absorption coefficient κr is in m−1 .
Notice that for typical ICF plasmas near stagnation, the hot spot temperature
is large enough that its sound speed exceeds the flow velocity. The fuel assembly
develops an isobaric configuration31, 38, 49 and the hot spot has a flat pressure profile
with p ≈ p(t). The temperature of the high density shell is much less than that
of the low density hot spot. By neglecting the radiation energy, a self-similar
solution for the hot-spot temperature38 is obtained as T = T0 T̂ (r̂), where T0 is
the central temperature in the hot spot, and r̂ is the radius r normalized to the
hot-spot radius Rh as r̂ = r/Rh , T̂ ≈ (1− r̂2 )2/5 /(1−0.15r̂2 ). This profile indicates
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Fig. 3.1: Normalized temperature and absorption coefficient inside the hot spot.
The solid curve is the temperature and the dashed curve is the absorption coefficient. Both are normalized to their values at the hot-spot
center (r̂ = 0). The radius is normalized with the hot-spot radius Rh ,
r̂ = r/Rh .
T (r̂ = 1) → 0 at the boundary between the hot spot and the shell. The pressure
can usually reach about 100 Gbar in a marginally ignited ICF capsule, while the
plasma temperature drops from several keVs in the hot-spot center to about 100
eV in the cold shell. It leads to low absorption (κr (0) ∼ 1.2 × 10−2 m−1 ) inside the
hot spot and high absorption (κr (Rh ) ∼ 1.2 × 109 m−1 ) at the interface between
the hot spot and the shell. The hot-spot temperature and absorption profiles
are plotted in Figure 3.1. The plasma is optically thin in the center and the
opacity greatly increases while approaching the hot-spot boundary, resulting in an
absorption zone with strong attenuation. The radiation flux reaching the hot-spot
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boundary is F (Rh ) =

R Rh
0

−3/2

jr2 dr = C1 p2 T0

Rh3

R1
0
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T̂ −3/2 r̂2 dr̂. This radiation flux

is absorbed and recycled back into the hot spot with the ablated material at the
inner shell surface. As the heat conduction losses are also recycled back into the
hot spot via the ablated shell material, both effects alter the hot spot temperature
evolution without appreciably changing the pressure.
After integrating equation (3.1) from 0 to the hot spot radius Rh (t), the heat
conduction and radiation terms vanish since, as state above, most of the heat
and radiation fluxes are absorbed near the inner shell surface. Thus, the volume
integral of the energy equation (3.1) yields,
ṗRh3
γpRh2
p2 Rh3
+
u(Rh , t) =
3(γ − 1) γ − 1
(1 + Z)2

Z

1

0

r̂2

ϕεα hσvi
dr̂
4T 2

(3.3)

where ṗ is the time derivative of the pressure and u(Rh , t) is the flow velocity
at the shell’s inner surface. The shell material is ablated into the hot spot as a
result of the heat and radiation energy deposited at the inner shell surface. The
flow velocity resulting from the combination of the inner surface motion and the
ablative flow is,
u(Rh , t) = R˙h − Va

(3.4)

where Va is the ablation velocity and R˙h scales with the implosion velocity. Since
Va ≪ R˙h , the ablation velocity can be neglected and equation (3.3) can be rewrit-
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ten in the following form,
d
dt



pRh3
γ−1



+

3pRh2 R˙h

3p2 Rh3
=
f (T )
(1 + Z)2

(3.5)

Notice that pRh3 /(γ − 1) is proportional to the total internal energy of the hot spot
and pRh2 R˙h to the pdV work. The function f(T), defined as f (T ) ≡

ϕεα
4

R1
0

r̂2 hσvi
dr̂,
T2

determines alpha particle heating with the fusion reactivity being a function of
the temperature T. Observe that f (T ) is constant if hσvi is approximated with a
quadratic power low dependence on the temperature.
Some of the points made here about the recycling of the heat conduction losses
into the hot spot were also highlighted in the literature.31, 38, 49 It was also argued49
that a similar effect applies to the alpha particles leaving the hot spot. That is,
the alpha particle leaving the hot spot are efficiently stopped by the dense shell
within a narrow layer thus causing ablation of the dense shell material into the
hot spot. The ablated material would recycle the alpha particle energy back into
the hot spot in the form of internal energy of the ablated material. Similarly to
the heat conduction, alpha particle losses do not lead to a lower hot spot energy
(i.e. pressure) but only to a lower temperature.49 In this optimistic scenario, the
parameter ϕ in equation (3.1) would be close to unity since all the alpha particle
energy is retained within the hot spot. In our model, we set ϕ ≈ 1 and verify
at posteriori whether or not the hot spot areal density is large enough to confine
most of the alphas (see section 3.5).
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Fig. 3.2: Fusion reactivity hσvi is plotted as T 3 (solid line). The dots are data
taken from Bosch’s article.48
In order to simplify the analysis, we use a simple numerical fit of f(T) as a
power law of the temperature f (T̂ ) =

εα T∗σ
C0 T̂ σ
4c2+σ
k

after integration over the hot

spot volume, where εα = 3500ck J and C0 ≈ 2.6 × 10−26 for σ = 1. A comparison
between the numerical fit and the accurate values of the fusion reaction rate48 is
shown in Figure 3.2 for temperature in the range of 3-8 keV. It is important to
notice that the fusion reactivity follows a T 3 power law for temperatures 3 < T <
8keV and a T 2 power law for 8 < T < 25keV. In order to accurately capture the
onset of the thermonuclear instability, we use a T 3 fit that is more accurate near
the ignition threshold temperatures below 8keV. Using a power law dependence
of the fusion reactivity also helps defining the onset of the ignition process. In
the power law model, the thermonuclear instability does not saturates since the
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fusion burn continues until the fuel is depleted. This causes the solution of the
ignition model to develop an explosive instability or mathematical singularity. It
follows that one can identify the onset of ignition with the development of the
mathematical singularity. This can be easily explained by observing that in the
absence of plasma motion (Ṙh = 0) and T 2 dependence of the reactivity, equation
(3.5) reduces to
dp
= Cα p2
dt

(3.6)

where the right hand side represents the alpha particle heating and Cα > 0.
Equation (3.6) yields the explosive solution for t > t0 ,
p(t) =

p(t0 )
1 − Cα p(t0 )(t − t0 )

(3.7)

If ignition occurs, our model develops such an explosive solution even in the
presence of energy losses. Equation (3.6) also helps to understand the difference
in the heat conduction treatment in Atzeni’s work49 as compared to our model.
It49 makes the same argument made in this paper that the heat conduction losses
do not cause a net energy loss (p does not dependent on heat conduction) but do
lead to a loss of temperature. Since in Atzeni’s work,49 ignition is defined as the
condition for dT /dt > 0 [equation (26) of Atzeni’s article49 ], then the heat losses
do enter into the ignition condition. However, It is also realized that49 ignition
can occur when dT /dt < 0. In this case, the temperature initially decreases
but eventually it reverses its course and rapidly increases. This form of ignition
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(which is not included in equation (26) of Atzeni’s article49 ) can be included
by defining ignition in terms of the pressure increase (dp/dt > 0) rather than
the temperature increase (dT /dt > 0) as the pressure can increase even if the
temperature decreases. Since our ignition model is dynamic, all the different paths
to ignition are included with both pressure and temperature explosive growth.
It is useful to rewrite equation (3.5) in dimensionless form by defining the
following normalization factors,
Vi t
τ=
,
Rs

p
p̂(τ ) = ,
ps

Rh
R̂(τ ) =
,
Rs

T0
T̂ (τ ) = ,
T∗

T∗ =



25µ1
ps Rs Vi
48πκ0

2/7
(3.8)

where ps and Rs are the hot spot pressure and radius at stagnation and Vi is the
implosion velocity. As shown in section 3.3, T∗ represents the stagnation temperature resulting from an adiabatic compression of the hot spot (in the absence of
alpha heating and radiation losses). Here T∗ has the units of J with µ1 ≈ 0.55 and
κ0 = 3.7 × 1069 for lnΛ ≈ 5. For typical ICF implosion parameters, T∗keV ≡ T∗ /ck
falls in the range of 5∼8 keV.
Using the power law fit for hσvi into (3.5) and substituting the dimensionless
variables leads to the following simplified form of the energy equation
d
(p̂R̂5 ) = γα p̂2 R̂5 T̂ σ
dτ
where γα =

ps R s σ
εα C0
T∗
Vi
2(1+Z)2 c2+σ
k

(3.9)

is a parameter related to the initial shell condition at

the beginning of the deceleration phase. Notice that equation (3.9) indicates that
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as long as the fusion reactivity hσvi is proportional to ∼ T 2 and the alpha heating
rate depends only on the pressure (n2 hσvi ∼ p2 ), then the temperature does not
enter into the ignition condition. This not the case for hσvi ∼ T 3−4 since the fusion
reaction rate will depend on pressure and temperature n2 hσvi ∼ p2 T 1−2 . Then,
an additional equation describing the evolution of the temperature is required.
Since the pressure is determined by the pdV work and the alpha particle
heating, one can use mass conservation and the equation of state to evaluate the
temperature. The evolution of the hot spot density depends on the mass ablation
rate off the shell. The ablation rate can be determined by integrating the energy
equation (3.1) across the hot-spot boundary. All divergent-free terms vanish as
both temperature and radiation flux approach zero at the hot-spot boundary. A
straightforward integration leads to
γ ṁa
6
−3/2
T0 Rh2 = κ0 T0ν+1 Rh + µ0 C1 p2 T0 Rh3
(γ − 1)A
5
where the ablative mass rate is ṁa = ρVa = ApVa /T and µ0 =

(3.10)
R1
0

r̂2 T̂ −3/2 dr̂ ≈

0.85. Notice that equation (3.10) is derived by approximating the temperature
profile with a step function, the correct limit of a ν >> 1 expansion. Equation
(3.10), accurate to order 1/ν, describes the energy flux balance at the hot spot
boundary where the radiation and conduction energy flows are recycled back by
the ablated material.
The total hot spot mass can be expressed as Mhs =

R Rh
0

4πρr2 dr = 4πµ1 ApRh3 /T0 ,
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0
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r̂2 /T̂ dr̂, and T0 is the hot-spot

central temperature. Due to mass conservation, the change of the hot spot mass
is caused by the mass ablation off the shell, dMhs /dt = 4πRh2 ṁa . Substituting the
above results into equation (3.10), yields,
d
dt



pRh3
T0



=

2µ0 C1 p2 Rh3
12κ0
5/2
Rh T0 +
25µ1
5µ1 T05/2

(3.11)

Notice that this is the equation governing the hot spot temperature. The terms
on the right hand side represent the heat conduction and radiation effects on the
hot-spot temperature.
After a straightforward manipulation the dimensionless form of the temperature equation can be written in the following form,
d
dτ
−3/2

where β = 2µ0 C1 p2s T∗

p̂R̂3
T̂

!

= R̂T̂ 5/2 + β

p̂2 R̂3

(3.12)

T̂ 5/2

Rs /5µ1 ps Vi . Notice that β is proportional to the ratio

between the total radiation energy emitted from the hot spot and the imploding
−3/2

shell kinetic energy. The radiation energy is proportional to C1 p2s Ts

Rs3 τc and

the shell kinetic energy is proportional to the hot spot internal energy M Vi2 ∼
ps Rs3 . As shown below, the time τc ∼ Rs /Vi represents the confinement time
of the hot spot surrounded by a dense shell imploded with velocity Vi . Ignited
ICF capsules require that the radiation energy be smaller than the compression
work so that high temperatures can be reached in the hot spot. Furthermore, the
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bremsstrahlung losses are also smaller than the heat conduction losses and do not
appreciably alter the temperature profile that is mostly determined by the heat
conduction.
The third and last equation of our ignition model governs the conservation of
momentum of the thin shell surrounding the hot spot. The thin-shell approximation38 assumes that the entire shell kinetic energy is transferred to the internal
energy of the hot spot upon stagnation. Even though the thin-shell model overestimates the stagnation energy, it yields the correct ignition scaling. This is shown
in Betti’s work31 where a more accurate shell model, the so-called “thick-shell”
model is compared with the “thin-shell” one. In the thick-shell model, the shell is
treated as a finite-thickness, compressible gas including the presence of a return
shock driven by the rapid increase of the hot spot pressure. While, the thick-shell
is a more realistic (but more complicated) model than the thin-shell one, the ignition scaling is virtually the same. Furthermore, we will use the results of chapter
2 and previous work28, 69 to heuristically limit the transfer of kinetic energy from
the shell to the hot spot, that, in the thin-shell model, is overestimated (100%
transfer). Within the frame of the thin-shell model, the shell compresses the hot
spot like a spherical piston and the equation of motion for the shell is simply the
shell Newton’s law Ms R̈ = 4πpR2 . In dimensionless form, this equation can be
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rewritten using (3.8) as
d2 R̂
= p̂R̂2
2
dτ

(3.13)

The shell Newton’s law shows that the shell confinement time at stagnation scales
as τc ∼

p
Ms /ps Rs . Since Ms Vi2 ∼ ps Rs3 , the confinement time can be rewritten

as τc ∼ Rs /Vi . During this time the hot spot hydrodynamic pressure is at its peak
value (in the absence of alpha heating). The shell confinement time should not
be confused with the burn time that depends on the shell areal density.2
Equations (3.9), (3.12), and (3.13) represents a dynamic model of thermonuclear ignition. The next set it to determine the relevant set of initial conditions
for the system of equations.

3.2

INITIAL CONDITIONS

Based on the definition of the dimensionless variables, the initial condition of
˙
the thin shell model requires that R̂(0) = R(0)/Rs , R̂(0) = −1, p̂(0) = p(0)/ps and
T̂ (0) = T0 (0)/T∗ , where R(0), p(0), T0 (0) are the values of the radius, pressure and
central temperature at the beginning of the deceleration phase (τ = 0) when the
shell is imploding inward with its maximum velocity (dR/dt(0) = −Vi ). The stagnation values Rs and ps can be defined through the energy conservation and adiabatic compression in the absence of alpha heating and radiation losses. In this case,
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energy conservation requires that (1/2)Ms Vi2 = (4π/3)ps Rs3 , while adiabatic com5/3

pression requires ps Vs

= p(0)V (0)5/3 or ps Rs5 = p(0)R(0)5 . Using these relations,

the initial conditions for the dimensionless variables can be rewritten as R̂(0) =
−1/2

ε0

˙
−5/2
, R̂(0) = −1 and p̂(0) = ε0
where ε0 ≡ (1/2)Ms Vi2 /(4π/3)p(0)R(0)3 is

the ratio between the shell kinetic energy and the hot spot internal energy at the
beginning of the deceleration phase. Notice that ε >> 1 in typical ICF implosions
where the hot spot energy is amplified many times during the deceleration of the
shell.
The initial condition for the temperature requires a special treatment. We
start by integrating equation (3.12) from the beginning of the deceleration phase
(τ = 0) to stagnation (τs ). The stagnation values for the dimensionless variables
1/2

are τs = ε0 , R̂(τs ) = 1, p̂(τs ) = 1, T̂ (τs ) = 1. The initial temperature T̂ (0) can be
inferred from an analysis of the temperature equation (3.12). At the beginning of
the deceleration phase, both pressure and temperature are small and the radiation
losses can be neglected with respected to the heat losses. Neglecting the alpha
particle heating during the hot spot assembly phase (that is γα = 0) results in the
adiabatic compression of the hot spot leading to p̂R̂5 = 1. Thus, the temperature
equation (3.12) can be rewritten
dφ̂
= φ̂−5/2 R̂−4
dτ
where φ̂ ≡ p̂R̂3 /T̂ .

