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ABSTRACT viii

Abstract

The hydrodynamics of inertial confinement fusion (ICF) implosions, both con-

ventional hot spot and shock ignition (SI), are discussed. A one-dimensional planar

compressible–piston-like model is used to investigate the basic physics behind conven-

tional hot spot and shock-ignition implosions. Three ignitor shock techniques are found

to mitigate the effects of rarefaction waves, enhance the stagnation hot-spot pressure,

and improve the ignition conditions. These techniques are compared and the optimal

energy ratio between the initial shell kinetic energy and the ignitor pulse energy is

determined. We demonstrated for the first time the ability to launch shocks of several-

hundred Mbars in spherical targets at SI relevant laser intensities, a milestone for SI.

The temporal delay between the launching of the strong shock at the outer surface of

the spherical target and the shock converges at the center is used to infer the ablation

and shock pressures. Peak ablation pressures exceeding 300 Mbar are inferred at ab-

sorbed laser intensities of ∼3× 1015 W/cm2. The theory of ignition for ICF capsules

is used to determine hydrodynamically-equivalent ignition performance requirements

on OMEGA. A reasonable combination of neutron yield and areal density for OMEGA

hydro-equivalent ignition is ∼6 ×1013 and 0.3 g/cm2, respectively.
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CHAPTER 1. INTRODUCTION TO INERTIAL CONFINEMENT FUSION 1

Chapter 1

Introduction to Inertial Confinement Fusion

Nuclear fusion is the process that powers the stars and is ultimately responsible for

sustainable life on Earth. The process combines two atomic nuclei together to form

a new atomic nucleus and, as elegantly put by Einstein’s famous equation E = mc2,

if the sum of the two constituents’ masses is larger than the reaction product’s mass,

energy will be released. The released energy comes from the binding energy holding

the nucleus together via the strong force. As larger and larger nuclei are fused the

amount of energy released gradually reduces until the reaction becomes endothermic.

This point marks the most stable nuclei, Iron-56, whereby fusing nucleus with higher

atomic numbers (Z) will not net more energy. After Iron-56, energy is instead released

when the nuclei are split into two or more daughter nuclei, a process called nuclear

fission. Figure 1.1 shows a plot of the average nuclear binding energy per nucleon as a

function of the number of nucleons in the nucleus.

While nuclear fission power plants have been in operation since 1954, the holy grail

of energy production (fusion power) has so far eluded mankind. Fusion promises a

safer, cleaner, and more abundant source of fuel compared to fission power, which also

unlike fusion, faces issues of nuclear proliferation. The difficulty in achieving fusion

power lies in accessing conditions favorable for fusion reactions to occur. In nature
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Figure 1.1: Binding energy per nucleon (B/A) versus mass number A, for the most stable isobars. For
A = 3 also the unstable tritium is included, in view of its importance for controlled fusion. Notice that
the mass number scale is logarithmic in the range 1–50 and linear in the range 50–250. Adapted from
[1].

this typically happens in stars where temperatures exceeding four million Kelvin begin

fusing protons. Therefore in order to make fusion power a reality on earth, the extreme

conditions in stars must be recreated in a controlled manner in the laboratory.

The best candidates for fusion power are the isotopes of Hydrogen, Deuterium (D)

and Tritium (T). Equations 1.1 to 1.4 list the possible fusion reactions between the

isotopes of hydrogen [7] and Fig. 1.2 shows the cross sections related to these reactions

[8, 9],

D+D−−→
50%

T(1.01 MeV)+p(3.02 MeV), (1.1)

−−→
50%

He3(0.82 MeV)+n(2.45 MeV), (1.2)

D+T→ He4(3.5 MeV)+n(14.1 MeV), (1.3)

T+T→ He4 +2n+11.3 MeV. (1.4)

The cross section is proportional to the probability that a nuclear reaction will occur for
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Figure 1.2: Plot of the total cross section in barns as a function of the incident kinetic energy in keV
(where the target ion is at rest) for D+T (solid black), D+D (dashed blue) and T+T (dotted red) reactions.

a given incident kinetic energy nucleon impacting another at rest. Due to the difficulty

in achieving high temperatures (kinetic energy) in the laboratory, the D+T reaction is

heavily favored (being ∼100 times more probable than D+D or T+T reactions at 10

keV) for fusion energy research. Creating the conditions suitable for fusion reactions

is the subject of the field of fusion energy research and this thesis.

This chapter presents a basic review of the principles behind inertial confinement

fusion (ICF) conventional hot spot ignition and the physical mechanisms behind im-

plosion degradation in both single and multiple dimensions. It is broken into several

sections: the plasma conditions required to obtain a burning plasma, a short introduc-

tion to conventional hot spot ignition, the implications of using a compressible piston

to confine a plasma, and linear hydrodynamic instability theory in fluid dynamics. This

chapter reviews existing knowledge (except for Sec. 1.3.2– The effect of Rarefaction

Waves on Planar Compressible Piston Implosions) and provides the necessary back-

ground information for the remainder of the thesis.
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1.1 Requirements for Burning Plasmas

In order to achieve fusion energy gain, the amount of alpha particle (He4) heating

power (Pα) being produced by a plasma must exceed the total power loss (PL). If we

consider a plasma of volume V , electron number density ne, temperature T , which is

confined for a duration τE , then the net volumetric power of the system can be expressed

as

Wα =Wb +Wdi f , (1.5)

where Wα = 1
20n2

e 〈σv〉QDT is the volumetric thermonuclear power produced, Wb =

Cbn2
eT 1/2 is the volumetric power loss due to bremsstrahlung radiation, Wdi f =

3nekbT/τE are other diffusive energy losses of the plasma (such as expansion loses),

Cb = 5.3410−24 ergs s−1 cm−3, QDT = 17.6 MeV is the heat produced per D+T fusion

reaction, kb is the Boltzmann constant, and 〈σv〉 is the fusion reactivity of DT as a

function of temperature. The volumetric thermonuclear power produced only uses the

energy put into each alpha particle that is stopped inside the dense plasma, which is

∼20% of the total energy produced in the D+T nuclear reaction (Eq. 1.3). Inserting

the above relations into Eq. 1.5 yields the familiar confinement parameter for burning

plasmas [1]

neτE =
3kbT

〈σv〉QDT
20 −CbT 1/2

. (1.6)

This relation states the product of the density with the energy confinement time must

exceed a given value in order to be a self-sustaining or ‘burning’ plasma, and is very

close to the original Lawson criterion [10]. Equation 1.6 can be re-expressed using the

ideal gas law as

pτE ∼ f (T ), (1.7)
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where p is the plasma pressure and f (T ) is a function of temperature. This form is

especially convenient for ICF studies as the hot spot pressure becomes a measure of

how close the hot spot plasma is to achieving a self-sustaining state. In ICF implosions,

the energy confinement time is related to the areal density (ρR) of the target and is

discussed in the next section (Sec. 1.2). Maximizing the hot spot pressure and the

areal density therefore is necessary for achieving ignition. Through the work detailed

in Chapter 2, achieving ignition in ICF implosions require hot spot pressures ∼100

Gbar and areal densities ∼300 mg/cm2. This equates to the measureable shell areal

densities and hot spot ion temperatures of 1 g/cm2 and 5 keV respectively. The Lawson

parameter can also be expressed in terms of measurable parameters for ICF implosions

[11, 12] and is discussed in detail in Sec. 2.4.