(3.14)

The solution of equation (3.14) is φ̂(τ )7/2 = φ̂(0)7/2 +
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Rτ
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R̂−4 dτ . For large ε0 >> 1, one expects the stagnation temperature to be

independent of its value at the beginning of the deceleration phase (as long as the
initial value is much smaller than the stagnation value). Thus, one requires that
I≡

7
2

Rτ

as I =

0

7
2

˙
R̂−4 dτ >> φ̂(0)7/2 . Defining R̂ = dR̂/dτ , the integral I can be rewritten
R∞
0

˙
R̂−4 R̂−1 dR̂. Notice that most of the contribution to the integral I

˙
˙
comes from the stagnation values R̂ ≈ R̂(τs ) = 1 and R̂ ≈ R̂(τs ) ≈ 0. By using
¨
the shell Newton’s law [equation (3.13)], one finds that R̂(τs ) ≈ 1 and the shell
q
˙
˙
velocity R̂ can be approximated by R̂ ≈ 2(R̂ − 1) near stagnation. Substituting
into I and integrating over R̂ yields I =

5π
√ .
16 2

At the beginning of the deceleration

phase, the initial value of φ̂ is φ̂(0) = p̂(0)R̂(0)3 /T̂ (0) = (ε0 T̂ (0))−1 . In order to
guarantee a stagnation temperature independent of its initial value, one needs to
−ω
choose ε−1
with −1 < ω < 0 satisfies
0 << T̂ (0) << 1. Any value of T̂ (0) = ε0

this condition and the resulting solution of the ignition model is independent of
−1/2

ε0 and ω as long as ε0 → ∞. Here we choose ω = 1/2 and T̂ (0) = ε0

<< 1.
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SOLUTION OF THE IGNITION MODEL
AND MARGINAL IGNITION
CONDITION

Our ignition model consist of the three equations (3.9), (3.12), and (3.13)
representing mass, momentum and energy conservation, with the initial conditions
derived in section 3.2. For convenience, the equations and initial conditions are
summarized below:
d
(p̂R̂5 ) = γα p̂2 R̂5 T̂ σ
dτ
!
d p̂R̂3
p̂2 R̂3
= R̂T̂ 5/2 + β
dτ
T̂
T̂ 5/2

(3.15)

2

d R̂
= p̂R̂2
2
dτ
−5/2

p̂(0) = ε0

,

−1/2

T̂ (0) = ε0

,

1/2

R̂(0) = ε0 ,

˙
R̂(0) = −1
1/2

Equations (3.15) are numerically solved up to the stagnation time τ ∼ τs = ε0

for a large value of ε0 >> 1 and σ = 1 is used in the computation. The solution
develops an explosive instability when the parameter γα exceeds a critical value
for a preset value of β. Here, we are interested in the asymptotic value of γα
for ε0 → ∞ (we use ε0 = 104 in the numerical integration). Physically, this
instability corresponds to the onset of ignition. The critical values of γα and β
are obtained through a series of numerical solutions of the system of equations
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Fig. 3.3: Relation between γα and β. Each dot represents a single pair of γα and
β such that the solution of the equations (3.15) turns singular. The
solid line is the fitting formula γα (β) in equation (3.16).
(3.15) and shown in Figure 3.3, where every dot represents a single pair of γα
and β such that the solution of the equations turns singular for both pressure and
temperature. That ignition curve in Figure 3.3 can be accurately fitted by the
following simple formula
γα = 1.12 + β 2 + 0.28β 3

(3.16)

Within the frame of the thin shell model, the shell thickness is negligible.
However, the effects of finite thickness can be included by noticing that only a
fraction of the shell kinetic energy is converted into hot spot energy. That fraction
is related to the ratio of the hot spot and shell volume at stagnation, and it can
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written as (1 + A−1 )−3 , where A is the aspect ratio defined as the hot spot radius
Rh over the shell thickness ∆, A = Rh /∆. The total mass is expressed as M =
4π(ρ∆)Rs2 Σ(A),28 with the volume factor Σ defined as Σ(x) = 1 + (1/x) + 1/(3x2 ).
Thus, the important parameter γα in the ignition condition can be rewritten as
εα C0 T∗σ
γα =
2(1 + Z)2 c2+σ
k

√

M

p
M Vi2 /(1 + A−1 )3
εα C0 T∗σ
Σ(A)
=
(ρ∆)Vi
2+σ
4πRs2
2(1 + Z)2 ck (1 + A−1 )3/2
(3.17)

Similarly, the temperature normalization factor T∗ can be written as
T∗ =



25µ1 Ms Vi3
·
48πκ0
Rs2

2/7

=



25µ1 Σ(A)(ρ∆)Vi3
·
12κ0 (1 + A−1 )9/2

2/7

(3.18)

For typical ICF implosions, the stagnation aspect ratio A usually falls within the
range of 1 < A < 4.28 Within this interval, the function Σ(A)/(1 + A−1 )9/2 can
be approximated by the power law, Σ(A)/(1 + A−1 )9/2 ≈ 0.12A1.045 . Since the
stagnation aspect ratio scales with the implosion velocity and shell adiabat as
A ≈ 8.2 × 10−6 Vi0.96 /α0.19 ,69 the function Σ(A) can approximated as Σ(A)/(1 +
A−1 )9/2 ≈ δ0 Vi /α0.2 , with the constant δ0 = 5.7 × 10−7 . Substituting into equation
(3.18), and solving for the implosion velocity yields
Vi =



12κ0
25µ1 δ0

1/4

α0.05 (ρ∆)−1/4 T∗7/8

(3.19)

Notice that the adiabat dependence is very weak, and it is neglected in the following derivation. Furthermore, the aspect ratio dependence in equation (3.17)
can be approximated with a constant, Σ(A)/(1 + A−1 )3/2 ≈ 0.85 for 1 < A < 4.
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Substituting this result and equation (3.19) into equation (3.17), one finds the γα
dependence on the areal density ρ∆ and temperature T∗ ,
0.85εα C0
γα =
2(1 + Z)2 c2+σ
k



12κ0
25µ1 δ0

1/4

(ρ∆)3/4 T∗σ+7/8

(3.20)

The parameter β can be expanded in the same manner as above. Notice that
−σ−3/2

β/γα ∼ T∗

and β can be written in the following form
0.34µ0 C1
β=
µ1



12κ0
25µ1 δ0

1/4

(ρ∆)3/4 T∗−5/8

(3.21)

In both equations (3.20) and (3.21), the units of ρ∆ and T∗ are in kg/m2 and J
respectively. To express T∗ in keV in these equations, γα and β can be rewritten
as
3/4

γα = C3 (ρ∆)

(T∗keV )15/8 ,

C3 =

β = C4 (ρ∆)3/4 (T∗keV )−5/8 ,

0.85εα C0
9/8

2(1 + Z)2 ck

C4 =

0.34µ0 C1
5/8

µ1 c k



12κ0
25µ1 δ0



12κ0
25µ1 δ0

1/4
1/4

(3.22)

where Z=1 for DT plasma, εα = 3500ck = 5.6 × 10−13 J, C0 = 2.6 × 10−26 ,
µ0 = 0.85, µ1 = 0.55, κ0 = 3.7 × 1069 , δ0 = 5.7 × 10−7 . From equation (3.2) one
finds C1 = 9.7 × 10−30 for Z=1 leading to C4 ≈ 0.327, and the parameter β ≤ 1
for typical values of the areal density and temperature. Using C0 ≈ 2.6 × 10−26
into the first equation of (3.2) yields C3 ≈ 7.6 × 10−3 for DT fuel.
The next step is to relate the parameter T ∗ to the maximum temperature in
no−α
the absence of alpha heating (Tmax
). Such a temperature is approximately equal
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Fig. 3.4: Relation between T̂max
and β. Each dot represents a single pair of
no−α
T̂max
and β by solving equations (3.15) with γα = 0 for various β.
no−α
T̂max
is the maximum value of T̂ in the solution. The solid line is the
no−α
fitting formula T̂max
(β) in equation (3.23).

to the temperature measured in D2 targets or subignited DT implosions where
the self-heating plays a negligible role in the hot spot energy balance. The value
no−α
of Tmax
is found by setting γα = 0 and by solving equations (3.15) for various
no−α
values of β. The maximum of the solution for T̂ corresponds to Tmax
/T∗ . A

series of numerical solutions lead to the following relations between the parameter
no−α
β and the maximum hot-spot temperature T̂max
without alpha heating,

no−α
T̂max
=

no−α
Tmax
0.78
,
=
T∗
Π(β)

Π(β) = 1 + 0.42β 0.9 + 1.7 · 10−3 β 1.8

(3.23)

as shown in Figure 3.4. Using equation (3.23) and the definitions of γα and β in
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(3.22), one can easily rewrite the ignition condition as
no−α 5/2
(ρ∆)(Tmax
) = 33.5

[γα (β)]4/3
Π(β)5/2

(3.24)

no−α
where ρ∆ is in g/cm2 ,Tmax
is in keV, γα is given in equation (3.16) and β can
no−α
be determined in terms of Tmax
from the following equation

5/2

βΠ(β)5/2
3.4
=
no−α
γα (β)
Tmax

(3.25)

no−α
Notice that for large temperatures Tmax
>> 3.4keV, β is small and the ignition
no−α 5/2
condition reduces to (ρ∆)(Tmax
) = 33.5g/cm2 keV 2.5 . By numerically solving
no−α
no−α
equation (3.25) for various Tmax
in the range 2.5 < Tmax
< 8 keV to find β and
no−α
substituting β(Tmax
) into equation (3.24), yields the ignition condition in terms
no−α
of the two measurable parameters ρ∆ and Tmax
. Figure 3.5 shows the ignition
no−α
condition in the ρ∆, Tmax
plane. A simple fit of the ignition condition, accurate
no−α
to withing ±10% in the range 4 < Tmax
< 8 , is given below

(ρ∆) ≈

2.5

2.5 

3
no−α )1.18 1 −
(Tmax
T no−α

(3.26)

max

The dashed curve in Figure 3.5 show the numerical fit in relation to the exact
numerical solution of the ignition model (solid curve). Notice that equation (3.26)
no−α
exhibit a singularity for Tmax
≈ 3 keV indicating that at such low temperatures,

ignition requires very large areal densities. The areal density in equation (3.26)
refers to the shell areal density without including the hot spot contribution. The
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hot spot contribution to the areal density is typically small except for marginally
no−α
ignited targets at high temperatures. As shown in Figure 3.5, when the Tmax

temperatures increase, the shell areal density required for marginal ignition falls
below 0.5 g/cm2 . At such low values, the shell and hot spot areal density are of
the same order and the hot spot contribution is a significant portion of the total
areal density.
In the next section we use the total areal density from a set of hydrodynamic
simulations to generate an ignition curve similar to the one in Figure 3.5. Therefore, significant discrepancies between the theoretical and numerical results are
expected at high ignition temperatures. A detailed discussion of the validity of
equation (3.26) and a comparison with the results of numerical simulations are
the subjects of the next section.

3.4

HYDRODYNAMIC SIMULATIONS

About twenty marginal-ignited direct-drive targets have been simulated with
the one-dimensional Lagrangian radiation-hydrodynamic code LILAC.20 The targets used in the simulations are spherical shells consisting of a single DT ice layer
or two layers of wetted-foam ((DT)6 CH) and pure DT ice. All targets are filled
with 1 atm DT gas, and the initial aspect ratio of the targets varies from 1.0 to
5.5. The relaxation (RX) adiabat shaping24 technique is used to design most of
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Fig. 3.5: Relation between ρ∆ and Tmax
. Each dot represents a single pair of
no−α
no−α
ρ∆ and Tmax
by solving equations (3.24) and (3.25) for 4 < Tmax
< 8.

The solid line is the fitting formula in equation (3.26).
the laser pulse shapes for these implosions. In these simulations, the UV driver
energy varies from 35kJ to 10MJ, adiabat from 0.7 to 4, implosion velocity from
1.75 to 5.3 × 107 cm/s. These targets are designed to achieve marginal ignition
with the minimum laser energy. In the simulations, marginal ignition is defined
as Gain=1 (fusion energy = laser energy on target) These implosions are also
simulated without alpha energy deposition to compute the areal density and the
no-alpha ion temperature used in the ignition condition (section 3.3).
Each dot in Figures 3.6 and 3.7 show the areal density and ion temperature of
each marginally ignited target. Figure 3.6 show the maximum areal density and
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Fig. 3.6: Relation between the maximum areal density and the maximum
volume-averaged no-alpha ion temperature for marginally ignited targets. Each dot represents a single simulation from 1D hydrocode. The
solid line is the fitting formula in equation (3.27).
the maximum volume-averaged no-alpha ion temperature (the volume average is
carried out over the hot spot volume). Observe that all the points lie on a curve
(i.e. the ignition curve). The latter can be accurately approximated (Figure 3.6)
by the following fitting formula
ρRmax ≈

33.5
hT no−α i5/2
v

h

1.2

1 − ( hT no−α i

v

)5/2

i4/3

(3.27)

Similarly, Figure 3.7 shows the ignition points in terms of the burn-averaged areal
density and the burn-averaged ion temperature. The burn-averaged areal density
is defined as the total areal density weighted in time with the neutron rate. The
burn-averaged temperature is the temperature weighted in time and space with

2

Neutron averaged areal density <ρR tot> n (g/cm )
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Fig. 3.7: Relation between neutron-averaged temperature and neutron-averaged
areal density for marginally ignited targets. Each dot represents a single
simulation from 1D hydrocode. The solid line is the fitting formula in
equation (3.28). The dashed-dotted line is the approximation of the
ignition curve in equation (3.29). The dashed curve is the ignition
model given in equation (3.26) of section 3.3.
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the fusion reaction rate. Even in the hρRtot in , Tino−α

n

plane, the simulated

marginal ignition points lie on an ignition curve. This curve is of particular
importance since hρRtot in , Tino−α

n

are the only two measurable parameters in

an ICF implosion. The burn average total areal density can be inferred from
the downshift of the spectrum of charged fusion products, and the burn-averaged
ion temperature can be measured with the Neutron Time-of-Flight Diagnostics
(NTOF). One can argue that the measurements give hTi in instead of Tino−α n .
However, the two parameters are virtually identical for D2 surrogate implosions
or sub-ignited DT implosions with Gain≪1. The ignition curve in Figure 3.7 can
also be approximated with a simple fitting formula
hρRtot in ≈

3.4
hT no−α i0.97
n

h

2.5

1 − ( hT no−α i

n

)2.5

i0.79

(3.28)

which is plotted as the solid curve in Figure 3.7. Equation (3.28) is the most
useful form of the ignition condition that can be directly measured. A rough
approximation of the ignition curve can be cast into a simple power law
hρRtot in · Tino−α

2.6
n

> 50g · cm−2 · keV 2.6

(3.29)

The dashed-dotted line in Figure 3.7 shows the simple fit (3.29) in relation to the
simulation results (dots). To compare the ignition condition from the analytic
model in section 3.3 with the simulation results, we plot equation (3.26) in the
hρRtot in , Tino−α

n

plan of Figure 3.7. The dashed curve in Figure 3.7 shows the
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ignition model results as given in equation (3.26). This suggests that in spite of
its simplicity, the ignition model captures the essential physics and the ignition
condition (3.26) is in a reasonable agreement with the simulation results. Notice
that, as expected, the model prediction (dashed curve in Figure 3.7) follows below
the simulation results at high temperatures, since the hot spot areal density is not
accounted for.