1.2 Conventional Hot Spot Ignition

Laboratory ICF first gained attention shortly after the invention of the LASER in

1959 [13] in an effort to generate smaller yield nuclear reactions suitable for electrical

energy generation. In its infancy, it was thought that depositing 5 MJ of laser light into

a solid sphere of deuterium and tritium (DT) would be sufficient to generate 50 MJ

of fusion energy output. This is known as “volumetric” ignition and is a prohibitively

energetically expensive method to create a burning plasma. It wasn’t until a few years

later that the idea of compressing a low-density plasma with a high-density plasma

did the value of required energy needed to achieve ignition decrease to realistically

achievable levels [14]. This new scheme utilized the PdV work of a near-adiabatically

compressing spherical shell to achieve the conditions necessary for fusion to occur in a

low-density hot spot and is called conventional hot spot ignition.

In conventional hot spot ignition [15] a spherical capsule is illuminated either di-
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Figure 1.3: The stages of an ICF implosion. a) The capsule, a dense shell (orange) surrounding a low
density gas fill (blue), is illuminated with laser light or x rays (red). b) The outer surface of the capsule
heats up and ablates radially outward (orange arrows), imploding the remainder of the shell radially
inwards (blue arrows). c) The compressed core of an ICF capsule consists of a low density (tens of
g/cm3) and high temperature (several keVs) DT plasma (the hot spot) surrounded by a dense (hundreds
of g/cm3) and cold (hundreds of eV) DT shell. d) A radially propagating burn wave (red arrows) burns
the surrounding dense DT fuel producing fusion energy gain.

rectly with laser light [16] or indirectly within a bath of x rays [17], as illustrated in

Fig. 1.3. The capsule consists of a cryogenic layer of DT frozen onto the inner surface

of a spherical shell of ablator material, typically CH plastic. Photons are absorbed in

the coronal plasma surrounding the shell via inverse bremsstrahlung and the energy is

thermally conducted to the surface of the shell, causing it to ablate. The ablating mass

creates an equal and opposite force that causes the remaining shell material to implode.

This underlying mechanism is known as the “rocket effect.” The imploding shell attains

a peak implosion velocity before converting most of its kinetic energy into internal en-

ergy upon peak compression. The compressed core of an ICF capsule consists of a low

density (tens of g/cm3) and high temperature (several keVs) DT plasma (the hot spot)

surrounded by a dense (hundreds of g/cm3) and cold (hundreds of eV) DT shell. If the

thermal energy and areal density of the hot spot are large enough, the alpha particles

generated from fusion reactions deposit their energy within the hot spot, triggering a

thermal wave called thermonuclear ignition. A robust ignition would launch an alpha-

driven burn wave in the surrounding dense fuel leading to a significant fusion energy
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output. The resulting energy gain (target gain = fusion energy/laser energy on target)

depends on the amount of dense fuel burned, which in turn depends on the quantity of

dense fuel surrounding the hot spot (ρR) and how quickly it decompresses (with the

sound speed). To this end, a simple model [1] of the amount of time it takes to decom-

press the target combined with the shell’s areal density determines the fraction of fuel

burned (Φ) according to the expression

Φ =
ρRg/cm2

7+ρRg/cm2
. (1.8)

Therefore not only is the shell areal density critically important in determining the

degree of compression achieved throughout an implosion, but also the amount of energy

gain yielded from an igniting target.

Conventional hot spot ignition is the current primary approach to obtaining fusion

gain in ICF. Since obtaining ignition, and energy gain is the objective, understanding

and reducing the amount of energy required to ignite a capsule is vital. Zhou et. al.

[18] performed a numerical study on several different implosions using the 1D hy-

drodynamic code LILAC [19] and found that the energy required to ignite a target -

assuming a perfectly one-dimensional spherical implosion - could be simplified into

the following scaling law:

E ign
iso ≈ 0.64I−0.26

15 α
1.9
inn

(
3×107

vimp

)6.6(
λ

0.35

)
, (1.9)

where E ign
iso is the laser energy required to ignite an ICF capsule in J, I15 is the intensity

of the laser in 1015 W/cm2, αinn is the adiabat on the inner surface of the shell, vimp is

the implosion velocity in cm/s, and λ is the wavelength of the laser in µm. The adiabat

is a measure of the compressibility of the shell and is defined as the ratio of the material
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pressure to the fermi-degenerate pressure. This scaling law shows a strong dependence

on the shell’s implosion velocity; a higher implosion velocity requires less energy for

ignition. However, while it seems desirable to increase the implosion velocity, multidi-

mensional limitations of the imploding target must be considered. Any perturbation on

the interface of the capsule will grow exponentially due to the linear Rayleigh-Taylor

(RT) instability [20, 21]. This phenomenon occurs when a light fluid is supporting a

heavy fluid against the inertial forces of an accelerating frame of reference (see Fig.

1.12). Given the imperfections that are inherent to target manufacturing, laser beam

roughness, and the acceleration of the shell to high implosion velocities, the RT insta-

bility is extremely important as large amplitude growth can lead to the breakup of the

shell and quenching of ignition.

1.3 Planar Hydrodynamics

This section will present a simple model of the hydrodynamics occurring in the

deceleration phase of conventional-hot-spot-ICF implosions. The model will take the

physics-rich environment of an ICF implosion and distill the fundamental implications

of using a compressible piston-like shell in a planar geometry to confine a low-density

gas (hot spot) to high pressures. The model ignores multi-dimensional effects (such

as the RT intsability) and utilizes the Rankine-Hugoniot (RH) relations to calculate

the trajectories and properties of shocks propagating through a high-density shell com-

pressing low-density gas. The results are corroborated with several simple lagrangian-

hydrodynamic simulations which are used to develop pressure amplification scaling

laws. The reduction in peak hot spot pressure due to rarefaction waves is quantified and

discussed.
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1.3.1 Rankine-Hugoniot Relations

Calculating the trajectories of shocks in simple geometries can be performed ana-

lytically using the RH relations [22]. These relations provide the connection between

pre- and post-shock material conditions and are applicable in multiple dimensions, but

will be derived for planar geometries for simplicity. The derivation of the RH relations

begins with Euler’s equations of motion in conservation form:

∂tρ +∂x (ρu) = 0, (1.10)

∂t (ρu)+∂x
(
ρu2 + p

)
= 0, (1.11)

∂t

(
1
2

ρu2 +ρe
)
+∂x

{(
1
2

ρu2 +ρe
)

u+ pu
}
= 0, (1.12)

where ρ is the density, u is the velocity, p is the pressure, and e is the internal energy

of the fluid (where all variables are functions of x and t). The jump conditions across a

shock front can be determined by integrating Eqs. eqs. (1.10) to (1.12) across the shock

front using the Leibiniz integral rule and taking the limit as the width of the integral

approaches zero, yielding:

−U [ρ]+ [ρu] = 0, (1.13)

−U [ρu]+
[
ρu2 + p

]
= 0, (1.14)

−U
[

1
2

ρu2 +ρe
]
+

[(
1
2

ρu2 +ρe
)

u+ pu
]
= 0, (1.15)

where U is the shock velocity and the square brackets indicate the difference of the

argument across the shock front. Moving to a frame where the shock is at rest, v =

U−u, and simplifying eqs. (1.13) to (1.15) leads to three independent jump conditions:

ρ2v2 = ρ1v1, (1.16)
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p2 +ρ2v2
2 = p1 +ρ1v2

1, (1.17)

h2 +
1
2

v2
2 = h1 +

1
2

v2
1, (1.18)

where h = e + p/ρ is the enthalpy
(

h = γ

γ−1
p
ρ

for polytropic gases
)

. Equations

eqs. (1.16) to (1.18) are a set of three equations and six unknowns that can be solved

for the unknown conditions given a sufficient number of known values. For example,

given the pre-shock conditions and the post-shock pressure, the RH relations between

the pre-shock (subscript i) and post-shock (subscript j) states are

z ji =
p j− pi

pi
, (1.19)

M ji =

√
1+

γ +1
2γ

z ji, (1.20)

u j−ui

ai
=

z ji

γM ji
, (1.21)

ρ j

ρi
=

M2
ji

1+ γ−1
2γ

z ji
, (1.22)

a j

ai
=

√√√√(1+ z ji
)(

1+ γ−1
2γ

z ji

)
M2

ji
, (1.23)

where p is the pressure, z is the shock strength, M is the Mach number of the shock,

u is the material velocity, ρ is the material density, and a is the material sound speed(
a =

√
γ p/ρ

)
. The adiabatic index γ in this model is constant across the shock front.

By transferring to the lab frame, one can calculate the velocity of the shock (U) via

u = U − aM. Equations eqs. (1.19) to (1.23) are the RH relations between the pre-

and post-shock material conditions and can be used to calculate shock trajectories and

interactions.



CHAPTER 1. INTRODUCTION TO INERTIAL CONFINEMENT FUSION 11

Figure 1.4: (a) Drawing of the shell’s center of mass versus time in an ICF implosion. (b) The initial
condition of the planar model simulates an ICF capsule at the end of its deceleration phase. A boundary
pressure can be applied to simulate an ignitor shock (yellow arrow).

1.3.2 The effect of Rarefaction Waves on Planar Compressible Pis-

ton Implosions

This subsection will present a simple planar compressible piston-like model of an

ICF implosion. The model calculates the trajectory of the shocks leading to the decel-

eration of the shell and the resultant rarefaction waves which decompress the hot spot

in order to understand the 1-D performance of the implosion. The analytical results are

supported and extended by multiple lagrangian hydrodynamic simulations. The sim-

ulations begin near the end of the free-fall phase, when the laser driver has shut off

and the main compression shock has reached the center of the target as shown in Fig.

1.4(a). Assuming all of the laser-plasma interactions have taken place and ignoring

radiation and thermal transport, nuclear reactions, and ablation physics simplifies the

implosion to a system that is intuitive and easy to model while still capturing the main

features of an ICF implosion. The model uses a planar instead of a spherical geometry

to eliminate the effects of shock convergence. In this way the complex dynamics of

ICF implosions are simplified to a simple compressible piston-like problem as shown

in Fig. 1.4(b). The simulation’s initial condition is a high-mass-density slab compress-
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Figure 1.5: Pressure at the rigid wall as a function of time for a planar compressible piston-like target.

ing a low-mass-density slab against a rigid wall, where the high- and low-mass-density

slabs correspond to the target shell and hot spot, respectively. The pressure and velocity

distributions are initially uniform, and pressure is applied at the outer edge to simulate

the ablation pressure from the laser drive.

The 1-D planar Lagrangian hydrodynamic code is used to simulate an implosion

from the end of its free-fall phase to stagnation. Figure 1.5 shows the implosion pres-

sure at the rigid wall, or the center of the hot spot, as a function of time for a 50 µm

thick slab with an initial uniform pressure of 50 Mbar, shell density of 15 g/cm3, and

velocity of 3×107 cm/s, compressing a 150 µm thick lighter slab with a density of 0.3

g/cm3 initially moving with the same velocity and at the same pressure. Notice there

are three distinct regions in the central pressure evolution in Fig. 1.5, illustrating three

separate features in ICF implosions. The first region (0 < t < t1) demonstrates the rise

in pressure as shocks are reflected from the rigid wall, while the second (t1 < t < t2) and

third (t > t2) regions show the effect of rarefaction waves decompressing the assembly.

At t = 0, the low-density slab encounters the rigid wall and a center-reflected shock

wave is created that travels from the rigid wall to the high-density region as shown in

Fig. 1.6(a). The center-reflected shock can be calculated exactly by setting the velocity
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Figure 1.6: Sketch of (a) a center reflection with an outward-propagating shock (Ucr) and (b) a post-
shock-density discontinuity collision that results in a reflected (Ur) and a transmitted (Ut) shock that
propagate in opposite directions.

in the post-shocked region (u1) to zero and solving the RH relations for the post-shock

pressure:

p3

p1
= 1+

γu2
1

4a2
1
(γ +1)

1+

√
1+
[

4a1

u1 (γ +1)

]2
 , (1.24)

where pk, uk, ak, is the pressure, material velocity, and material sound speed in region

k. This can then be substituted into Eqs. 1.19 to 1.23 to solve for the rest of the un-

known parameters. Once the center-reflected shock reaches the density discontinuity at

the interface between the two densities, a reflected shock will propagate into the lower-

density region and a transmitted shock will propagate into the higher-density region as

shown in Fig. 1.6(b). It is important to note that across the density discontinuity, a pres-

sure discontinuity may not exist as well any mass flux, stipulating that the pressure and

material velocity across the entire post-shocked region must be uniform. Combining

RH relations (1) and (3), the following equality results:

u3−
a3
γ

(
p4
p3
−1
)

√
1+ γ+1

2γ

(
p4
p3
−1
) =−u2 +

a2
γ

(
p4
p2
−1
)

√
1+ γ+1

2γ

(
p4
p2
−1
) . (1.25)

A numerical solution is used at this point to solve the sixth-order polynomial for the

post-reflected and post-transmitted pressure (p4, in regions 4l and 4r). The reflected
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Figure 1.7: Central pressure evolution as a function of time for a planar implosion. The thin line
indicates analytic pressure evolution leading to a maximum pressure Pno RW

max The thick line indicates a
numerical simulation of the same target, giving a maximum pressure PRW

max, including rarefaction waves.

shock wave will propagate back through the low-density region and will reach the rigid

wall, generating a second center-reflected shock wave. A comparison to the numerical

simulation is shown in Fig. 1.7. Each rise in pressure, or “step,” in the pressure evolu-

tion corresponds to a new center reflection. The analytic calculation and the numerical

simulation agree in both the value and timing of the pressure evolution up until t = t1.

At this point, the numerical simulation predicts a rarefaction wave reaching the center

and decompressing the target. The origin of this rarefaction wave will be discussed in

the next subsection. The analytic calculation has ignored the generation of rarefaction

waves and tracks the shocks only as they bounce between the rigid wall and the density

discontinuity. The shock will continue to reflect off the rigid wall and the shell indef-

initely, and the central pressure will approach a limiting value
(
Pno RW

max
)

as shown in

Fig. 1.7. This maximum pressure is the theoretical maximum central pressure that can

be attainable in the absence of rarefaction waves.

A simple dimensional analysis argument shows that the ratio of the maximum pres-

sure to the initial pressure can depend only on dimensionless ratios of other values

used to define the system: the ratios of the initial implosion velocity to the material
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sound speed, the shell to gas densities, and the shell’s outer to inner thickness, i.e.,

Pmax/P0 =
(
uimp/cs

)x1
(
ρshell/ρgas

)x2 . For simplicity each target will be considered

to be “thick” so that the scaling laws may omit the shell aspect ratio as a variable.