3.5

ALPHA PARTICLE CONFINEMENT

An important assumption used in the analytic model of section 3.3 concerns
the alpha particle confinement. The assumption was made that most of the alpha particles slow down within the hot spot, and that the alpha particle energy
deposited inside the hot spot is close to 100% (ϕ ≈ 1). Since the alpha energy
deposition in the hot spot depends on its areal density and temperature,50 we have
computed the hot-spot areal densities and hot spot temperature for the marginal
ignited targets in our simulation database. Figure 3.8 show the hot-spot areal
density and temperature at marginal ignition from the 1D simulations discussed
in section 3.4. Observe that all the marginally ignited targets have hot spot areal
density above the critical value of 0.3g/cm2 often cited in the literature.2, 3 To estimate the fraction of absorbed alpha particles (ϕ), we use the results in Krokhin’s
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work50 to find that
ϕ=

1
3τ 4 2
− τ ,τ ≤ ;
2
5
2

ϕ = 1−

1
1
1
+
,τ ≥ ;
2
4τ 160τ
2

3/2

τ ≈ 92(ρR)hs /Th

(3.30)

where (ρR)hs is the hot-spot areal density in g/cm2 and Th is the hot-spot temperature in keV. Substituting the areal densities and temperatures from Figure 3.8
into equation (3.30) yields that the fraction of alpha energy deposited within the
hot spot ranges from about 87% to 99% (0.87 < ϕ < 0.99). Thus, our assumption
ϕ ≈ 1 seems to be satisfied at marginal ignition. It is also interesting to observe
that, as shown in Figure 3.8, ignition at no-alpha temperatures (Thno−α ) below
4keV requires a hot spot areal density well above the 0.3g/cm2 critical value.
For large hot spot areal densities, a significant fraction of the bremsstrahlung
radiation and conductive heat flux is absorbed within the hot spot, thus preventing
a severe temperature degradation. For these targets, the only confinement issue
is with the hydrodynamic disassembly of the surrounding shells. Since high hotspot areal densities are correlated with high shell areal densities,69 the inertial
confinement of such shells is very long and ignition can occurs at very low noalpha temperatures as shown in Figure 3.8.
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Fig. 3.8: Hot-spot areal density and volume averaged hot-spot ion temperature.
Each dot represents a single simulation from 1D hydrocode. The dashed
line marks the hot-spot areal density of 0.3g/cm2 .

3.6

COMPARISON WITH THE HTL
IGNITION CONDITION

In order to test the validity of the ignition condition derived in this paper, we
compare it to the ignition criterion derived by Herrmann et al.11 We refer to this
criterion as the Herrmann-Tabak-Lindl (HTL) ignition condition. The HTL condition is a more accurate extension of the ignition scaling of Levedahl and Lindl34
and it correlates the minimum shell kinetic energy required for ignition with the
implosion velocity, shell adiabat and ablation pressure. Since all our simulations
are for direct-drive targets with maximum intensity around 1015 W/cm2 , we will
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use the form of the HTL condition rewritten in terms of the laser energy on target
rather than the shell kinetic energy. This form will be derived as equation (4.1)
of chapter 4. The relation between laser energy and kinetic energy is EL = EK /η
where η is the overall hydrodynamic efficiency. For intensities of 1015 W/cm2 , our
1D hydrodynamic simulations show an ablation pressure close to 200 Mbar at the
end of the acceleration phase in spherical implosions. Using I15 = 1 and PL = 200
Mbar into equation (4.1), we find equation (4.1) reads as
2

EL ≈ 5.9 × 10

1.9
αif



Vi
3 × 107

6.6

(3.31)

where the laser energy EL is in kJ and the implosion velocity Vi in cm/s. Since
our ignition criterion uses the areal density and the ion temperature, a relation
between these variables and those in equation (3.31) is required. For simplicity, we
2.6

will consider the simplest (and the least accurate) form of our criterion, hT no−α in ·
hρRin > 50 keV 2.6 ·g/cm2 . The scaling relations derived in chapter 2 and previous
work69 provide accurate formulas relating the maximum areal density and the
maximum volume-averaged no-alpha temperature to the laser energy, shell adiabat
and implosion velocity. We will use the same scaling relation in chapter 2 and
simply adjust the proportionality constant to fit the neutron average quantities
in our ignition criterion. A simple fit of the numerical results from our implosion

3. A MEASURABLE LAWSON CRITERION

88

database leads to
0.78
hρRin (EL ) = 0.54
αif



Vi
3 × 107

3.5
hTi in (EL ) = 0.15
αif



Vi
3 × 107

0.06 
1.25 

EL
100
EL
100

0.33
0.07

(3.32)

Figure 3.9 and 3.10 compare the results of the simulations with the above fitting
formulas. Substituting equations (3.32) into our ignition criterion, yields the
minimum energy required for ignition as given below
2

EL (kJ) > 5.9 · 10

1.8
αif



3 · 107
Vi

6.5

(3.33)

Notice that the power indices and the proportionality constant in equation (3.33)
are virtually identical to those in equation (3.31). This shows that our ignition
criterion reproduces the HTL scaling quite accurately.

3.7

HYDROEQUIVALENT CURVES

In this section we introduce the concept of hydroequivalency and hyroequivalent curves in the ρR, Ti plane. ICF targets with similar in-flight hydrodynamic
variables, but different driver energy and gain, are considered hydrodynamically
equivalent. Hydroequivalent targets are expected to exhibit the same hydrodynamic behavior with respect to their hydrodynamic performance not only in 1D
but also in 3D. Here, we relate the hydrodynamic performance to the peak pressure of the stagnating core and to the hydrodynamic stability of the implosion.
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Fig. 3.9: Neutron-averaged areal density hρRin from simulation (dots) compared
to the numerical fit in equation (3.32) (solid line).
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Fig. 3.10: Neutron-averaged ion temperature hTi in from simulation (dots) compared to the numerical fit in equation (3.32) (solid line).
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If a set of targets are scaled in mass (M ), radius (R), thickness (∆), adiabat
(α), implosion velocity (Vi ), laser intensity (I ) and energy (EL ) according to the
1/3

1/3

simple scaling M ∼ EL , R ∼ EL , ∆ ∼ EL , I ∼ constant, α ∼ constant and
Vi ∼ constant, then the target implosions yield the same peak pressure and the
same hydrodynamic stability properties. The latter is related to the magnitude of
the in-flight-aspect-ratio (IFAR) that depends on the implosion velocity, adiabat
and laser intensity. Assuming the same relative size of the initial perturbations on
targets, hydroequivalent targets have the same Rayleigh-Taylor growth factor and
the same RT amplitude with respect to their thicknesses. As shown in equations
(3.32), due to the dependence on the laser energy EL , hydroequivalent targets
will produce different areal densities and slightly different no-alpha temperatures.
Obviously, targets imploded by larger drivers (larger EL ) will achieve greater ρR
and Ti .
Using equations (3.32), one can easily plot hydroequivalent curves on the
hρRin , hT no−α in ignition plane, by fixing α and Vi in equations (3.32) and letting
EL vary. In Figure 3.11, we plot two hydroequivalent curves for the direct-drive
NIF point design52 and the current best performing cryogenic D2 implosion on
the OMEGA laser.43 The direct-drive NIF point design has an in-flight adiabat
of 2.7 and implosion velocity of 4.25 × 107 cm/s. The hydroequivalent curve for
such values of αif and Vi is the dashed-dotted curve in Figure 3.11. The bottom

2

Neutron averaged areal density <ρR> n (g/cm )
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Fig. 3.11: Hydro-equivalent curves in the (hρRin , hT no−α in ) plan. The solid
curve is the ignition condition in equation (3.28). The dashed curve
is the hydro-equivalent curve for implosions of αif = 2.5, Vi = 2.4 ×
107 cm/s in equation (3.32). The lower squares are implosions at 16kJ
and the upper one is 1.5MJ. The dashed-dotted curve is the hydroequivalent curve for implosions of αif = 2.7, Vi = 4.25 × 107 cm/s.
Three dots are implosions at 16kJ, 450kJ and 1.5MJ, respectively.
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dot on such a curve is the hydroequivalent point for a 16kJ implosion. The areal
density and no-alpha temperature corresponding to that point is hρRin ≈ 0.25
g/cm2 and hT no−α in ≈ 4.1 keV. The top dot on the same curve represents the
same implosion scaled up to NIF-like energies of 1.5MJ. The middle dot, is the
same implosion scaled up to 450kJ. Notice that the 450kJ implosion is right on
the 1D marginal ignition curve that is the solid curve in Figure 3.11. This shows
that the full NIF energy of 1.5MJ is approximately 3 times larger than required
for 1D marginal ignition. The main implication of the plots in Figure 3.11 is the
following. If a 16kJ cryogenic implosion is carried on the OMEGA laser to achieve
areal densities and temperatures as indicated on the bottom point, then one can
use such a result to theoretically conclude that the same implosion scaled up to
the NIF will have 3 times more energy as required by the 1D Lawson criterion.
While this is not an absolute proof that such a target will ignite on the NIF, it
will establish some confidence in the achievement ignition.
The point representing the best performing cryogenic implosion on the OMEGA
laser to date, is the bottom square on the dashed curve. The point represents a
neutron average areal density slightly exceeding 0.2g/cm2 and neutron average
temperature of 2keV. The corresponding implosion had an in-flight adiabat of
about 2.5 and implosion velocity of about 2.4 × 107 cm/s. The upper square on
that hydroequivalent curve is below the marginal ignition curves and it represents
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the same implosion scaled up to the full NIF energy of 1.5MJ. Obviously, such an
implosion would fail to ignite. This is explained by the relatively low implosion
velocity (Vi ≈ 2.4 × 107 cm/s) and by the sensitivity on Vi of the minimum energy
required for ignition [see equation (3.33)]. A point worth making is that current
OMEGA targets have been imploded with ignition relevant adiabats that are even
slightly below the value required for the direct-drive point design.
In summary, hydroequivalent curves plotted on the ρR, Ti ignition plane are
useful to predict 1D performance for different laser energies. An immediate conclusion is that OMEGA-size capsules will have to be imploded at higher implosion
velocities (for the same adiabat) to achieve a hydroequivalent demonstration of
ignition.
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4. FUEL ASSEMBLY DESIGN
PRINCIPLES
In chapter 2, hydrodynamic scaling laws relating stagnation to in-flight hydrodynamic variables are derived for various shell and hot-spot quantities. All the
analytic scaling laws are in qualitative agreement with the numerical fits. The
maximum ρR, the hot-spot temperature and the shell density, are also in good
quantitative agreement. The hot-spot ρR and the maximum pressure show some
discrepancies with the numerical fits, particularly in their velocity scaling. An analytic scaling of the pressure and shell density was also derived by other authors.32, 33
For instance, the scaling of Basko and Meyer-ter-vehn32 yields p ∼ p0 M ach4if and
ρ ∼ ρ0 M ach2if , where M achif is the in-flight Mach number, with a much stronger
velocity dependence than predicted by our simulations. The difference between
Basko32 and our analytic relations is due to the stagnation aspect ratio (As ) scaling used in the derivation. In Basko’s work,32 the stagnation aspect ratio scales
as As ∼ 1, while in our analysis it scales approximately as As ∼ M achif . Such
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a scaling of the stagnation aspect ratio is suggested by the numerical fit shown
in Figure 2.4. Other discrepancies between the analytic and numerical scalings
may arise because of the simplified ideal gas equation of state used in the analytic derivation. Instead, all the numerical scalings are derived from implosion
simulations using SESAME equation of state tables.
In this chapter, we will make use of the more accurate numerical fits summarized in Table 2.1. Equations (Table 2.1) relating the stagnation to the in-flight
values of the hydrodynamic variables are useful to guide the design of conventional
and fast ignition direct-drive ICF targets and laser pulses. A description of these
target design guidelines is also provided in the literature28, 69 by C.D. Zhou et al.
Starting from the gain relation (2.7) and the areal density scaling (2.21), it follows
that, for a fixed laser energy EL , high gains can be achieved through low implosion velocities (i.e. massive targets) and low inner-surface in-flight adiabats αinn .
It is important, however, to emphasize that both conventional and fast ignition
implosions require a minimum implosion velocity for ignition at a fixed adiabat.
In conventional ICF, the minimum implosion velocity is set by the 1D marginal
ignition condition requiring that the minimum shell kinetic energy for achieving
1.9
a gain of unity11, 31–34 in one-dimension scales as Ek ∼ αinn
/Vi5.9 PL0.77 where PL

is the laser-applied pressure at the end of the acceleration phase. Using the hydrodynamic efficiency in (2.6), the laser energy required for marginal direct-drive
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ICF ignition can be written as
ELign

≈

−0.26 1.9
0.59I15
αinn



3 × 107
Vi (cm/s)

6.6 

λL (µm)
0.35



(4.1)

where ELign is in MJ, and the peak ablation pressure PL is related to the peak laser
intensity. According to the planar direct-drive scaling PL ∼ I 2/3 . Using the results
from our spherical implosion simulation database, and the laser intensity I15 at the
initial target outer radius in units of 1015 W/cm2 , we estimate the proportionality
2/3

constant, leading to PL (Mbar)∼ 200I15 . For a given adiabat, laser wavelength,
laser intensity and laser energy, equation (4.1) can also be used to determine the
ICF
minimum implosion velocity required for ignition Vmin
. Standard ICF ignition
ICF
targets require an implosion velocity at least ∼ 10 − 20% higher than Vmin
in

order to overcome the deterioration of the hot spot ignition conditions due to
the deceleration phase Rayleigh-Taylor instability. A higher implosion velocity
requires a greater driver energy leading to a shell kinetic energy ∼ 20 − 50%
above the 1D marginal ignition value (this energy surplus is usually referred to
as “margin”34 ). If the laser energy is fixed, the margin can be produced by
lowering the shell mass, hence increasing the implosion velocity and decreasing the
marginal ignition energy. As indicated by the gain formula (2.7), any increase in
the implosion velocity inevitably leads to a decrease in the energy gain (assuming
that ignition takes place) despite the fact that the burn fraction does not change
since the areal density is approximately independent of the implosion velocity.
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Furthermore, any enhancement of the implosion velocity leads to an increase of the
IFAR (IF AR ∼ Vi2 ) leading to the amplification of the most dangerous RT modes
durign the acceleration phase. It is important to notice that substituting the
IFAR scaling (2.23) into equation (4.1), yields that the minimum energy required
for ignition scales approximately as ELmin ∼ 1/IF AR3 and the condition on the
minimum implosion velocity is in effect a condition on the minimum IFAR required
for ignition. Since the stability properties depend mostly on the IFAR, the inflight aspect ratio is a key implosion parameter that needs to be carefully chosen
within a narrow range in order to minimize the ignition energy while reducing
the growth of the RT instability. Typical values of the IFAR in conventional ICF
target designs range from 35 to 45. Once the IFAR is set, the implosion velocity
follows the scaling in (2.23) Vi ∼ IF AR0.5 < αif >0.3 . Since the gain increases
for lower implosion velocities, and the areal density increases for lower adiabats,
it is convenient to operate at the lowest possible adiabat and therefore minimum
implosion velocity. Since the hot spot temperature decreases with the implosion
velocity (2.56), it is important to avoid implosion velocities below ∼ 2 × 107 cm/s
leading to relatively cold hot spots where the radiation losses overcome the alpha
heating thus preventing ignition and energy gains. Typical conventional ICF
targets are designed with an inner surface adiabat of αinn ∼ 1 − 3 and implosion
velocities of 3 − 4 × 107 cm/s driven by lasers with energies exceeding 1MJ. One
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dimensional simulations of the implosion predict that the enegy gain for a 11.5MJ UV laser varies between 10-20 for indirect drive51 and 40-50 for direct
drive.52 Using the UV direct-drive NIF point design parameters of αinn ≈ 2.7,
Vi ≈ 4.3 × 107 cm/s, I15 ≈ 1 and EL ≈ 1.5MJ into equations (2.21) and (2.7),
one finds a maximum areal density of 1.8 g/cm2 and energy gain of 47, in good
agreement with the results of two-dimensional simulations of direct-drive ignition
capsule designed for the NIF.52
In fast ignition, the minimum implosion velocity is set by the adiabat and
the density required for fast ignition. Since the density scales linearly with the
velocity (2.20), the mono-energetic electron beam energy required for ignition
scales as Ebeam ∼ 1/ρ1.85 ∼ (αinn /Vi )1.85 . As in conventional ICF, optimized fast
ignition implosions requires low values of the inner-surface in-flight adiabat. As
long as the ratio Vi /αinn ∼ ρ is sufficiently large to achieve the densities required
for fast ignition, the implosion velocity can be minimized by driving the shell on
the lowest possible adiabat. However, very low adiabat implosions require long
pulse lengths and careful pulse shaping. The long pulse length is due to the slow
velocity of the low adiabat shocks and the careful shaping is required to prevent
spurious shocks from changing the desired adiabat. Furthermore the ratio between
the peak power and the power in the foot of the laser pulse (i.e. the power contrast
ratio) increases as the adiabat decreases thus leading to difficult technical issues in