Nonlinear regression of the results of several calculations of varying initial conditions

that simulate realistic free-fall conditions, 1 < P(Mbar)
0 < 100, 0.15 < ρ

(g/cm3)
gas < 0.75,

7.5 < ρ
(g/cm3)
shell < 37.5, 1 < u(

107cm/s)
0 < 4, yields the following scaling law for the max-

imum pressure for a target with a 50 µm thick shell and a 150 µm inner radius:

Pno RW
max ≈ 1

4
ρshellu2

0

(
ρshell

ρgas

)0.7

. (1.26)

The maximum pressure scales as the initial shell kinetic energy multiplied by a function

of the ratio of the shell and gas densities. Dividing Eq. 1.26 by the initial pressure shows

that the peak central pressure scales as the Mach number squared, comparable to the

results of Ref. [18].

To understand the pressure evolution in regions II and III of Fig. 1.5, shock dy-

namics in the shell must be considered. Rarefaction waves bring information to the

rest of the assembly relating to the finite compressibility of the slabs, essentially de-

compressing the target. For simplicity, we group the rarefaction waves into two types:

rarefaction waves generated in the lower- or higher-density slab due to shocks inter-

acting with density or pressure discontinuities (type 1) and rarefaction waves that have

been generated on the outer edge of the high-density slab (type 2). The type 1 rarefac-

tion waves decompress the assembly to specific densities and pressures and correspond

to region II in Fig. 1.5, while type 2 rarefaction waves will decompress the assembly

completely and correspond to region III. Figures 1.8 and 1.9 give a sketch of how type

1 and type 2 rarefaction waves are generated.

Measuring the full effect of rarefaction waves on the maximum pressure requires
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Figure 1.8: Sketch of the generation of type 1 rarefaction waves: (a) before the merging of two trans-
mitted shocks (Ut) and (b) post-shock merge with the resulting transmitted shock (Ut) and reflected
rarefaction wave (R).

numerical simulations because analytically modeling multiple shock interactions with

density gradients is very complicated. After the maximum central pressure has been

reached, numerical simulations show that the central pressure levels off and later decays

as the slab expands. In thick shells (like this example) the maximum central pressure

can be reached before type 2 rarefaction waves are launched back toward the hot spot.

The arrival of this rarefaction wave can be seen by the abrupt change in the decay rate

of the center pressure at t ∼ t2 (Fig. 1.5) and is the boundary between regions II and III.

Running multiple numerical simulations with the same initial conditions as before finds

the scaling law for the maximum effective pressure achievable with type 1 rarefaction

waves:

PRW
max ≈ 1.04ρshellu2

0

(
ρshell

ρgas

)0.19

. (1.27)

Figure 1.9: Sketch of the generation of type 2 rarefaction waves (a) before a transmitted shock (Ut)
reaches the outer shell edge (U) and (b) post-shock outer shell edge’s interaction with the resulting
rarefaction wave propagating inward (R).
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Figure 1.10: Normalized central pressure versus normalized shell thickness. This indicates the central
pressure is a function of shell thickness for thin targets.

The reduction in the maximum hot spot pressure due to rarefaction waves can be found

by dividing Eq. 1.27 by 1.26:

PRW
max

Pno RW
max

≈ 4
(

ρgas

ρshell

)0.5

≈ 56%. (1.28)

This result quantifies the reduction of the peak hot spot pressure due to rarefaction

waves on planar implosions. This reduction applies to all compressible piston-like

implosions but can be mitigated in special circumstances (see Sec. 3.2).

The previous implosions were restricted to “thick shells,” where type 2 rarefaction

waves did not affect the maximum central pressure. This simplified the implosions

and allowed us to develop a scaling law, but does not encompass all ICF implosions.

Figure 1.10 shows multiple implosions where the shell thickness is varied to illustrate

the effect of type 2 rarefaction waves. The central pressure increases with increasing

shell thickness until a critical thickness is reached (∆crit) where the central pressure

plateaus. This is due to type 2 rarefaction waves decompressing the target before it has

reached its maximum effective pressure. Once the shell thickness is beyond the critical

thickness, the limiting factor to the maximum pressure is due to the effect of type 1

rarefaction waves. Therefore for any ∆shell > ∆crit, the maximum central pressure is
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independent of the shell thickness. This leads to the conclusion that increasing the

kinetic energy by increasing the shell thickness (with constant implosion velocity) does

not raise the peak central pressure. Any additional mass, and therefore kinetic energy,

that is added does not contribute to raising the hot-spot pressure. This is the reason for

omitting the aspect ratio in the scaling laws.

1.4 Multi-Dimensional Hydrodynamic Instabilities

While the previous section covered the implosion performance in terms of the max-

imum hot spot pressure and its degradation due to one-dimensional effects, this sec-

tion will provide a brief overview of various hydrodynamic instabilities relevant to

ICF implosions which degrade the implosion in multiple dimensions. The Rayleigh-

Taylor (RT), Richtmeyer-Meshkov (RM), and Kelvin-Helmholtz (KH) instabilities lead

to detrimental amplification of mass density perturbations which can lead to the breakup

of the imploding shell, mixing between the cold shell and hot spot, and quenching of

ignition. In ICF implosions, the RT instability is the dominant instability mechanism

for the implosion’s performance degradation, with the RM and KH instabilities either

providing seeds for, and/or occurring after, the RT instability has reached highly nonlin-

ear conditions. The instabilities can be seeded by surface, interface, and/or laser-beam-

imprinting imperfections, and operate under their own specific criteria which may occur

in any phase of the implosion. Due to the sensitivity of the implosion’s performance

on the integrity of the shell, a thorough understanding of the physical processes under-

lying these instabilities is required. The rest of this section will be broken into three

subsections detailing each of the hydrodynamic instabilities listed above.
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Figure 1.11: Example of RT growth in an ICF implosion. The mass density (top) and ion temperature
(bottom) contours of a 2-D DRACO [2] simulation with inner ice surface roughness and imprinting via
laser-beam speckle showing highly nonlinear RT spikes and bubbles.

1.4.1 The Rayleigh-Taylor Instability

The Rayleigh-Taylor (RT) instability is the most dangerous hydrodynamic instabil-

ity for ICF implosions and is also responsible for the formation of salt domes on Earth,

and the structure of supernova remnants. It occurs whenever a light fluid supports a

heavy fluid in an accelerating frame, where any singlemode perturbation on the inter-

face will grow exponentially in time for small perturbation amplitudes (<0.1λ ) and

linearly in time for large perturbation amplitudes. In all cases, under the influence of

an accelerating frame the heavy fluid will penetrate the lighter fluid and form ‘spikes’

whereas the light fluid will flow into the heavy fluid as ‘bubbles.’ See Fig. 1.11 for

an example of the RT instability occurring during an ICF implosion. In this example,

the shell (green to red colors in the top image) is imploding inwards but accelerating

radially outwards and acts as the heavy fluid being supported by the lighter fluid, the

hot-spot gas (inner blue in the top image). The bottom image illustrates that the hot

spot temperature is severely degraded.
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Figure 1.12: Sketch of the RT Instability. Here a light fluid (ρ2) is supporting a heavy fluid (ρ1) under
the influence of acceleration in the vertical direction. Any vertical perturbation of the interface between
the two fluids results in the perturbation’s (η(x, t)) growth.

A normal mode analysis can be applied to this sharp-boundary hydrodynamic sys-

tem to predict the growth rate of an interface perturbation. Consider a heavy fluid, ρ1,

supporting a lighter fluid, ρ2, in the presence of a gravitational field in the vertical di-

rection with a single mode perturbation on the interface, η(x, t) (see Fig. 1.12). Starting

with Euler’s equations of motion for a constant incompressible fluid,

∇ ·~v = 0, (1.29)

∂tρ +∇ · (ρ~v) = 0, (1.30)

ρ (∂t +~v ·∇)~v =−∇p+ρ~g, (1.31)

the equilibrium condition at t = 0 can be obtained

∇p0 =−ρ~g, (1.32)

where the subscript ‘0’ indicates an initial quantity. Equations 1.29 to 1.31 can be
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linearized using the initial conditions

ρ = constant, (1.33)

~v1 = ṽ1, (1.34)

~v1 = ṽ2, (1.35)

p = p0 + p̃. (1.36)

where the tilde indicates a perturbed quantity, to obtain

∂xṽx +∂zṽz = 0, (1.37)

ρ∂t ṽx +∂x p̃ = 0, (1.38)

ρ∂t ṽz +∂z p̃ = 0. (1.39)

In the normal mode analysis, it is assumed that the time dependence of any perturbed

quantity depends exponentially on time, Q̃ = Q̂(x,y,z, t)eγt , where γ is the unknown

growth rate. Taking the dot product of the linearized version of the momentum equation

(ρ∂t ṽ =−∇ p̃), and combining it with Eq. 1.37 yields Laplace’s equation ∇2φ = 0,

where φ = p̂/(γρ). Laplace’s equation can be solved using a normal mode analysis

such that

φ̂ = ∑
k

ψ(z)eikx, (1.40)

where the frame has been shifted to combine the x and y axes into a single axis (without

loss of generality), and k is the wavenumber of each mode in that frame. Inserting this

back into Laplace’s equation finds the dependence of ψ(z), which in turn depends on

the boundary conditions ψ = Aekz +Bekz. This determines the perturbed pressure and
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velocities (using Eqs. 1.38 and 1.39)

p̃(x,z, t) = γρ

(
Aekz +Be−kz

)
eikx+γt , (1.41)

~̃v(x,z, t) =
(

Aekz−Be−kz
)

eikx+γt {−ikx̂,−kẑ} . (1.42)

At this point, an equation describing the motion of the interface is needed to continue.

If the interface also has an exponential time dependence, its position can be described

via z(t) = η̂ (x(t))eγt . Keeping only the linear terms in its derivative yields

dz
dt

=
∂η

∂x
∂x
∂ t

+ γη̂eγt , (1.43)

v̂z = γη̂ . (1.44)

and a Taylor expansion about z = η yields

v̂z(x,z = 0)≈ γη̂ (1.45)

Two additional constraints are necessary to complete the derivation: since the fluids

do not mix the normal velocity components on either side of the interface must be

equal, and a pressure jump across the interface cannot exist. The first constraint is

v̂n1 = v̂n2, where the subscript n indicates the interface normal, whose unit vector is

n̂ = {∂xη̃ x̂,−ẑ}
/√

1+(∂xη̃)2 . Neglecting higher order terms, v̂n = −v̂z(x,z = 0),

and

v̂z1(x,z = 0) = v̂z2(x,z = 0). (1.46)
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The pressure jump across the interface is a Taylor expansion of p(x,z, t) about z = η .

p1(x,z = η , t) =p2(x,z = η , t),

p01(x,η , t)+ p̃1(x,η , t) =p02(x,η , t)+ p̃2(x,η , t),

p01(x,0, t)+
d p01(x,z, t)

dz

∣∣∣∣
0

η̂ + p̃1(x,η , t) =p02(x,0, t)+

d p02(x,z, t)
dz

∣∣∣∣
0

η̂ + p̃2(x,η , t),

p01 +ρ1gη̃ p̃1(x,η , t) =p02 +ρ2gη̃ p̃2(x,η , t),

(ρ1−ρ2)gη̂ =p̂2(x,0)− p̂1(x,0). (1.47)

Combining the correct limiting expressions for Eqs. 1.41 and 1.42 (where the perturba-

tion must vanish as z→±∞) with 1.45, 1.46, and 1.47, an expression for the classical

growth rate is found

γ =
√

Akg, (1.48)

where A = (ρ1−ρ2)/(ρ1 +ρ2) is the Atwood number. Given that there is a real pos-

itive root for the growth rate, the interface perturbation is unstable for all Atwood

numbers and wavelengths. Similar analyses can be performed to include the effect

of a boundary that is smoothly varying (density scalelength), or mass ablation, whose

growth rates follow

γ =

√
kg

1+ kLm
, (1.49)

γ =
√

Akg− ck |va| , (1.50)

respectively, where Lm is the minimum density scalelength in the system, c is a constant,

and va is the ablation velocity. Both the smoothly varying density interface and ablation

terms show a stabilization of the growth rate for large wavenumbers, and even a cutoff



CHAPTER 1. INTRODUCTION TO INERTIAL CONFINEMENT FUSION 24

Figure 1.13: RT growth rate as a function of wavenumber for classical sharp boundary (black), and
including the effects of a smoothly varying density scalelength (blue), and mass ablation (red), following
the formulas 1.48, 1.49, and 1.50 with the following parameter values: A = g = c = 1, L = 0.001, and
va = 0.031.

wavenumber for large values of mass ablation. A comparison of the behavior of these

formulas is shown in Fig. 1.13.

The above normal mode analysis was performed during the early stages of the RT

growth, and kept only the linear terms. A nonlinear analysis of the growth shows the

growth of the interface to be linear in time

η0(t)∼
√

g
Ck

t, (1.51)

where C is equal to 3 for 2-D, and 1 for 3-D RT growth. The transition between

exponential growth (linear theory) and linear growth (nonlinear theory) occurs about

the time when the amplitude of the perturbation has reached ∼10% of the perturba-

tion wavelength. For multimode perturbation growth, the growth is proportion to the

distance traveled with the well-known scaling relation η ∼ βgt2, with the coefficient

β ≈ 0.05 to 0.07 (Refs. [23–26]).
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Figure 1.14: Sketch of the RM Instability. A plane shock (thick top solid line) incident on an interface
perturbation between two fluids (η (x, t)) will adapt the same perturbation which grows linearly in time
(thick bottom dashed line).

1.4.2 The Richtmyer-Meshkov Instability

Similar to the RT instability, the RM instability describes the interface motion of

two different density materials under acceleration and is able to describe the shape of a

shock front after passing through a perturbed interface. It was postulated by Richtmyer

in 1960 [27] and experimentally verified by Meshkov in 1969 [28]. It is important in

scientific fields where shocks are present, such as studies of supernova or jet engines.

In ICF, the RM instability typically seeds interface perturbations which are amplified

by the RT instability.