4. FUEL ASSEMBLY DESIGN PRINCIPLES

99

calibrating the pulse shape. These constraints on the pulse shape are alleviated by
using the relaxation laser pulse technique.24, 25 The RX pulse induces an adiabat
profile that is monotonically decreasing from the ablation surface to the inner
shell surface. In addition to improving the hydrostability of the implosions, the
RX main pulse is shorter and requires a lower contrast ratio than the equivalent
flat adiabat pulse with the same inner surface adiabat. A reasonable minimum
value of the inner surface adiabat achievable by the RX technique is αinn ≈ 0.7.
An adiabat below unity implies that at shock break-out, the inner portion of the
shell is not fully ionized. Hence, the implosion velocity is obtained from equation
(2.20) leading to
1.12
2.2αinn
Vi ≈
0.13
I15



hρi (g/cm3 )
300



λL (µm)
0.35

0.13

(4.2)

where the implosion velocity Vi is in 107 cm/s, leading to Vi ≈ 1.7 × 107 cm/s for
an implosion with αinn = 0.7, hρi ≈ 300g/cm3 , λL = 0.35µm and I15 ≈ 1. In
order to achieve the high areal densities required for IFE, the laser driver energy
can be derived from the scaling relation (2.21) leading to
3

EL ≈ 58(ρR)

1.62
αinn



λL (µm)
0.35

0.75

(4.3)

where the laser energy EL is in kJ, and the areal density in g/cm2 . Using
ρR ≈ 3g/cm2 yields a UV laser energy of 870kJ. The corresponding energy gain
can be derived from the gain formula (2.7) after including a reduction factor29 for
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Fig. 4.1: Density profiles versus areal density at three times about the time of
peak areal density.

the areal density available for the burn ρRburn ≃ 0.7ρRmax , leading to G ≈ 170
for EL = 870kJ, Vi ≈ 1.7 × 107 cm/s and αinn = 0.7. Since the required laser
energy of 870 kJ is approximately half the NIF energy, we use a reference driver
with half the energy and half the power of the NIF. For a peak power of 250TW,
the outer shell radius is chosen to keep the peak intensity at 1015 W/cm2 , thus
leading to Rout ≈ 1.4mm. The target mass at stagnation is derived from the
kinetic energy Ms ≈ 2Ek /Vi2 , with Ek ≈ ηh EL . Using equation (2.6) for ηh and
EL = 870 kJ, Vi ≈ 1.7 × 107 cm/s yields a stagnation mass of Ms ≈ 2.0mg.
Assuming that ∼20% of the mass is ablated leads to an initial mass of about
M0 ≈ 2.4mg. In order to improve the laser energy absorption, we consider a
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wetted-foam target with an inner ice layer, an outer wetted-foam CH(DT)6 layer,
and a 2-µm CH overcoat. Given the low density of the foam and the small
thickness of the overcoat, we can assume that the average density is the same as
DT ice, ρ0 ≈ 0.25g/cm3 , and determine the inner-shell radius from the volume
M0 /ρ0 and the outer radius leading to Rin ≈ 750µm. It is important to notice
that the large shell thickness combined with the slow implosion velocity makes the
target performance insensitive to the hydrodynamic instabilities and 1-D codes
suitable for realistic simulations of the implosion. A LILAC simulation of the
870-kJ implosion yields the exact desired implosion parameters. Substituting the
implosion parameters into the gain formula (2.7) yields a thermonuclear gain of
about G ≈ 220/(1 + EP W /750), where EP W is the petawatt laser energy required
for ignition in kilojoules. Figure 4.1 shows the density profiles versus the areal
density at different times about the peak ρR time. The sharp drops in density
shown in Figure 4.1 correspond to the return shock traveling outward from the
center. Notice that the density varies significantly while the total ρR remains
above 2.5 g/cm2 . Ignition can therefore be triggered at an average density varying
from 300 to 550 g/cm3 without significant changes to the target gain. The density
versus volume plots in Figure 4.2 indicate that the hot-spot volume is less than
10% of dense core during hundreds of ps about the time of peak ρR. Notice that at
27.5 ns, the density is about 300 g/cm3 , and its profile is approximately uniform.
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Fig. 4.2: Density profiles versus volume at three times about the time of peak
areal density.

The “hot-spot” volume is small, and values below ρ < 300 g/cm3 are confined
within a tiny region occupying only 6%∼7% of the core.
Using low-velocity implosions of massive shells for fast ignition fuel assembly
should also improve the performance of cone-in-shell targets where a gold cone is
inserted into the shell to keep a plasma-free path for the fast ignitor pulse.53, 54 Recent experiments and simulations of cone-in-shell target implosions55 have shown
that the integrity of the cone tip is compromised by the large hydrodynamic pressures and that a low density plasma region develops between the cone tip and
the dense core thus complicating the fast electron transport. Since the stagnation
pressure scales as p ∼ Vi1.8 , the fuel assemblies from low-velocity implosions can
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improve the cone target performances since the resulting dense core has relatively
low pressure (due to the low velocity), thus reducing the hydrodynamic forces
on the cone tip. Furthermore, since low velocities are obtained by imploding
shells with large masses, the resulting core size is large thus reducing the distance
between the tip and the dense core edge.
It is important to point out that hydrodynamic instabilities can alter some
of the scaling relations. While the areal densities and pressure are expected to
be rather insensitive to shell distortions, the hot-spot temperature significantly
decreases in a nonuniform compression due to the augmented heat-transfer area.
Since the growth of the Rayleigh-Taylor instability depends on the in-flight aspect
ratio (IFAR), we speculate that the 3-D temperature scaling will likely exhibit an
adverse relationship with the IFAR leading to T 3−D = T 1−D f (IF AR), where
f (IF AR) decreases with the IFAR.
In summary, low adiabat, low implosion velocity fuel assemblies have high
density, high areal density and small hot spot size, and they are optimal for fast
ignition. This type of fuel assembly has low RT growth factor due to small IFAR,
and can produce high gains of interest to inertial fusion energy applications if full
ignited.
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5. GAIN CURVES FOR
DIRECT-DRIVE FAST IGNITION
In fast-ignition13 (FI) inertial confinement fusion a cryogenic shell of deuterium
and tritium (DT) is first imploded by a high-energy driver to produce an assembly
of thermonuclear fuel with high densities and areal densities. Such a dense core is
then ignited by the fast electrons (or protons) accelerated through the interaction
of a high-power ultraintense laser pulse with either the coronal plasma or a solid
cone-shaped target.14, 53, 54 The fast particles slow down in the cold dense fuel and
deposit their kinetic energy through collisions with the background plasma. In
direct-drive fast ignition, the high-energy driver is typically a laser with a wavelength λL ≈ 0.25, 0.35, or 0.53 µm, and the high-intensity laser has a power in
the petawatt range with a wavelength of 0.53 or 1.06 µm. The energy gain is defined as the ratio between the thermonuclear energy yield and the laser energy on
target. Such a definition does not take into account the energy required to power
the lasers. Including the wall plug efficiency of the lasers is essential to assess the
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ultimate validity of fast-ignition inertial confinement fusion as an economical energy source but it requires detailed considerations on the laser technology that are
beyond the scope of this thesis. Earlier attempts12 to determine the gain curves
for fast ignition were based on heuristic models of the fuel assembly and thermonuclear yields. The results shown in this chapter (and the publication29 by R.
Betti and C.D. Zhou et al.) represent a calculation of the gain curve based on realistic target designs. The targets are chosen according to the design of optimized
fast-ignition fuel assembly,28 where the laser pulses and target characteristics are
optimized to achieve a fuel assembly with a small hot spot, large densities, and
areal densities suitable for fast ignition.
It is important to emphasize that the hydrodynamic simulations of fast-ignition
targets are meant to address only one aspect of the physics pertaining to fast
ignition; namely, the issue of the hydrodynamic fuel assembly and its potential for
high-energy gains. The complicated physics of the fast-electron beam generation
and transport is not considered here. Instead, the e-beam is assigned as an ideal
beam, collimated and uniform. Likely, such an ideal beam is very different from
the experimental conditions, where the beam may be broken up into filaments and
become divergent. Based on the available experimental data, it is not currently
possible to predict the e-beam characteristics in a fast-ignition target. This is
because most of the experiments on fast-electron generation and transport pertain
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to the interaction of intense light with solid targets rather than plasmas relevant to
fast ignition.58, 59 Fast-electron transport properties in plasmas are vastly different
than in solid targets,58, 59 and fast ignition relevant plasmas are difficult to produce
without an implosion facility. However, the next generation of petawatt lasers such
as FIREX-I60 and OMEGA-EP61 will be combined with an implosion facility and
integrated experiments will become possible. Such experiments should provide a
wealth of experimental data to be used for the characterization of the fast-electron
beam produced in the fast-ignition targets. In this chapter, we simply assume
the injection of an ideal electron beam. All the difficulties pertaining to the hot
electron generation and transport physics are buried into the parameter describing
the conversion efficiency of laser light into collimated hot electrons, and the hot
electron temperature. It is also worth mentioning that the conversion efficiency
used here defines the conversion of laser light into an ideal collimated beam.
Departures from the collimated beam configuration would cause a deterioration
of the efficiency. Because of the great uncertainties in the value of the conversion
efficiency, the results are parametrized as a function of the efficiency.
A derivation of the gain curves for target densities around ρ ≈ 300g/cm3
is briefly described below. An analytic gain formula is derived and compared
with the results of ignition and burn simulations of imploded targets. Ignition is
triggered by a monoenergetic 13 MeV electron beam with energy of 15 kJ. The
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approach is similar to the one taken by Atzeni17 describing the ignition conditions
for a uniform-density spherical DT plasma heated by a collimated electron beam.
A major step forward in this work is that the DT plasma core is produced by simulating the implosion of realistic fast-ignition targets. Such targets are designed
to produce an optimized fuel assembly for fast ignition featuring high densities,
high areal densities, and small hot spots. Furthermore, simulations of ignition
and burn are extended to an entire family of FI targets, scaled for different compression driver energies, in order to generate a gain curve for direct-drive fast
ignition.
We consider a high-energy laser as the compression driver and focus on two simple forms of the thermonuclear gain. The first is the maximum gain GM = EF /Ec
given by the ratio between the thermonuclear energy EF and the compression
laser energy on target Ec . The second is the total gain GT = EF /ET defined as
the ratio between the thermonuclear energy and the total laser energy on target
including the petawatt laser energy ET = Ec + Epw . We define with ηpw the
conversion efficiency of the petawatt laser energy into collimated fast particles
ηpw = Ef p /Epw and let Ef p equal to the minimum energy required for ignition
min
Eig
. All the complications related to the fast electron generation and transport

are buried into ηpw and are not addressed here. The scope of this work is restricted to the target gain calculation parametrized with ηpw . Here it is shown
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Fig. 5.1: 100, 300, and 750 kJ targets for optimized fast-ignition fuel assembly

that the maximum gain GM is only a function of the compression laser energy
and wavelength GM = GM (Ec, λL ) thus leading to the following simple form of
the total gain:
GT =

GM (Ec, λL )
min
/ηpw Ec
1 + Eig

(5.1)

The second term in the denominator of (5.1) can be neglected for large compression lasers with Ec ≫ Epw thus leading to GT ≈ GM .
In order to determine the maximum gain, we start by relating the compression laser-driver energy to the shell kinetic energy EK = Msh Vi2 /2 through the
hydrodynamic efficiency ηh = EK /Ec . Here Msh is the shell mass at the end of
the laser pulse and Vi is the shell implosion velocity. The maximum gain can be
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easily rewritten as
GM =

ηh θεf
mi Vi2

(5.2)

where εf =17.6 MeV is the energy of the fusion products for a DT fusion reaction
and mi = 2.5mH is the average ion mass for a DT plasma. The function θ represents the fraction of burned fuel depending on the fuel areal density ρR ≡

RR
0

ρdr.

The burned fraction is commonly approximated by3 θ = (1 + 7/ρR)−1 , where ρR
is given in g/cm2 . The next step is to utilize the results of chapter 2, where the
hydrodynamic efficiency, peak density, and areal density were derived for UV-laser
direct-drive cryogenic DT implosions through analytic scaling laws benchmarked
with numerical fits of one-dimensional (1D) simulations. The formula for the
hydroefficiency is expressed as
0.051
ηh = 0.25
I15



Vi
3 × 107

0.75 

0.35
λL

0.5

(5.3)

where I15 represents the laser intensity in units of 1015 W/cm2 , Vi is given in cm/s,
and λL in µm. The coefficient in (5.3) is adjusted to account for the fraction of
absorbed energy. The density equation in chapter 2 is
ρmax

788 0.13
≈ min I15
αif



Vi
3 × 107



0.35
λL

0.13

(5.4)

min
where αif
is the minimum value of the in-flight shell adiabat at shock breakout.