A simple impulsive model can be used to estimate the growth rate of the shock front

incident upon a perturbed surface and its subsequent growth is shown in Fig. 1.14. A

linear normal mode analysis for the RM instability is similar to the one just performed

for the RT instability (Sec. 1.4.1), where no acceleration is included. The perturbed

quantities are Eqs. 1.33 to 1.36, and obey the same equations of motion, Eqs. 1.37 to

1.39. Combining the equations of motion for the perturbed velocity in the z-direction

becomes

∂t
(
∂zzṽz + k2ṽz

)
= 0. (1.52)
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The solution to this differential equation consists of a homogeneous and particular part,

where the particular part does not depend on time. Therefore, the solution for the

perturbed velocity in the z-direction is

ṽz1,2 = uz1,2(t)e
∓kz. (1.53)

Again, the perturbed velocity in the z-direction across the interface must be the same,

requiring uz1(t) = uz2(t). Using this knowledge combined with the jump condition on

the interface (Eq. 1.47) and Eqs. 1.37 to 1.39, an expression for the interface growth is

determined:

∂tuz =−Akg(t)η̃ . (1.54)

If the material is accelerated instantaneously, e.g. by a shock, then the acceleration term

g(t) can be replaced by g(t) = [u]δ (t), where [u] is the post-shock velocity and δ (t) is

the Dirac Delta function. Inserting the relation between the interface and the perturbed

velocity (Eq. 1.45) and integrating twice yields the equation of motion for the interface:

ηz =−Ak[u]ηz0t +ηz0. (1.55)

This shows that for small singlemode amplitudes, the perturbed interface will grow lin-

early in time. As compared to the RT instability exponential growth, the RM instability

is significantly less dangerous for ICF implosions. It does however provide a larger seed

for RT growth. This treatment described the fluids as incompressible, a more detailed

treatment considering the compressibility of the material by the shock is considered by

Richtmyer and others [27, 29] and leads to the same result (within 5-10%).
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Figure 1.15: Sketch of the Kelvin-Helmholtz Instability. Any interface perturbation between two fluids
(z = 0) with a non-zero shear velocity will be amplified (η (x, t)).

1.4.3 The Kelvin-Helmholtz Instability

The Kelvin-Helmholtz instability amplifies interface perturbations between two flu-

ids with a shear flow. It is observed in cloud formation on Earth and other planets, and

is most notably depicted in “Starry Night” by Vincent-Van-Gogh, but can occur when-

ever two fluids flow past one another. In ICF implosions the KH instability develops

when nonlinear RT growth spikes and bubbles flow past one another which leads to

additional mixing between the two fluids. This can occur on the outside of the shell

during the acceleration phase leading to shell breakup, or on the inside of the shell

in the deceleration phase potentially truncating fusion reactions. Figure 1.15 shows a

sketch of the system. A linear stability analysis of this system is very similar to the one

carried out in the section covering the RT instability (Sec. 1.4.1) where gravity is not

included and the perturbed quantities are now the following:

ρ = constant,

~v1 =U + ṽ1,

~v1 =−U + ṽ2,

p = p0 + p̃,

(1.56)
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where U is the relative velocity between the mean fluid velocity of U1 and U2 (Fig.

1.15). Carrying out the stability analysis yields exponential growth in the linear phase

with the growth rate

γ =−ikUA±|2kU |
√

1−A2. (1.57)

The growth rate has an imaginary term and a positive real root indicating both oscil-

lations and unstable growth occur. It is interesting to note that for a system with two

identical fluids (but still moving with different velocities) that an interface perturbation

will still grow exponentially.
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Chapter 2

Hydrodynamic Equivalence

The theory of ignition for ICF capsules [11] is used to assess the performance

requirements for cryogenic implosion experiments on the OMEGA Laser Facility

[30]. The theory of hydrodynamic similarity is developed in both one and two di-

mensions and tested using multimode hydrodynamic simulations with the radiation-

hydrodynamic code DRACO [2] of hydro-equivalent implosions (implosions with the

same implosion velocity, adiabat, and laser intensity). The theory is used to scale the

performance of direct-drive OMEGA implosions to the National Ignition Facility (NIF)

[31] energy scales and determine the requirements for demonstrating hydro-equivalent

ignition on OMEGA. Hydro-equivalent ignition on OMEGA is represented by a cryo-

genic implosion that would scale to ignition on the NIF at 1.8 MJ of laser energy sym-

metrically illuminating the target. It is found that a reasonable combination of neutron

yield and areal density for OMEGA hydro-equivalent ignition is 3 to 6 ×1013 and 0.3

g/cm2, respectively, depending on the level of laser imprinting. This performance has

not yet been achieved on OMEGA. The majority of this chapter has been published by

the author in [32].
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2.1 Motivation

In ICF [15], a spherical capsule is illuminated either directly with laser light[16]

or indirectly within a bath of x rays[17]. To date, no significant fusion gain has been

achieved in a laboratory setting, although experiments at the NIF have achieved core

conditions where the fusion energy released exceeds the energy in the fuel and the

alpha-particle heating approximately doubles the number of fusion reactions [33]. The

Lawson criterion (c.f. Secs. 1.1 and 2.4) is the metric used to determine how close

these implosions are to ignition [10]. This criterion is obtained by balancing the energy

lost from the plasma to the total energy gained via fusion reactions, thereby determin-

ing the minimum values of performance metrics required to sustain a burning plasma.

The Lawson criterion has long been used in magnetic confinement [34] and only more

recently has it been applied to ICF implosions in a useful form that depends on exper-

imentally measured quantities [11, 12, 35]. The criterion can be expressed through an

overall ignition parameter χ ≡ Pτ/Pτig, where P is the hot-spot pressure, τ is the hot-

spot energy’s confinement time, Pτig = 24εαT 2/〈σv〉 is a function of ion temperature

only with 〈σv〉 representing the fusion reactivity [〈σv〉(T )], and εα = 3.5 MeV is the

alpha-particle birth energy. The ignition condition is defined such that when χ = 1, the

target gain =1. Other performance metrics such as the ignition threshold factor (ITF and

ITFx)[36] or the minimum energy required for ignition [37–39] can be easily related to

the Lawson criterion [35]. The generalized Lawson criterion for ICF was first derived

in one dimension by Zhou and Betti [35] and later generalized to three dimensions by

Chang et al. [12], and Betti et al. [11] Throughout the remainder of this chapter, we

will consider only the generalized Lawson criterion.

The 1.8-MJ NIF Laser System is unique in its ability to field ignition-scale indirect-

and direct-drive implosions. Because of high costs and low shot-repetition rates, most
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of the fundamental physics must be investigated at smaller-scale laser facilities such as

the OMEGA Laser Facility. Experiments on the 30-kJ OMEGA laser are not expected

to achieve ignition since the amount of laser energy that couples to the target is not

enough to achieve the performance metrics required by the Lawson criterion. This gap

in laser energy can be bridged using the theory of hydrodynamic equivalence. Hydro-

equivalent implosions share a set of performance metrics that enable one to compare

two implosions scaled in laser energy. Because the performance metrics scale hydro-

equivalently, the Lawson criterion can be scaled up in energy from OMEGA to the NIF.

The core idea of this work is to determine the performance required on an OMEGA-

scale implosion to predict the achievement of ignition on a hydro-equivalently scaled

NIF-sized target. The extrapolation on which this work is based is from the OMEGA

Laser System to a symmetric direct-drive NIF Laser System with 2-D smoothing by

spectral dispersion (SSD)[40]. It is important to emphasize that the NIF is currently

not configured for symmetric illumination but could be with significant resource in-

vestment. This extrapolation will provide both guidance and a goal for OMEGA-scale

cryogenic experiments.

The remaining sections of this chapter are organized as follows: Sec. 2.2 devel-

ops the theory of hydrodynamic equivalence in both one and three dimensions, where

Sec. 2.3 discusses the limitations of the theory. Section 2.4 discusses the Lawson crite-

rion parameter and its hydro-equivalent scaling as well as developing a simple analytic

model of the yield over clean (YOC) scaling. Section 2.5 presents hydro-equivalent

designs for the NIF and OMEGA laser energy scales; Sec. 2.5.1 establishes design

criteria for hydro-equivalent targets, Sec.’s 2.5.2 and 2.5.3 present 2-D computational

simulations that confirm the theory developed in Sec. 2.3. Section 2.6 presents the final

analysis and Sec. 2.7 summarizes the implications of these results.
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2.2 Theory of Hydrodynamic Equivalence

In this section the theory of hydrodynamic equivalence is developed, showing how

it connects to existing scaling relations and describing some of its limitations. As pre-

viously stated, hydrodynamic equivalence provides a tool for comparing the perfor-

mance of implosions driven with different energies. Subsection 2.2.1 defines hydro-

equivalency in one dimension. Subsection 2.2.2 shows that one-dimensional hydro-

equivalent implosions conserve their equivalency in three dimensions.