The areal density is also derived in chapter 2 and expressed in the following form:
(ρR)max

1.2
≈ min 0.55
(αif )



Ec
100

0.33 

0.35
λL

0.25

(5.5)
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Fig. 5.2: Laser pulse (power vs time) for the 100-kJ (dashed), 300-kJ (dasheddotted), and 750-kJ (solid) target.

where Ec is given in kilojoules (kJ). It is important to emphasize that equations
(5.4) and (5.5) represent the peak values of the density and total areal density. As
the shell stagnates, the density and areal density grow as a result of the plasma
compression induced by the return shock traveling outward from the center. The
peak density occurs before the time of peak areal density. Furthermore, a significant amount of relatively low-density (ρ < 200g/cc) unshocked free-falling plasma
surrounds the dense core at the time of peak ρR. Such a low-density plasma
carries a significant fraction of the areal density (∼ 25%) thus preventing the fast
particles from fully penetrating the dense core. Hence, it is beneficial to launch
the igniter beam slightly after the time of peak ρR when the return shock has
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propagated further out and compressed the low-density region. One-dimensional
simulations of the implosions indicate that at such a time, the average density
of the compressed core is about half its peak value [Equation (5.4)]. Thus, we
will use the 50% peak density as the value of the density at the time of the optimum ρR distribution for fast ignition. For a target configuration with a guiding
cone,14, 53, 54 the density profile in the compressed core facing the cone tip can be
quite different55 than the one predicted by one-dimensional simulations. Likely,
the compression in correspondence of the cone55 will not be as high as predicted
by 1D theory. However, regardless of the details of the density profile in cone targets, it is prudent to design an implosion to achieve one-dimensional peak densities
twice as high as the optimum density required for ignition. Therefore, by using
ρopt ≈ ρmax /2, we derive the implosion velocity required to achieve the optimum
density from equation (5.4),
2.3 × 107 min  ρopt 
Vi (cm/s) ≈
αif
0.13
I15
300



λL
0.35

0.13

(5.6)

where ρopt is given in g/cc. The optimum density ρopt for ignition is determined
based on considerations concerning the fast electron energy required for ignition
and the fast electron beam radius. A reference density of 300 g/cc is often used
in the literature. Such a value follows from Atzenis work17 indicating that a
reasonable size electron beam of about 20 µm radius requires about 15 kJ of
electron energy to ignite a 300-g/cc fuel assembly. Lower ignition energies are
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needed for greater fuel densities but they require a more focused e-beam that
is likely hard to achieve. A fuel density of 300-400 g/cc is commonly accepted
as a reasonable compromise to keep the ignition energy relatively low without
imposing severe requirements on the e-beam focus. Therefore, using ρopt ≈ 300
and substituting equations (5.3) and (5.6) into (5.2), yields the following form
of the maximum gain that mainly depends on the implosion adiabat and the
compression driver energy (through the areal density in the burned fraction):
GM

103
≈ min 1.25 0.09
(αif ) I15



0.35
λL

0.66 

θ(ρR)
0.2



(5.7)

Following the considerations in chapter 4, the minimum value of the in-flight
adiabat is determined by the feasibility of the laser pulse shape. The length
and the contrast ratio (peak power/foot power) increase as the in-flight adiabat
decreases. Since the foot power determines the strength of the first shock and
therefore the shell adiabat, the foot power decreases with the adiabat, thus leading
to higher contrast ratios. A lower adiabat implies a weaker and, therefore, slower
shock. Since the rise to full power occurs at about the first shock breakout time
on the inner shell surface, lower adiabat pulses are typically longer. In order to
maintain the contrast ratio below ∼150 and the pulse length within a few tens
of nanoseconds, the minimum in-flight adiabat (at shock breakout) of practical
relevance28 is αif ≈ 0.7 ∼ 0.8. Notice that the shock corresponding to α < 1 is
so weak that the shell material is not fully ionized, hence the α < 1 value. Lower
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adiabats may be achievable but require extremely careful pulse shaping with long
pulses and high contrast ratios. Here, we speculate that a minimum adiabat of
0.7∼0.8 is a reasonable value compatible with todays pulse-shaping capabilities.
min
After setting αif
= 0.75 and ρopt = 300, the maximum gain becomes a function

of the compression laser energy and wavelength

GM

−0.09
743I15
(0.35/λL )0.66 (1 − Ecut /Ec )µ
≈
1 + 21(λL /0.35)0.25 /(ξEc0.33 )

(5.8)

where Ec is in kJ, and ξ represents the fraction of the maximum total areal density available for the burn to be used in θ(ρR) [ρR = ξ(ρR)max ]. The ad hoc
term (1 − Ecut /Ec )µ has been introduced to account for the yield deterioration of
small targets where the e-beam size is of the order of the compressed core size
occurring for Ec ∼ Ecut ≈ 40kJ. The factors µ and ξ are of order unity and are
determined by a numerical fit. It is important to notice that for αif ≈ 0.75 the
implosion velocity required to achieve the desired fuel density is given by equation
(5.6) yielding Vi ≈ 1.7 × 107 cm/s. At such low implosion velocities, the in-flight
aspect ratio is very low and the hydrodynamic instabilities have negligible effects
on the implosion performance. The in-flight aspect ratio is the maximum value
of the ratio between the average shell radius and the in-flight thickness (i.e., the
distance between the 1/e points around the peak density) and follows the Mach
number scaling3 IF AR ∼ M 2 . The IFAR is an important parameter that varies
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Fig. 5.3: Two-dimensional multimode simulation with modes l=4-200 of a
wetted-foam fast-ignition capsule at time t=0 (top) and at the end
of the acceleration phase (bottom). The simulation includes NIF-like
laser imprinting and laser smoothing by a 1THz SSD.

5. GAIN CURVES FOR DIRECT-DRIVE FAST IGNITION

115

Fig. 5.4: Contours of density (white) and ion temperature (color) after ignition
of the 750-kJ target by a 15-kJ, 2-MeV electron beam.
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according to the laser pulse shape. We employ a relaxation pulse shape to tailor
the adiabat profile inside the shell. The average adiabat hαif i is therefore greater
min
than its minimum value and can be approximated with hαif i ∼
. Thus,
= 1.5αif
min
using Vi = 1.7 × 107 cm/s, αif
≈ 0.75, and I15 ≈ 1, the IFAR scaling equa-

tion (2.24) yields a very modest IFAR∼16 in agreement with the hydrodynamic
simulations. Since the number of e-foldings for the growth of the most dangerous Rayleigh-Taylor instability modes with wavenumber k ≈ 1/∆if (∆if is the

√
in-flight shell thickness) is approximately 0.9 IF AR ≈ 3.6, we conclude that

the implosion of such thick capsules is approximately one dimensional. Indeed
for such low implosion velocities, the in-flight aspect ratio is very low and the
hydrodynamic instabilities have negligible effects on the implosion performance.
Figure 5.3 shows the result of a two-dimensional multimode simulation of a 200kJ
fast ignition target implosion. The laser nonuniformities typical of a NIF-like
laser with 1THz SSD are included. Figure 5.3 show the initial wetted-foam target
and the imploding shell at the time of laser shut off, corresponding to the end
of acceleration phase. Observe that the shell outer surface is only slightly perturbed by the RT instability indicating that such an implosion is approximately
one dimensional.
This is an important consideration as it allows us to make use of the onedimensional code LILAC20 to simulate the generation of the dense core of the
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Fig. 5.5: Maximum gain (energy yield/compression driver energy) vs compression driver energy from equation (5.9) (curve) and DRACO simulations
(dots).

fast-ignition fuel assembly (in the absence of a cone). In order to simulate the
burn phase of the fast ignited capsules, we start from the one-dimensional fuel assembly, and simulate the ignition by a collimated electron beam and subsequent
burn with the two-dimensional two-fluid hydrocode DRACO.87 The latter has been
modified65 to include the electron beam energy deposition into the dense fuel. The
fast electron energy (13 MeV), beam radius (1525 µm), and pulse length (510 ps)
are varied to find the minimum ignition energy of about 15 kJ. As long as fast
ignition is triggered, the thermonuclear energy yield is approximately independent
of the electron-beam characteristics. We have performed burn simulations of several fuel assemblies characterized by the implosion parameters mentioned above.
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The targets used in the simulations (Figure 5.1 shows three of them) are massive
wetted foam targets with initial aspect ratios of about 2 (outer radius/thickness)
driven by UV-laser energies from 50 kJ to 2 MJ and I15 ≈ 1. The relaxation laser
pulses are shown in Figure 5.2 with the main pulse length varying from 11.5 ns
for the 100-kJ target to 22 ns for the 750-kJ target. In all cases, the fast electrons
are injected at about 50 µm from the dense core and after the time of peak areal
density when the average density of the compressed core is about 300∼400 g/cc
and the ρR of the compressed shell is close to its maximum value. Figure 5.4
shows a snapshot of the burn wave simulation in the 750-kJ fuel assembly with
the arrow indicating the direction of the fast electron beam. The neutron yields
for the 100-, 300-, and 750-kJ assemblies are 2.0 × 1018 , 1.2 × 1019 , and 4.2 × 1019 ,
and the thermonuclear energy yields are 5.6, 34, and 118 MJ, respectively. The
results of these simulations are used to determine ξ ≈ 0.7 and µ ≈ 1.1 leading to
a maximum gain

GM

−0.09
743I15
(0.35/λL )0.66 (1 − Ecut /Ec )1.1
≈
1 + 30(λL /0.35)0.25 /Ec0.33

(5.9)

where Ec is in kJ and Ecut ≈ 40 kJ. Notice that even a modest size UV-laser
driver, with an energy of 100 kJ, can produce a fuel assembly yielding a maximum
gain close to 60. Figure 5.5 shows that equation (5.9) accurately fits all simulation
results and it can be used to determine the total gain in equation (5.1). Using
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Fig. 5.6: Target gain (energy yield/total energy on target) vs compression driver
energy for ηpw = 0.3(solid), 0.2(dashed) and 0.1(dashed-dotted).

min
Eig
≈ 15 kJ in (5.1), the total target gain can be plotted for different values of

the conversion efficiency ηpw . Figure 5.6 shows the target gain GT for ηpw =0.1,
0.2, and 0.3. Even in the case of only 10% efficiency, the target gain from a
100-kJ fuel assembly is still remarkably high (GT ≈ 22). Also notice that at
1.5 MJ, the maximum gain of the optimized targets (GM ≈ 180) is considerably
higher than the gain of conventional targets57 (where the cone causes further gain
deterioration). Though below earlier heuristic model predictions56 (which also
use different optimizations), equation (5.9) shows that fast ignition can achieve
significant gains with relatively small drivers. Though this work may show the
solution to the high-gain fuel assembly, achieving the ignition requirement of a
15-kJ collimated beam still remains a formidable undertaking.
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6. SHOCK IGNITION
As stated in chapter 4, low IFAR implosions are not significantly affected by
the RT instability. However, low IFAR implosions are difficult to ignite through
conventional hot spot ignition, since the required energy scales approximately11, 28
ign
as Ekin
∼ IF AR−3 for a fixed laser intensity. Thus, while low-adiabat low-velocity

implosions have the potential for high gains, their hot-spot energy is not enough
to trigger ignition. The conventional inertial fusion assembly of the hot spot
and surrounding dense fuel is isobaric6 with the plasma pressure approximately
uniform throughout the entire core (Figure 6.1). Both the low-density central
hot spot and the high density cold surrounding fuel have similar internal energy
densities.
However, an isobaric fuel assembly is not optimal for central ignition. Here,
we show that a stagnating core with a nonuniform pressure peaked inside the hot
spot has a lower ignition threshold than a uniform pressure core for the same total
internal energy. We also show that such a peaked pressure profile can be attained
by launching a spherically converging shock in the latest stage of the implosion.
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Fig. 6.1: Sketch of a uniform pressure isobaric assembly (dashed line) and of a
nonisobaric assembly with the pressure peak inside the hot spot (solid
line). The gray shaded region is the density profile.

The launching time of such an ignitor shock must be carefully chosen. In order to
maximize the hot-spot peak pressure of the final assembly, the ignitor shock must
collide with the return shock inside the dense shell and near its inner surface. The
return shock is the outward traveling shock driven by the rapidly increasing hotspot pressure during the shell slowing down. The inward moving shock generated
by the collision leads to a further compression of the hot spot and to a peaked
pressure distribution.
The results described in this chapter have also been published in a paper by
R. Betti and C.D. Zhou et al., Phys. Rev. Lett. 98, 155001 (2007). We first show
that a peaked pressure profile leads to a lower ignition threshold. Then, using a
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Fig. 6.2: Pressure (solid line) and density (dashed line) profiles of a plasma slab
hitting a rigid wall. Part (a) shows the initial profiles. Part (b) shows
the profiles at peak compression.

simple planar hydrodynamic model, we show that a peaked pressure profile can
be attained by launching a shock at the appropriate time. Finally, we use ICF
hydrocodes to simulate realistic implosions with ignitor shocks. We consider the
assembly in Figure 6.1, and use a highly simplified model for the hot spot ignition
to study the effects of a non-isobaric assembly. We assume that heat conduction
losses are fully recycled into the hot spot and derive the ignition conditions by
balancing the alpha heating with the radiation and expansion losses. The latter
represent the transfer of the hot-spot internal energy into the rebounding shell
kinetic energy.35, 38 The radiation losses are retained since the capsules considered
here have low implosion velocities (Vi < 3 × 107 cm/s) leading to relatively cold

6. SHOCK IGNITION

123

hot spots. Defining with R the hot-spot radius, assuming that the pressure p is
uniform within the hot spot, and using the volume average operator hi ≡ 3

R0
1

x2 dx

with x=r/R, the ignition condition can be written in the following simple form
Pα > Pexp + Prad
D σv
Pα
¯ E
,
∼p
U
T2

Pexp
1
∼
,
U
τdec

Prad
∼p
U

(6.1)


1
T 3/2



(6.2)

where U ∼ pR3 is the internal energy, Pα , Pexp , Prad are power densities for
alpha heating, expansion and radiation, respectively. Derived from the hot-spot
dynamics,38 τdec is the decompression time scaling as τdec ∼

p

Mshell /pR, where

Mshell is the shell mass. For fully ionized DT plasma, the radiation power density2
is related to electron density n (in cm−3 ) and temperature T (in keV) as Prad =
Cb n2e T 1/2 = 5.34 × 10−24 n2 T 1/2 erg s−1 cm−3 . Combining the alpha heating and
the radiation losses leads to
Pα − Prad ∼ p2 R3 T0β [1 − (T∗ /T0 )β+3/2 ]

(6.3)

where T0 is the central temperature for the profile38 T = T0 (1−x2 )2/7 and T∗ ≈ 6.4
keV is the critical value of the central temperature corresponding to the balance
of the alpha heating and radiation losses. If a fraction of the radiation losses is
reabsorbed or recycled into the hot spot, the critical temperature T∗ decreases
with T∗ ≈ 5 keV for a 50% recycling. The parameter β comes from the power2
law approximation of σv/T
¯
∼ T β . Since we are considering ignited hot spots,
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2
the parameter β is chosen to optimize the power-law fit of σv/T
¯
for central

temperatures exceeding T∗ . We consider central temperatures ranging from 5
2
to 15 keV, and approximate the volume averaged alpha heating term hσv/T
¯
i

with a power law of the central temperature T0β with β ≈ 1 and an error ≤13%.
Substituting equation (6.3) into (6.1) yields the ignition condition

2
(p/R)Mshell T02 1 − (T∗ /T0 )2.5 > const

(6.4)

Though equation (6.4) is valid for an arbitrary fuel assembly, it is convenient
to introduce the parameters Φ̂ ≡ pRiso /piso R and δ̂ ≡ T0 /T0iso , where iso indicates
an isobaric fuel assembly (Figure 6.1). The ignition condition can be simplified by
setting Mshell ∼ ρs ∆s R2 Σ, where ρs and ∆s are the shell density and thickness,
and Σ ≡ 1+A−1 +A−2 /3 with A = R/∆s . Furthermore, using the isobaric profile,
3
we set Mshell Vi2 ∼ piso Riso
(1 + A−1 )3 , and rewrite the ignition condition in terms

of the shell areal density (ρs ∆s )iso of the isobaric assembly
i−1
h
iso 2.5
const 1 − (T∗ /δ̂T0 )
(ρs ∆s )iso >
Φ̂0.5 δ̂T0iso Vi Ψ(A)

(6.5)

where Ψ(A) ≡ Σ(A)/(1 + A−1 )3/2 ≈const for relevant values of 1 < A < 4. The
parameters Φ̂ and δ̂ represent the nonisobaric modifications of the ignition condition. If the nonisobaric assembly is achieved through an adiabatic compression
of the hot spot (pR5 ∼const), then δ̂ ∼ Φ̂1/3 . The scalings of the shell areal density28, 69 [ρR ∼ EL0.33 /α0.54 ] and temperature69 [T0 ∼ Vi1.25 /α0.15 ] for an isobaric
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assembly are derived from fitting the results from over 50 simulations of optimized
cryogenic implosions. Substituting ρR and T0 into equation (6.5) yields the following final form of the ignition condition in terms of the laser energy required
for ignition
EL >

iso
Eign

Φ̂2.5

"

1−



V∗

Φ̂0.25 Vi

3.3 #−3

+ ∆E n.i. (Φ̂)

(6.6)

iso
where Eign
∼ α1.8 /Vi6.9 is the laser energy required for high-velocity (Vi ≫ V∗ )

isobaric ignition, V∗ is the critical implosion velocity required to achieve T0 = T∗ ,
and ∆E n.i. (Φ̂) is the additional laser energy required to generate the nonisobaric
fuel assembly with Φ̂ > 1. There are not accurate values for V∗ and T∗ but
typically T∗ ∼5 keV and 107 < V∗ < 2 × 107 cm/s. If Φ̂ =1, the fuel assembly is
isobaric and ∆E n.i. = 0. This ignition model yields an isobaric ignition scaling
similar to the one obtained by Herrmann et al .11 Indeed, using the hydrodynamic
efficiency scaling η ∼ Vi0.75 /I 0.25 , the ablation pressure scaling pL ∼ I 2/3 and
taking the limit of Vi ≫ V∗ , the kinetic energy required for isobaric ignition
iso
iso
11
Ekin
= ηEign
∼ α1.8 /Vi6.1 p0.4
of conventional
L is remarkably close to the scaling

ICF implosions. If the peaked hot-spot pressure in the nonisobaric assembly is
achieved through an adiabatic compression, then Φ̂2.5 ∼ (p/piso )3 .
Notice that the ignition energy [equation (6.6)] is lowered significantly for a
moderate increase of p (for example, Φ̂2.5 ≈ 5 for p ≈ 1.7piso ). There may not be a
unique approach to induce a nonisobaric assembly of the kind in Figure 6.1. Here,
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Fig. 6.3: Pressure (solid line) and density (dashed line) profiles for the plasma
slab before (a) and after (b) the shocks collision.

we show that launching a shock during the final stage of the implosion and timing
it with the return shock is an attractive option to generate a nonisobaric assembly.
This can be shown using a simple planar model of a plasma slab compressing a
lower density plasma [Figure 6.2(a)]. The plasma is initially traveling toward a
rigid wall at x=0, with a constant velocity Vi and a uniform pressure of 50 Mbar
[Figure 6.2(a)]. The evolution is described by the single fluid Euler equations and
the shock is driven by an applied pressure pulse on the plasma slab outer edge.
We compare the compressed core for an initial velocity of Vi = 2.5 × 107 cm/s
without a shock, and the one for an initial velocity of Vi = 2.16 × 107 cm/s with
a shock. The shock-driving pulse has a pressure of 1.4 Gbar for 200 ps. The total
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energy with and without a shock is the same. The shock launching time of 320
ps is chosen to maximize the peak pressure in the hot spot. Figure 6.2(b) shows
the compressed cores with and without shock. The nonisobaric core has a hotspot pressure 70% larger than the isobaric core, and the energy used to drive the
shock is only 23% of the total energy. It is important to observe that the driven
shock (or ignitor shock) collides with the return shock inside the shell. The return
shock is the outward moving shock driven by the rising pressure in the hot spot.
Figure 6.3(a) shows the two shocks right before the collision. As a result of the
collision, two new shocks are generated: an inward and outward moving shock
[Figure 6.3(b)]. It is the inward moving shock that impulsively accelerates the
inner shell surface thus enhancing the piston action of the shell on the hot spot
and leading to the nonisobaric assembly of Figure 6.2(b).
The shock-ignition technique can be used to lower the ignition energy in inertial
fusion implosions. The ignitor shock can be launched by a spike in the laser power
or by a particle beam, the latter being a more efficient way to drive shocks since
particle beams deliver their energy directly onto the target. Existing large laser
facilities such as the National Ignition Facility51 (NIF) should be capable of testing
this concept through laser-driven shocks. As an example, we consider a massive
850 µm outer radius, 343 µm-thick wetted-foam capsule [Figure 6.4(a)] driven
by the UV-laser pulse shown in Figure 6.4(b). The implosion is simulated with
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Fig. 6.4: Wetted-foam target (a) and 290 kJ UV-laser pulse (b) with (solid line)
and without (dashed line) the shock power spike.

the hydrocode LILAC.20 The pulse shape [solid curve in Figure 6.4(b)] consists of
an adiabat-shaping24 assembly pulse with a flattop power of 110-130 TW setting
the shell on an inner adiabat α ≈ 1, average adiabat hαi ≈ 2 and velocity Vi ≈
2.25 × 107 cm/s. The IF ARmax ≈18 is so low that the shell remains integral
during the acceleration phase. The ignitor shock is driven by a spike in the laser
power reaching 540 TW for about 100-300 ps. The fraction of absorbed power
decreases from 63% during the assembly pulse to 43% during the spike. As the
ignitor shock travels through the shell, its pressure increases to the Gbar level
due to the shock convergence before colliding with the return shock. Because
of the relatively high laser intensity ∼ 6 × 1015 W/cm2 in the spike, a significant
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amount of hot electrons can be generated by the laser plasma instabilities. In
the simulations, we let up to 10% of the spike laser energy converted into hot
electrons with a temperature of 100 keV. The hot electrons are transported to
the target according to a multigroup diffusion model71 and typically only a small
fraction 5% of the hot electron energy reaches the target. A 0.5% fractional
preheating during the spike is a reasonable extrapolation from the experimental
results.72 Since the target areal density is quickly rising at the end of the pulse,
hot electrons with energy 100 keV do not penetrate through the target but are
stopped near the surface thus augmenting the drive for the ignitor shock. We
find that the total laser energy for marginal shock ignition is 290 kJ partitioned
between the assembly pulse (243 kJ) and the power spike (47 kJ). The effects of
the ignitor shock on the fuel assembly are shown in Figure 6.5, where the pressure
and density profiles at peak compression are shown for the target in Figure 6.4(a)
imploded by the shock-ignition pulse shape [solid curve in Figure 6.4(b)] and the
conventional pulse shape (dashed curve) with the same energies of 290 kJ and
without alpha deposition. The nonisobaric assembly has a peak pressure 70%
higher than the isobaric one, corresponding to a reduction of the ignition energy
(without including the ignitor-shock energy) of Φ̂2.5 ≈ 4.9 [see equation (6.6)].
Using equation (6.6), EL =290 kJ, ∆ELn.i. =47 kJ, and Φ̂2.5 ≈ 4.9, we can recover
the isobaric ignition energy ELiso = 1.19MJ. We verified this result by using the
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Fig. 6.5: Pressure (solid line) and density (dashed line) profiles at peak compression for the 290 kJ pulse shapes with and without ignitor shock.

hydrocode LILAC to find that marginal isobaric ignition (without the shock) for
the same implosion velocity, adiabat, and intensity requires a 1.5 mm radius target
and a 1.15 MJ UV-laser driver. If shock ignited with a laser energy of 310 kJ (20
kJ above the marginal energy), the target in Figure 6.4 yields a 1D thermonuclear
gain of 55 higher than the gain expected from the 1.5 MJ conventional direct52
and indirect51 drive on the NIF.
However, one needs to be cautious in using the 1D results to assess the viability
of this concept. Since the ignitor shock is launched at the end of the acceleration
phase, the RT-amplified ablation-front perturbations are transferred by the shock
from the outer to the inner shell surface, thus distorting the hot spot and possibly
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quenching11, 73 the ignition process. An excess energy above the marginal ignition energy of 290 kJ will be required to overcome the yield degradation due to
nonuniformities. We use the 2D hydrocode DRACO74 to simulate the implosion
of the capsule in Figure 6.4(a) driven by a shock ignition UV-laser pulse of 425 kJ.
The pulse has an excess energy of 135 kJ with respect to the marginal 1D value.
About 275 kJ are used in the assembly pulse and 150 kJ in the shock spike. The
robustness of the ignition is assessed by the size of the ignitor-shock launching
window (LW) representing the time interval during which the ignitor-shock can
be launched to successfully ignite the core. In 1D, the LW is about 400 ps with the
gain varying from 30 for a shock launched at the early time in the LW and 60 for a
shock launched at the late time in the LW. As the main source of nonuniformities,
the 2D simulations include laser imprinting in accordance to the direct-drive NIF
specifications52 for the mode numbers l ≤ 100 relevant to such thick targets. As
expected, we find that laser nonuniformities do lead to a reduction of the LW
size. The LW is reduced by 170 ps to 230 ps with the energy gain still about
60 for a shock launched in the late time in the LW. Similarly to fast and impact
ignition,13, 18 shock ignition is induced separately from the compression. A powerful laser pulse or particle beam can be used to drive the ignitor shock to trigger
ignition at relatively low driver energies.
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7. EXPERIMENTS ON FAST
IGNITION FUEL ASSEMBLY
A series of experiments to achieve high densities and high areal densities to test
the fast-ignition fuel assembly design of chapter 4 were carried out on the OMEGA
laser facility. The targets and laser pulses were designed by C.D. Zhou who also
carried out all the simulations of the implosions based on the experimental pulse
shapes and target characteristics. The results of this work have been published in
a paper by C.D. Zhou et al., Phys. Rev. Lett. 98, 025004 (2007).
It was concluded in chapter 4 that using slow, low-adiabat implosions of massive shells is a viable approach to generate the high density and high areal density
assemblies required for fast-ignition. This approach should also improve the performance of cone-in-shell targets where a gold cone is inserted into the shell to
keep a plasma-free path for the fast ignitor pulse.14, 53, 54 Recent experiments and
simulations of cone-in-shell target implosions55 have shown that the integrity of
the cone tip is compromised by the large hydrodynamic pressures and that a low
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density plasma region develops between the cone tip and the dense core, thus
complicating the fast electron transport. The fuel assemblies described in this
chapter can improve the cone target performances since the resulting dense core
has relatively low pressure (due to the low velocity) and large size (due to the
massive shells), thus reducing the hydrodynamic forces on the cone tip and the
distance between the tip and the dense core edge. The use of adiabat-shaping
pulses to perform fast-ignition implosions was suggested in chapter 4. The relaxation technique24 for adiabat shaping simplifies the laser pulse by lowering the
contrast ratio between the peak laser power and the power in the foot of the main
pulse. It also improves the hydrodynamic stability of the implosion by decreasing
the in-flight aspect ratio and by increasing the ablation velocity.
Implosions were performed on OMEGA using 40-µm thick, 0.9 mm diameter
warm surrogate plastic shells filled with pure D2 gas and D3 He gas mixture.
High areal densities with a peak value of the areal density around 0.24 g/cm2
were measured in good agreement to one-dimensional hydro-dynamical simulation
predictions.

7.1

Experimental Setup

The targets used in the experiments were massive 40 µm thick, 430 µm in
outer radius, plastic shells coated outside with a 0.1 µm layer of aluminum. The
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capsules, shown in Figure 7.1(a), are filled with either D2 or D3 He gas with various
pressures ranging from 25 to 34 atm. The capsules were imploded by a ∼ 20-kJ
UV laser pulse. The 351-nm wavelength laser light was smoothed with distributed
polarization rotators78 and distributed phase plates.79 Figure 7.1(b) shows the
laser pulse shape that is based on the relaxation technique. It consists of an
80 ps FWHM Gaussian prepulse, followed by a 300 ps-long laser shut-off, and
the main laser pulse with a foot power of about 1 TW and a peak power of
about 14 TW. The main laser pulse contrast ratio (peak power/foot power) is
about 14 and well within the OMEGA contrast ratio capabilities. This laser
pulse generates a shaped adiabat profile within the shell that is monotonically
decreasing from the outer (ablation) surface toward the inner shell surface. The
laser pulse design, represented by the dashed curve, is compared with the measured
experimental pulse (solid curve) for laser shot 43075 [Figure 7.1(b)]. According
to one dimensional hydrodynamic simulations carried out with the code LILAC,20
the adiabat when the main-shock breaks out on the inner surface is near Fermidegenerate αinn ≈ 1.3. These are likely the lowest adiabat direct-drive implosions
carried out to date. Figure 7.2 compares the simulated adiabat profiles at shock
breakout versus the mass coordinate (measured from the center of the capsule)
of the designed pulse shape (dashed) and the measured pulse shape (solid) taken
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Fig. 7.1: (a) CH capsule filled with D2 or D3 He used on OMEGA. (b) Designed
(dashed) and measured (solid) pulse shapes for laser shot 43075.
from Figure 7.1(b). The implosion velocity inferred from the simulations reaches
the peak values of 2 × 107 cm/s at about 3.4 ns.
The kinetic energy downshift of protons generated by the D+3 He fusion reactions, which is the primary reaction in D3 He-fuel and a secondary reaction in
D2 -fuel, was used to infer the areal density.80
D + D −→3 He + n

(7.1)

He + D −→ p(12.6 − 17.5M eV ) +4 He

(7.2)

followed by,
3

The primary reaction in D3 He generates mono-energetic 14.7 MeV protons and
the secondary reaction in D2 yields 12.6 to 17.5 MeV protons due to the kinetic energy spread of 3 He. The proton spectrum was measured with wedge-range-filters
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Fig. 7.2: Simulated adiabat profile versus mass coordinate at shock breakout for
the designed (dashed) and the measured (solid) pulse shapes.
(WRF)81, 82 at various locations around the target. Two kinds of WRF’s were
used. The first covers the spectral range down to ∼ 8M eV and the second, using
thinner wedges, measures down to ∼ 3M eV kinetic energy. Areal density measurements based on the fusion proton spectrum downshift are routinely used by
the Rochester82, 83 and Osaka84 groups, in addition to other nuclear diagnostics.85

7.2

Experimental Results

Spectra were measured from 5 different directions. Figure 7.3 shows the measured proton spectrum summed over all directions for a 25 atm D2 -fill implosion
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Fig. 7.3: Measured proton spectra for shot 43075 (solid curve) and shots 43110
plus 43113 (dashed-dotted curve).
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Fig. 7.4: Measured burn averaged areal density in 5 directions for shot 43075
(25 atm D2 , 20.5-kJ laser energy). The open triangles show ρR versus
the azimuthal coordinate, and the solid squares are versus the polar
coordinate.
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for laser shot 43075 (solid) with a pulse energy of 20.5 kJ. An average downshift of 4.1 ± 0.3 MeV was measured. The absolute calibration uncertainty of
the WRF is ± 0.4 MeV for the mean value of the proton spectral distribution.
Following Li’s method,80 an areal density averaged over the duration of proton
production of hρRi = 0.146 ± 0.009g/cm2 is inferred from the spectrum (solid)
in Figure 7.3 assuming burn-averaged density of 115g/cm3 and a plasma temperature of 0.1 keV, taken from the simulations. The peak density of about 200
g/cm3 occurs at the end of the fusion burn. There is a slight dependency of
the inferred ρR-value on the density. A density variation of ±50g/cm3 changes
the areal density by ∼ ±0.010g/cm2 . The temperature dependence is negligible.
Taking the statistical fluctuation, the density variation, and the calibration uncertainty into account a measurement error of ∼ ±0.017g/cm2 is estimated for the
inferred areal density. Figure 7.4 shows the experimentally-inferred burn-averaged
areal density for shot 43075 in various directions. The ρR-modulations are quite
small (< 10%) and are comparable to the statistical uncertainty of the measurement, indicating that the compressed core is not significantly affected by low
mode (≤ 5) nonuniformities.86 Figure 7.3 also shows the spectrum from 25 atm
D3 He-fill implosions (dashed-dotted). The proton yield of two laser shots (43110
with 20.2 kJ and 43113 with 20.8 kJ) under the same experimental conditions was
summed to improve the statistics. An energy shift of 3.86 MeV corresponding to
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hρRi = 0.130 ± 0.008g/cm2 is obtained. A narrower spectral distribution is measured due to the mono-energetic birth proton energy. The standard deviation of
hρRi from the different directions is less than 10%, smaller than the fluctuation of
the measured total proton yield of up to 40%. For shot 43075 a total proton yield
of (1.23 ± 0.47)×107 and for 43110 plus 43113 (0.75 ± 0.21)×107 were measured,
which is ∼ 1 to 3 % of the proton yield predicted by the 1D-simulations. This
is similar to the neutron over clean yields that are also in the few percent range.
Such low yields over clean are likely due to the shell-fuel mix87 induced by the
large convergence ratio of the fuel (16 for 25 atm, 21 for 15 atm) and the slow
assembly, and are consistent with a clean hot spot radius equal to the so-called
free fall line.88 The fuel-shell mix causes a lower and truncated fusion rate as
shown in Figure 7.5 where the solid curve is the measured neutron rate and the
dashed curve is the simulated one. Mixing is enhanced in these low velocity FI
implosions because the hot spot is small relative to the target size.28 Indications
that small scale length mixing is important were also found experimentally by the
increase of the yield over clean by a factor of ∼ 3 by reducing convergence with
increasing fill pressure from 13 to 34 atm.
The proton spectrum verifies the predicted ρR(t) evolution during the burn.
Notice that each point of the proton energy spectrum (Figure 7.3) corresponds
to a different downshift and therefore to a different ρR. The simulations indicate
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Fig. 7.5: Predicted neutron rate (dashed curve), calculated areal density history
(dashed-dotted curve) and measured neutron rate (solid curve) for shot
43075. Truncation of the burn at peak compression allows to sample
only early in the areal density evolution.