2.2.1 One-Dimensional Hydrodynamic Equivalence

The simplest model for a 1-D implosion of a thin shell (∆ << R) driven by an

applied pressure Pabl includes the evolution equation for the shell radius R and the shell

thickness ∆:

MshR̈ =−4πPablR2, (2.1)

∆ =
5Msh

8πρablR2 , (2.2)

where ρabl is the density at the ablation surface. This simple model neglects the fraction

of ablated mass and assumes that the shell mass is constant. Equation 2.1 is Newton’s

law applied to a thin shell driven by a constant pressure Pabl; Eq. 2.2 shows that the

shell expands like 1/R2 to conserve mass since the applied pressure maintains a fixed

density profile given by dP/dr = −ρR̈ and P ∼ ρ5/3 for an isentropic implosion. The

resulting density profile is ρ = ρabl (1− x/∆)3/2, where ∆ is given by Eq. 2.2 and

x ≡ Rabl− r with Rabl being the radial location of the shell’s outer surface. Equations

2.1 and 2.2 can be solved using the initial conditions for R and ∆. We define the initial

time of the acceleration phase (t = 0) as the time soon after the main shock breaks out

of the inner shell surface after the shell is set in motion by the initial shock (or shocks
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merging near the inner shell surface). For a strong shock, the post-shock velocity of the

shell is approximately Vps ≈ ξ0Cs (0), where Cs (0) is the shell’s sound speed after the

shocks have passed through the shell. The factor ξ0 ≡
(

3/
√

5
)
(Psh/Pabl)

1/5 is of the

order of unity and depends on the ratio of the pressure used to drive the initial shock Psh

and the peak ablation pressure Pabl used to implode the target. The initial conditions

for Eqs. 2.1 and 2.2 are

R(0) = R0, (2.3)

Ṙ(0) =−ξ0Cs (0) . (2.4)

By multiplying Eq. 2.1 by Ṙ and integrating between t = 0 and the end of the acceler-

ation phase when the velocity has reached its maximum value Vimp and the radius has

shrunk by the convergence ratio CRa ≈ R(0)/Ra, where Ra is the radius at the end of

the acceleration phase (note CRa is the convergence ratio at the end of the acceleration

phase and not the total convergence ratio at stagnation), the following energy relation

is obtained:
1
2

MshV 2
imp

(
1−

ξ 2
0

M2
∗

)
=

4π

3
PablR3

0

(
1− 1

CR3
a

)
, (2.5)

where M∗ =Vimp/Cs (0) is the implosion Mach number. Substituting the mass of a thin

shell Msh = 4π 〈ρ〉∆R2 (with 〈ρ〉 = 2ρabl/5) into Eq. 2.5 yields the relation between

the in-flight aspect ratio (IFAR) and the Mach number M:

IFAR≡ R(0)
∆(0)

= M2
∗

1−ξ 2
0 /M2

∗
1−1/CR3

a
. (2.6)

In the limit of large Mach numbers and large values of CR3
a, Eq. 2.6 reduces to the

well-known scaling relation IFAR ≈ M2
∗ (Ref. [41]). The implosion model Eqs. 2.1

and 2.2 and their initial conditions can be rewritten using the dimensionless variables
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R̂ = R/R(0), t̂ = tVimp/R(0), and ∆̂ = ∆/∆(0)

¨̂R≈−3
2

1−ξ 2
0 /M2

∗
1−1/CR3

a
R̂2, (2.7)

∆̂ =
1

R̂2
(2.8)

R̂(0) = 1, ˙̂R(0) =− ξ0

M∗
, ∆̂(0) = 1. (2.9)

Equations eqs. (2.3) to (2.6) show that implosions with the same M∗, ξ0, and CRa ex-

hibit the same dimensionless trajectories and the same IFAR; therefore, this family of

implosions is labeled ”hydrodynamically equivalent.” By neglecting the term 1/CR3
a in

Eqs. 2.7 to 2.9, the dimensionless trajectory of a thin shell is uniquely determined by the

Mach number M∗. Interestingly, in the limit of large Mach numbers and large conver-

gence ratios, the dimensionless trajectories of both the radius and thickness approach a

universal curve. Note that the thin shell Eqs. 2.7 to 2.9 are valid only for large values of

M∗ and IFAR and as long as the shell’s time-dependent aspect ratio R/∆ is of the order

of M2
∗ . Since R/∆ decreases like R3, it will eventually become smaller and of the order

of M∗ (instead of M2
∗ ). At this point, Eqs. 2.7 to 2.9 are no longer valid and the shell

thickness will stop increasing; the shell density will start increasing, while the shell

pressure will exceed the applied pressure. This limit is considered by Basko[42]; the

resulting final pressure at stagnation is proportional to the applied pressure amplified by

a power law of the Mach number. According to Basko, that power law is Pstag = PablM4
∗

but according to the self-similar solution of Kemp et al.[38], Pstag = PablM3
∗ . The im-

portant point is that by fixing the Mach number M∗ and the applied pressure Pabl , all

hydro-equivalent thin-shell implosions lead to the same final stagnation pressure.

In laser-driven implosions, a significant portion of the shell mass is ablated by the

laser. The model [Eqs. 2.1 and 2.2] of laser-driven implosions needs to be modified to
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include the effect of mass ablation. In the presence of mass ablation, the equations of

motion are well described by the rocket model[43]:

MshR̈ =VexṀsh, (2.10)

Ṁsh =−4πṁablR2, (2.11)

where ṁabl is the mass ablation rate and Vex is the exhaust velocity. Since the exhaust

velocity is approximately the sound speed at the critical surface and proportional to a

power of the laser intensity or radiation temperature, for a fixed laser intensity Eq. 2.10

leads to the well-known rocket equation for the shell velocity,

Ṙ =−ξ0Cs (0)−Vex ln
Msh (0)

Msh
. (2.12)

Equations eqs. (2.11) and (2.12) can be rewritten in dimensionless form using the same

variables used in Eqs. 2.7 to 2.9 and leading to

˙̂R =− ξ0

M∗
− Vex

Vimp
ln
(

1
M̂sh

)
, (2.13)

˙̂Msh =−ΨR̂2, (2.14)

where M̂sh = Msh/Msh (0) is the dimensionless shell mass and

Ψ =
4πṁablR(0)3

Msh (0)Vimp
. (2.15)

Since ṁablVex is the ablation pressure, the dimensionless parameter Ψ can be rewritten

as

Ψ =
3
2

IFAR
M2
∗

Vimp

Vex
. (2.16)
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If we consider a family of implosions with the same final fraction of unablated mass

(same M̂ f
sh), the final implosion velocity is given by Eq. 2.12:

Vimp = ξ0Cs (0)+Vex ln

(
1

M̂ f
sh

)
(2.17)

Notice that for this family of implosions,

Vex

Vimp
=

(
1− ξ0

M∗

)/
ln

(
1

M̂ f
sh

)
, (2.18)

and the remaining mass fraction M̂ f
sh depends on the Mach number M∗, the parameter