7. EXPERIMENTS ON FAST IGNITION FUEL ASSEMBLY

141

that ρR (Figure 7.5) increases during the burn and that the burn is quenched near
the time of peak areal density. Thus, the energy downshift of the low energy tail of
the spectrum represents a measure of the peak ρR during the burn approximately
equal to the simulated peak ρR. This is verified by reconstructing the proton
spectrum using the simulated ρR(t) evolution (dashed-dotted line in Figure 7.5)
and the experimental neutron rate (solid line). The temporal shape of the neutron
rate is close to the secondary proton rate and can be used to reconstruct the
proton spectrum. Using the measured neutron rate is justified since the rise of the
simulated and measured neutron rates is closely matched. At each time, the proton
energy is downshifted according to the simulated ρR and the energy loss formula.89
The resulting proton spectrum is compared with the measured one in Figure 7.6.
The broadening effect83 due to the finite source size of the secondary protons is
included. The dashed curve in Figure 7.6 is the reconstructed spectrum including
the source broadening effect for a source size as predicted by the 1D simulations.
The dashed-dotted curve is for a point source. Since the measured fusion yield is
significantly lower than 1D predictions, the effect of fuel-shell mixing is expected
to play an important role in reducing the hot spot size. Thus, we expect the finite
source size effect to produce a spectrum broadening of a magnitude intermediate
between the point source and the 1D source. The solid curve represents the
arithmetic average of the dashed-dotted and dashed curves. The good agreement
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Shot Number

Gas fill

Pressure

Measured < ρR >p

Sim. shell < ρR >n

Measured ρRmax

Sim. ρRmax

43074

D2

34

0.133

0.138

0.249

0.238

43075

D2

25

0.146

0.144

0.261

0.261

43107

D2

25

0.122

0.132

0.240

0.275

43114

D2

25

0.128

0.112

0.227

0.227

3

43109 + 43112

D He

33

0.128

—

0.24

0.250

43110 + 43113

D3 He

25

0.130

—

0.24

0.281

0.131

0.132

0.243

0.255

average

Table 7.1: Measured and simulated areal densities in g/cm2 for different fills and
gas pressures (in atm). The laser energy in shot 43114 was only 16
kJ.
between the measured spectrum and the reconstructed spectrum indicates that the
simulated ρR(t) evolution is fully consistent with the measured spectrum during
the burn. Such a good agreement provides the needed confidence to infer the
maximum ρR from the maximum downshift of the spectrum, leading to a peak
ρR of 0.26g/cm2 .
Table 7.1 shows the burn-averaged ρR as well as the maximum ρR during burn
from the tail of the proton spectrum for several shots. The measured neutron
yields of the D2 targets with a fill pressure of 25-34 atm were in the range of 2-4
×109 , large enough to generate a measurable neutron rate well above the noise
level allowing the computation of the neutron averaged ρR and the spectrum
reconstruction from the 1D hydro code (Figure 7.6). The burn-average is a time
averaged value over the proton production rate and has been compared with the
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simulated ρR averaged over the experimentally measured neutron rate (solid curve
in Figure 7.5) from the D+D fusion reactions. Averaging the simulated ρR over
the proton rate was not possible for D3 He-filled capsules, since no useful neutron
rates were measured due to the low yields of the D+3 He reactions. However,
because of the clean and narrow spectrum of the primary protons, a fairly accurate
estimate of the energy tail can be inferred for the D3 He fills even in the absence
of the spectrum reconstruction. Figure 7.3 shows an energy tail of about 7MeV
for the primary spectrum (dashed-dotted) corresponding to a peak areal density
of 0.24g/cm2 .
The measured areal densities are in very good agreement with the neutron
averaged and peak ρR from the 1D simulations of the D2 capsules for 25 and
33 atm fill pressures where the measured neutron rate is used to reconstruct the
proton spectrum from the simulated ρR(t) evolution. The mean value of the
measured burn-averaged ρR over all shots is 0.130 ± 0.017g/cm2 and agrees well
with the mean theoretical value of 0.132 g/cm2 . The peak ρR measured from the
tail of the spectrum and averaged over all shots is 0.240±0.018g/cm2 . It compares
favorably with the simulated value of 0.25g/cm2 . The peak ρR across the entire
core (i.e. 2ρR) is about 0.5g/cm2 sufficient to slow down 2 MeV electrons. For
equivalent fast ignition empty CH capsules, 1D simulations indicate a maximum
ρR ≈ 0.66g/cm2 , or an areal density about 1.3g/cm2 through the entire core
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Fig. 7.6: Measured proton spectrum (solid) compared to the predicted spectrum
using 1D simulations and measured neutron rates for shot 43075. The
dashed curve is for the extended 1D source, the dashed-dotted curve is
for a point source and the solid curve is the average of the two.
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enough to stop 4.5MeV electrons. Such dense cores are optimal for studying
fast electron coupling efficiencies in integrated fast ignition experiments. These
results show that low velocity, low adiabat implosions are a viable approach of
assembling high areal density fuel for fast ignition. Based on equation (2.21) of
chapter 2, equivalent cryogenic implosions on OMEGA are expected to achieve
ρR ∼ 0.6g/cm2 and density of 350g/cm3 .
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8. EXPERIMENTS ON THE SHOCK
IGNITION CONCEPT
This chapter describes initial implosion experiments on the shock-ignition concept that were performed on the OMEGA Laser System77 using warm plastic surrogate shells. The targets and laser pulses were designed by C.D. Zhou who also
carried out all the simulations of the implosions based on the experimental pulse
shapes and target characteristics. The results of this work have been published
in a paper by W. Theobald et al., Phys. Plasmas 15, 056306 (2008) and much of
the text in this chapter as well as all the experimental results are borrowed from
that paper. The experimental data are courtesy of Dr. Theobald and are shown
here for completeness.
Shock ignition experiments on OMEGA are severely limited by the maximum
power in the final spike in laser intensity. The power of the OMEGA laser is
limited to about 20 TW, thus preventing the investigation of the shock-ignition
scheme in ignition-relevant regimes (requiring more than 100 TW). Nevertheless,
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by lowering the power during the assembly pulse to about 7 TW, a late shock
can be launched by a fast rise to about 18 TW. Such OMEGA experiments are
used to study important features of the shock-ignition scheme such as hydrodynamic stability, shell compression, and hot-spot compression induced by the late
shock. One of the most important aspects to be investigated is the uniformity
of the shock-induced hot-spot compression. Since the ignitor shock is launched
late in the pulse, its uniformity might be compromised by the large amplitude
modulations of the ablation front. The ignitor shock could transfer such perturbations from the ablation front to the hot spot, thus reducing the uniformity of
the compression and possibly quenching the thermonuclear burn. By comparing
the implosion performance with and without a shock, we infer the relative effectiveness of the shock compression and hot-spot heating. The low-mode uniformity
of the compression is assessed by measuring the modulation in the areal density
and by the magnitude of the neutron yield with respect to the calculated 1D yield.
Varying the timing of the peaks in the laser pulse shape optimizes the timing of
the shock waves and the implosion performance. Plastic-shell implosions study
how fuel-shell mixing affects the yield performance for shock-ignition pulse shapes,
compared to standard low-adiabat picket-pulse capsule implosions.76 Significantly
improved performance using shock-ignition-type pulse shapes has been observed,
leading to peak ρR exceeding ∼0.3 g/cm2 .
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Experimental Setup

The targets that were used in the experiments are the same as the ones used in
the fast ignition fuel assembly experiments described in chapter 7. They consist
of 40-µm-thick, 430-µm-outer-radius, plastic (CH) shells coated outside with a
0.1-µm layer of aluminum and filled with D2 gas with pressures ranging from 4 to
45 atm. The geometry of these targets are shown in Figure 7.1(a) of chapter 7
The capsules were imploded by relaxation adiabat-shaping28 laser pulses of
∼16 to 20-kJ UV laser pulses. The 351-nm wavelength laser light was smoothed
with polarization smoothing78 and distributed phase plates79 and in some shots
the laser beam was smoothed with 1-THz-bandwidth 2D-SSD.95 Typical experimental pulse shapes with and without spike for warm plastic targets and α ∼1.5
are compared in Figure 8.1. The pulse shapes without a final spike are used to
generate an experimental database of conventional implosions. The performance
of shock ignition pulse shapes (with a final power spike) will be compared to the
conventional implosion database. The shaped pulses comprise an 80 ps FWHM
Gaussian prepulse (”picket pulse”) and a subsequent shaped main-drive portion
consisting of a ∼1 TW foot power, a moderate ∼6 to 8 TW plateau and the
solid curve comprises a high intensity spike portion with a peak power of about
∼17 TW. The corresponding laser intensity in the spike portion exceeds 7 × 1014
W/cm2 . The nominal laser intensity refers to the initial target size, while the
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Fig. 8.1: Pulse shapes with (solid curve, #46078) and without spike (dashed,
#46073), no SSD. The laser energies were 18.6 kJ (#46078) and 19.4
kJ (#46073), respectively, and the targets were 40-µm plastic shells
filled with 25 atm. The onset of the spike pulse was at 2.8 ns.
actual intensity at the critical density surface at the pulse end is a factor of ∼2
higher due to compression. A similar pulse shape without spike but the same
laser energy is shown by the dashed curve. The pulse shapes are very similar in
the first nanosecond including the picket intensity, the picket timing, and the foot
of the main drive pulse. The no-spike shape reaches a slightly higher power in
the plateau. The energy difference in the plateau is transferred to form the spike
(solid curve). Zero time marks the onset of the foot of the main drive laser pulse.
The initial RX picket and the sharp rise in intensity at the end (spike pulse)
generate shock waves that must be properly timed to meet the return shock in
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the inner region of the cold shell material. In the experiments, the implosion was
optimized by measuring the fuel assembly performance as a function of the timing
of the initial RX picket and spike pulses. The picket pulse was timed by a variable
delay line, and the spike pulse timing was varied by using different pulse shapes
that were designed so that the low-intensity foot drive was kept the same but had
a different temporal onset of the spike portion, which was varied in 100-ps time
increments. The trailing edge of the main drive pulse was designed to keep the
total laser energy constant.
The diagnostics that were used to measure the implosion performance include
proton wedge range filters (WRFs),81 nuclear temporal diagnostics (NTD),96, 97
and neutron time-of-flight diagnostics comprising scintillator counters coupled to
fast photomultipliers for primary and secondary neutron yield measurements.98
Like in the fast ignition fuel assembly experiments in chapter 7, the wedge-rangefilters (WRF)81, 82 were used to measure the spectrum of the energetic protons from
the secondary D+3 He fusion reactions. The downshift of the proton spectrum is
used to infer the shell areal density during the fusion burn. The lower detection
limit given by the thinnest wedge section is ∼4 MeV. The proton spectra were
measured at four locations around the target. Areal-density measurements based
on the fusion proton-spectrum downshift are routinely used at LLE.82, 83
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Fusion-Reaction Yield Measurements

A series of plastic-shell implosions with D2-fill pressures in the range of 9-45
atm were performed with and without SSD using low-adiabat pulse shapes without
spike portion [Figure 8.2(a)]. The pulse shapes were similar to that shown in
Figure 8.1 (dashed curve) but with a higher main drive power of ∼11-13 TW. The
ratio of the measured primary neutron yield to that predicted by 1D simulations
using the hydrodynamic code LILAC,20 or neutron yield-over-clean (YOC), is
shown in Figure 8.2(b) as a function of the calculated hot-spot convergence ratio
(bottom) and fill pressure (top). The calculated hot-spot convergence ratio (CR)
is defined as the initial inner-target-shell radius divided by the minimum radius
of the gas-shell interface at peak compression. The YOC is ∼4% at 45 atm and
decreases with lower pressure and higher CR to ∼1%. SSD has no significant
effect on the yield performance. A YOC decrease by a factor of ∼4, when CR
increases from ∼9 to ∼23, indicates an increased small length mixing for smaller
hot-spot radii. Large convergence ratios of the fuel and the slow assembly make
plastic shells strongly RT unstable during the deceleration phase, giving rise to a
substantial shell-fuel mixing87 that quenches fusion reactions and typically results
in YOC of a few percent.76 Mixing is enhanced in these low-velocity implosions
because the hot spot is small relative to the target size. In comparison, shockignition-type pulse shapes considerably improve the performance (see Figure 8.5).
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Fig. 8.2: (a) Low adiabat relaxation laser pulse shapes without spike pulse. (b)
Measured neutron yield over clean versus hot-spot convergence ratio
(bottom) and D2 fill pressure (top) of thick plastic shell implosions.
The open triangles depict the measurement with SSD and the solid
square symbols are without SSD.
A systematic study of low-adiabat (α ≈ 1.5) plastic-shell implosions with a
short picket and a high-intensity spike was performed at a constant pressure of
25 atm, a fixed laser energy of 17 kJ, and a fixed spike pulse timing of 2.8 ns as
a function of picket timing (see Figure 8.3). The measured neutron (open circles)
and proton (solid squares) numbers are shown in Figure 8.3(a) as a function of
the picket-pulse delay. Zero determines the onset of the foot of the main drive
and an increased delay shifts the picket earlier in time away from the foot. The
neutron and proton yields increase by a factor of ∼2 from 3.5 ± 0.4 × 109 to
8.0 ± 0.8 × 109 and 2.6 ± 0.5 × 106 to 6.2 ± 1.2 × 106 , respectively, when shifting
from -550 ps to zero, which is the optimum picket timing. Calculated neutron
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and proton yields using the 1D hydrocode LILAC and a constant flux limiter of
0.06 show a similar trend, but the predicted yield variation is not as pronounced
as in the measurement. Figure 8.3(b) shows that the picket timing also affects
the assembled average areal density (hρRi). An ∼100-ps mistiming lowers the
yield by ∼25%, which is significant compared to the neutron-yield measurement
uncertainty of ∼10% and a delay by up to approximately -550 ps degrades the
yield by a factor of ∼2 and hρRi by ∼20%. The measurement shows how the
timing of the shock waves in the main pulse affects the implosion performance of
these surrogate targets. For the surrogate CH experiments, time-zero results for
both the yield and hρRi to the best values with hρRi=0.18 ± 0.02 g/cm2 under
the experimental conditions of Figure 8.3, showing that the correct timing of the
first intensity picket has been obtained.
The implosion was further optimized by studying how the timing of the final
spike affects the implosion performance. This was done with different pulse shapes
that were designed to have the same low-intensity foot and plateau, but different
spike pulse timing. Figure 8.4(a) shows an overview of the neutron-yield measurements. The dot data point represents a measurement for a pulse shape without a
high-intensity spike, yielding 1.8 ± 0.2 × 109 neutrons with 19.4-kJ laser energy. In
comparison, a spike pulse with a 2.8-ns delay and slightly less laser energy (18.6
kJ) results in four times more neutrons (8.0 ± 0.8 × 109 , upper triangle). The
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Fig. 8.3: (a) Measured neutron (open circles) and proton (solid squares) yields
as a function of the picket pulse timing with spike. Zero determines
the onset of the foot of the main drive and an increased delay shifts the
picket earlier in time away from the foot. (b) Corresponding measured
average areal density. The relative hρRi error bars are shown.

Fig. 8.4: (a) Measured neutron yield as a function of the onset of the spike
pulse, for two different picket pulse delays. The targets were filled with
25 atm D2 . The pulse without spike (dot) used a 300 ps picket delay.
(b) Calculated neutron yield versus spike pulse delay.
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proton yield increases by a factor of ∼5 from 1.3 ± 0.3 × 106 to 6.2 ± 1.2 × 106 . All
other data points were measured with ∼17-kJ laser energy, which explains why
the second triangle at 2.8 ns is lower. The triangles represent the measurement
for a picket delay of -300 ps, and the squares are a series with -100-ps picket delay.
Figure 8.3(a) shows that a shorter picket delay results in an improved yield, which
is consistent with the fact that the square data points in Figure 8.4(a) are slightly
higher than the triangles. The measurement in Figure 8.4(a) demonstrates an
optimum timing of the spike pulse delay at 2.8 ns. A mistiming by 100 ps significantly affects the yield performance. One-dimensional hydrodynamic simulations
using the code LILAC do not predict a maximum in neutron yield at 2.8 ns and
show very little sensitivity of the fusion product yield on final spike timing [Figure 8.4(b)]. The calculated 1D yield for the shock ignition implosion with 18.6
kJ (upper triangle at 2.8 ns) is only slightly higher than a comparable implosion
without final spike and 19.4 kJ of laser energy. Calculations for exactly the same
laser energy predict ∼30% yield enhancement by the final spike, which is much
lower than measured. As mentioned before, the final spike energy coupling into
the hot spot is optimal for thick-shell targets because the ignitor shock strength
increases significantly when traveling through the converging shell. Compared to
an ignition design91 with a target shell thickness of ∼350 µm, the present targets
(40-µm CH, ∼100-µm cryo) are thin-shell targets, which explains why the simu-
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lated enhancement is only marginal. It is not yet clear why the targets perform
much better than predicted, but there are several possible explanations. Plastic
shells with low-pressure fills are inherently RT unstable during the deceleration
phase, giving rise to substantial shell-fuel mixing that quenches fusion reactions,
which is believed to be the main cause for the YOCs in the percent range. The
experiments presented here suggest that for optimal final shock timing, the mixing processes are mitigated, which might be caused by the impulse acceleration by
the final shock that shortens the time period for the instability growth or by the
steepening of the density profile at the inner shell surface. Another possibility,
which is not very likely, would be that the hot-spot heat-transport losses are not
modeled correctly and that the temperature increase produced by the final shock
is larger than predicted leading to the higher yield.
The implosion performance was studied with the optimized spike pulse shape
for various shell-fill pressures between 4 and 25 atm. Figure 8.5 compares the YOC
versus CR for implosions with optimized spike pulse shape (dots) and various pulse
forms without spike pulse (diamonds), including the data from Figure 8.2(b). The
implosions without spike pulse were not optimized with respect to initial picket
timing. The experiments demonstrate that YOC close to 10% has been obtained
for plastic-shell, α =1.5-1.9, low-adiabat implosions and CR of up to 30, indicating
an improved stability with shock-ignition-type pulse shapes.
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Fig. 8.5: The neutron yield over clean versus hot spot convergence ratio. The
YOC is close to 10% for a hot spot convergence of up to 30.

8.3

Areal-Density Analysis

Figure 8.6 shows the measured proton spectrum, which is the average of four
individual proton spectra taken from different line of sights, for an 8.3 atm, D2 fill implosion with laser energy of 18.0 kJ without SSD. All the measurements
described in this section were performed without SSD. A mean downshift of
6.38±0.13 MeV was measured, where the error represents the standard deviation over the four measurements. Following Li’s work on proton spectrum diagnostics,80 an areal density averaged over the proton spectral distribution of
hρRi = 0.2043 ± 0.0030 g/cm2 is inferred, where the uncertainty represents the
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standard deviation of hρRi from the four measurements. No significant effect of
SSD smoothing on ρR was found for relaxation type low-adiabat implosions76 and
the small standard deviation of the ρR measurement indicates high shell stability. Notice that the lower limit of the detector given by the thickness of the Al
wedges81 is at proton energy of 4 MeV, which appears as a cutoff in the measured
spectrum. The protons need to be downshifted by ∼9 MeV in order to reach
the cutoff which corresponds to a ρR-value of ∼0.3 g/cm2 . Hence the proton
spectrum indicates that areal densities even higher than 0.3 g/cm2 were experimentally realized. If the proton spectrum is extrapolated below the 4 MeV cutoff,
one finds a burn-average areal density of 0.22 g/cm2 . Calculations with the 1Dcode LILAC using a constant flux limiter of 0.06 predict for shot 48674 (ρR)max =
0.345 g/cm2 and with a time-dependent flux limiter99, 100 (ρR)max = 0.331 g/cm2 .
The time-dependent flux limiter calculations model the nonlocal heat transport
by introducing an effective temporal varying flux limiter.100 For the ρR inference
a fusion reaction rate averaged density of 110 g/cm3 and a plasma temperature of
0.1 keV were assumed, taken from the simulations. There is a slight dependency
of the inferred ρR-value on the density. A density variation of ±50 g/cm3 changes
the areal density by ∼ ±0.010 g/cm2 . The temperature dependence is negligible.
The absolute calibration uncertainty of the WRF is ±0.4 MeV for the mean value
of the proton spectral distribution corresponding to ±0.009 g/cm2 . Taking the

8. EXPERIMENTS ON THE SHOCK IGNITION CONCEPT

159

Fig. 8.6: Measured proton spectra for shot 48674, which is the average of four
spectra taking from different directions. The 8.3 atm D2 filled CH shell
was imploded with 18.0 kJ without SSD. The average areal density was
measured with hρRi = 0.204±0.014 g/cm2 (0.22g/cm2 by extrapolating
below the cutoff) and the measured peak of 0.3 g/cm2 is limited by the
lower detection limit of the instrument.
statistical fluctuation, the density variation, and the calibration uncertainty into
account, an absolute measurement error of ±0.014 g/cm2 is estimated, leading to
hρRi = 0.204 ± 0.014 g/cm2 .
Areal-density measurements were performed for various fill pressures corresponding to various hot-spot convergence ratios. Figure 8.7 shows that implosions
with optimized spike pulse shape (solid triangles) achieve the highest hρRi values
that have a trend to increase with CR from ∼15 to ∼25. The data point at CR
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Fig. 8.7: (Courtesy of W. Theobald101 ) hρRi versus CR for 2.8 ns spike delay
pulse implosions (optimized pulse shape - solid triangle, picket mistimed
- open triangles) and no-spike pulse shape implosions (open squares).
The relative hρRi error bars are shown.
∼30 falls below the scaling indicating that for large CR the hρRi measurement
is affected by the instrumental cutoff and by the sampling over the hρRi-time
evolution (see below). The solid line is a linear fit through the solid triangle data
points. In contrast, lower hρRi values are measured for a mistimed picket (open
triangles) and the lowest hρRi values are observed without final spike (squares),
showing also a larger data scattering. Figure 8.5 and Figure 8.7 reveal that optimum timed shock-ignition pulse-shape implosions show an improved performance
with higher hρRi and suggest less instability growth.
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Fig. 8.8: (Courtesy of W. Theobald101 ) (a)Measured spike pulse implosion hρRi
versus LILAC calculated neutron rate averaged hρRin and (b) comparison of measured neutron rate (red curve), 1D predicted neutron
rate (blue curve), and predicted ρR evolution (black curve) for shot
48674 (proton spectrum in Figure 8). The absolute measurement hρRi
uncertainties are shown in (a).
Figure 8.8(a) shows all the measured shock ignition implosion hρRi data versus
the 1D-prediction with a time-dependent flux limiter. In order to relate the measured hρRi obtained from the mean of the proton spectrum to the 1D calculation,
the predicted ρR-evolution has to be averaged over a time window in which the
fusion products are generated and weighted according to the production rate.
The simulations in Figure 8.8(b) show that the ρR (solid black curve) increases
during neutron production and that the fusion reactions are quenched near the

8. EXPERIMENTS ON THE SHOCK IGNITION CONCEPT

162

time of peak areal density of 0.33 g/cm2 . The measured neutron rate (solid red
curve) is lower and truncated compared to the 1D-simulated fusion rate (dashed),
probably caused by shell-fuel mixing. Mixing is a time-dependent process that is
small in the initial phase of ρR buildup and then grows during the deceleration,
leaving a clean hot-spot radius equal to the so called free-fall line.88 The corresponding time integrated proton spectrum is shown in Figure 8.6; each point of
the spectrum corresponds to a different downshift and, therefore, to a different
ρR. The energy downshift of the low-energy tail of the spectrum represents a
measure of the peak ρR during the neutron production, which was limited by
the instrument indicating peak ρR exceeding 0.3 g/cm2 , in agreement with the
simulations. The temporal shape of the neutron-production rate is close to the
secondary proton production rate83 and is used to calculate the neutron rate averaged hρRin [Figure 8.8(a)]. The experimental error of the absolute timing of
NTD97 is ∼50 ps and, considering that the neutron-production duration is typically less than 300 ps, the calculated hρRin values are very sensitive to the exact
timing of the measured neutron rate. The timing error of the measured rate was
taken into account for these calculations, leading to the uncertainties in the calculated hρRin shown as x-error bars in Figure 8.8(a). Figure 8.8 shows that the fuel
assembly is close to the burn-weighted 1D predictions of the code LILAC with
measured ρR values achieving larger than 90% of the 1D prediction. The slight
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deviation at high compression is partially due to the instrumental cutoff resulting
in a slightly lower hρRi reading.
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9. CONCLUSIONS
This thesis comprises a detailed analysis of several important aspects of the
implosion hydrodynamics pertaining to the design of conventional, fast-ignition
and shock-ignition direct-drive inertial confinement fusion targets. The hydrodynamic scaling relations for variables relevant to ICF implosions are derived
analytically and numerically (Chapter 2), and subsequently applied to guide the
design of fast ignition fuel assemblies (Chapter 4). The adiabat, implosion velocity of the fuel assembly, and the laser energy are determined from the density and
areal density requirements of the implosion. The expected thermonuclear gain is
also calculated based on the in-flight implosion characteristics. Due to the constraints on laser drivers, this type of implosions is designed using the relaxation
(RX) laser pulse24 that induces a shaped adiabat profile in the fuel assembly. A
new form of the Lawson criterion is derived using the hydrodynamic relations
of Chapter 2 and a dynamic model of the compression, ignition and subsequent
expansion (Chapter 3). Such an ignition condition is confirmed by the results of
one-dimensional simulations of marginally ignited direct-drive targets (Gain ≈ 1)
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and can be approximated by the following simple formula
Tih

2.6
n

· hρRtot in > 50keV 2.6 · g/cm2

(9.1)

This ignition condition is given in terms of the only two measurable parameters
of the compressed fuel: (1) the burn-averaged areal density hρRtot in , and (2)
the neutron-averaged hot-spot ion temperature Tih n . The burned-average areal
density is measured through the detection of the spectrum of fusion products such
as alpha particles or protons from secondary reactions.44 The neutron-average
temperature is measured through the Neutron Time-of-Flight diagnostic.98 In our
ignition condition, the neutron-averaged ion temperature is computed without
the contribution of the fusion alpha particles. This is done to avoid using the
actual temperature that undergoes extremely large and sudden variations when
the compressed fuel assembly approaches the ignition condition. The so-called
no-alpha temperature T no−α used in this paper is a slowly varying hydrodynamic
parameter that is well suited to measure the implosion performance with respect
to the ignition condition. The only drawback for using T no−α rather than T is
that T no−α is not always equal to the actual measurable temperature. The noalpha temperature and the real temperature are virtually identical for cryogenic
implosions with surrogate fuel (such as D2 ) and for subignited DT implosions with
gains much less than unity. In both cases, the fusion self-heating is negligible and
T no−α ≈ T . For DT implosions approaching ignition (gains ≥ 0.1), the alpha
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heating plays an important role in determining the hot spot temperature and
our form of the Lawson criterion cannot be used. However, in this case the
neutron yield measurement alone is sufficient to determine that the implosion is
approaching ignition. Because of the large excursion in neutron yield of a target
approaching ignition (commonly referred to as the “ignition cliff”), the neutron
yield rather than a formula like equation (9.1) is a much better indicator of the
target performance.
The measurable Lawson criterion equation (9.1) favorably compares with the
Herrmann-Tabak-Lindl ignition scaling11 when the areal density and temperature
are rewritten in terms of the implosion velocity, in-flight adiabat and driver energy
by using the conversion formulas equations (3.32). Furthermore, hydroequivalent
curves [equations (3.32)] are plotted on the ignition diagram to show how hydroequivalent implosions would perform with respect to the ignition condition when
scaled-up in laser energy.
In Chapter 4, the hydrodynamic scaling relations (from Chapter 2) are used
to optimize the target design for fast ignition fuel assembly. It is found that lowadiabat and low-velocity implosions driven by relaxation-type laser pulses, lead to
high-density and high-areal-density fuel assemblies that are favorable for high-gain
fast ignition. Once the target designs are optimized, gain curves for direct-drive
fast ignition are also derived (Chapter 5) in terms of the compression and ignitor
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laser energy. One-dimensional and two-dimensional numerical simulations of the
implosion, ignition and burn by a fast electron beam have been performed to
confirm the theoretical gain predictions.
The same fuel assembly optimized for fast ignition can also be ignited by a
spherically convergent shock launched at the end of the laser pulse. This novel
method to trigger ignition of low-velocity, low-adiabat implosions of massive shell
makes use of a single laser to drive both the implosion as well as the ignitor shock.
The shock ignition technique (Chapter 6) can be tested on existing laser facilities
and promise a significant reduction in the required laser energy for hydroequivalent implosions. Both fast ignition fuel assembly (Chapter 7) and shock ignition
(Chapter 8) experiments have been carried out on the OMEGA laser facility.
Low-adiabat and low-implosion velocity experiments (Chapter 7) on surrogate
40µm-thick, 0.9mm-diamater capsules filled with D2 and D3 He gas and driven
by a 20kJ UV laser pulse, were fielded on the OMEGA facility to achieve high
density and high areal density fuel assembly suitable for fast ignition. The inner
surface adiabat was kept low at about 1.3 by using a relaxation-type laser pulse.
Burn-averaged areal density of 0.14 g/cm2 and peak areal density during the
burn exceeding 0.24 g/cm2 were measured. The areal density is measured from
the energy downshift of the fusion proton spectra. These plastic targets are also
imploded with shock-ignition laser pulses (Chapter 8), where a laser intensity spike
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is added at the end of the assembly laser pulse. Systematic studies of low-adiabat
(α ≈ 1.5) implosions with a short picket and a high-intensity spike were performed.
It was demonstrated that the fuel assembly with warm plastic targets is close to
1D simulation predictions with neutron-rate-averaged areal densities exceeding
∼0.2 g/cm2 and maximum ρR above ∼0.3 g/cm2 , which are significantly higher
than without the spike pulse. Implosions of D2 -filled, 40-µm-thick plastic shells
were optimized by measuring the performance as a function of the timing of the
picket and spike pulses. The spike-shock-generated implosion produces a factor
of ∼4-enhanced neutron yield compared to a laser pulse shape without intensity
spike for 25-atm fill pressure and the same laser energy. For an optimized spikepulse shape with respect to shock wave timing, the measured neutron yields are
∼10% of the yields calculated by 1D simulations (YOC) for fill pressures down to
4 atm, while the YOC without a spike pulse (not optimized) is less than 1% for
pressures below 9 atm. These are the highest YOCs reported so far for α ≈ 1.5
implosions of warm plastic shells and a hot-spot convergence ratio of ∼30. Plastic
shells with low fill pressures are inherently RT-unstable during the deceleration
phase, giving rise to a substantial shell-fuel mixing that quenches fusion reactions,
which is not described by 1D simulations. The measurements have shown that
the shock-ignition concept is very promising by achieving higher compression and
better stability than comparable low-adiabat, relaxation-picket implosions.
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