ξ0, and the ratio Vex/Vimp. In the limit of large Mach numbers, the remaining mass

fraction depends only on Vex/Vimp. After substituting Eq. 2.18 into Eq. 2.16,

Ψ =
3
2

IFAR
M2
∗

ln

(
1

M̂ f
sh

)/(
1− ξ0

M∗

)
. (2.19)

To achieve the same dimensionless trajectory and the same unablated mass fraction,

Eqs. eqs. (2.13) and (2.14) require the same values of M∗, ξ0, and Ψ. An explicit

relation between M̂sh and R̂ can be derived by integrating Eq. 2.13 after multiplying by

Eq. 2.14:

Ψ

3
(
R̂3−1

)
=

ξ0

M∗

(
M̂sh−1

)
−
(

1− ξ0

M∗

)
M̂sh−1− M̂sh lnM̂sh

lnM̂ f
sh

. (2.20)

Rewriting Eq. 2.20 at the end of the acceleration phase yields a simple relation for the

parameter Ψ:

Ψ =
3

1−1/CR3
a

 1− M̂ f
sh

ln
(

1/M̂ f
sh

) − M̂ f
sh +

ξ0

M∗

1+
1− M̂ f

sh

ln
(

1/M̂ f
sh

)
 (2.21)
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indicating that for large Mach numbers and convergence ratios, the parameter Ψ de-

pends only on the final fraction of unablated mass. Substituting Eq. 2.20 for Ψ leads to

a relation between the IFAR and the Mach number,

IFAR = M2
∗

1−ξ0/M∗
1−1/CR3

a
Θ, (2.22)

Θ =
2

lnM̂ f
sh

 1− M̂ f
sh

ln
(

1/M̂ f
sh

) − M̂ f
sh +

ξ0

M∗

1+
1− M̂ f

sh

ln
(

1/M̂ f
sh

)
 (2.23)

In the limit of large M∗, the factor Θ depends only on the remaining mass fraction. In

the limit of 1− M̂ f
sh << 1, Θ→ (1+ξ0/M∗), and Eq. 2.21 reproduces Eq. 2.6 for the

”no-ablation” case. For arbitrary M̂ f
sh < 1, the rocket model maintains the IFAR∼M2

∗

scaling of the no-ablation case, but the proportionality factor depends mostly on the un-

ablated mass fraction. To preserve hydro-equivalence in the presence of ablation, one

must preserve the value of M̂ f
sh thereby requiring that Vex/Vimp be constant. Within the

frame of the rocket model, hydro-equivalence requires constant values for M∗, Vex/Vimp,

ξ0, and CRa. Targets with these same dimensionless parameters exhibit the same di-

mensionless trajectory, IFAR, and unablated mass fraction.

It is useful to consider the ablation velocity Vabl , defined as the penetration velocity

of the ablation front into the imploding shell. The ablation velocity is given by the ratio

Vabl =
ṁabl

ρabl
. (2.24)

Equation 2.24 can be normalized to the implosion velocity and rewritten as

Vabl

Vimp
=

3
5

1
M2
∗

Vimp

Vex
, (2.25)
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where the relation Pabl ≈ ṁablVex has been used. This shows that the ratio Vimp/Vex

depends on the Mach number and the ratio Vabl/Vimp. Therefore, the requirements for

1-D hydro-equivalency can also be satisfied by fixing the values of M∗, Vabl/Vimp, and

CRa.

For optimized implosions, the value of the convergence ratio at the end of the ac-

celeration phase is not an arbitrary quantity. Typically the shell is driven inward until

the remaining implosion time is of the same order of the sound speed’s traveling time

through the shell:
Ra

Vimp
∼ ∆a

Csa
(2.26)

where the subscript “a” indicates the end of the acceleration phase. This condition

implies that for R<Ra, the shell density and pressure increase, with the latter exceeding

the applied pressure. Therefore even if the laser is still on for R < Ra, the effects on the

implosion dynamics are negligible since the shell pressure exceeds the applied pressure.

For a constant ablation pressure Csa =Cs (0), Eq. 2.26 requires that the IFAR at the end

of the acceleration phase scales as the Mach number (rather than M2
∗ ): IFARa = νM∗,

where ν is a constant of proportionality. Since the unablated mass fraction can be

written as M̂ f
sh = ∆̂a/CR2

a, IFARa = IFAR/
(

CR3
aM̂ f

sh

)
leading to an end-of-acceleration

convergence ratio

CRa =

(
M∗
ν

1−ξ0/M∗
1−1/CR3

a

Θ

M̂ f
sh

)1/3

≈

(
M∗
ν

Θ

M̂ f
sh

)1/3

(2.27)

where the last term on the right-hand-side is obtained in the large M∗ limit. This indi-

cates that the end-of-acceleration convergence ratio depends only on the Mach number,

and the unablated mass fraction (which depends on Vabl/Vimp).

In summary, 1-D hydro-equivalence is obtained for fixed values of M∗, Vabl/Vimp
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and ξ0. Implosions with equal values of these three dimensionless parameters exhibit

the same unablated mass fraction, the same IFAR (both initial IFAR and at the end of

the acceleration phase), the same dimensionless trajectory, and the same dimension-

less thickness. Given the importance of the stagnation pressure to the ignition condi-

tions, we consider hydro-equivalent implosions driven by the same ablation pressures

Pa, achieving the same final stagnation pressure Pstag ∼ PaM3
∗ .

The last step is to translate the hydro-equivalence requirements into constraints on

the physical parameters that can be controlled during the implosion. Using the isen-

tropic relation Pa ∼ αρ
5/3
a (where α is the adiabat), the Mach number and the ratio

Vabl/Vimp can be rewritten as

M2
∗ ∼

V 2
imp

α3/5P2/5
abl

,
Vabl

Vimp
∼ ṁablα

3/5

P3/5
abl Vimp

. (2.28)

Since both the ablation pressure and ablation rate depend on the laser intensity IL (for

direct drive) or radiation temperature Trad (for indirect drive), Eq. 2.28 shows that

fixing Pabl (and ṁa), M∗, and Vabl/Vimp requires setting the values of implosion velocity

Vimp, adiabat α , and laser intensity IL (or radiation temperature Trad). Once the ablation

pressure and shell adiabat are set, the parameter ξ0 is not an independent parameter

since the shock pressure Psh is directly proportional to the adiabat Pa ∼ αρ
5/3
ps where

the post-shock density ρps is roughly 4× the initial density for a strong shock. It follows

that all hydro-equivalent implosions designed to achieve the same stagnation pressure

in one dimension require equal values of the implosion velocity, shell adiabat, and laser

intensity (for direct drive) or radiation temperature (for indirect drive).
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2.2.2 Three-Dimensional Hydrodynamic Equivalence

In this subsection, we show that the requirements for 1-D hydro-equivalence guar-

antee equivalence in three dimensions provided that the initial seeds for the hydrody-

namic instabilities scale proportionally to the size of the target radius R. The departure

from spherical symmetry is caused primarily by the RM [27, 28] and RT [20, 21] insta-

bilities. Below, we will apply the hydro-equivalence concepts to only the RT instability

since the RM instability follows similar arguments.

In ICF implosions, the RT instability develops on the ablation front during the accel-

eration phase and at the inner shell surface during the deceleration phase. We first con-

sider the acceleration phase. Depending on the initial level of nonuniformities and the

unstable spectrum, the RT instability can either be contained within the linear regime

or develop a fully nonlinear bubble front. We will consider these two cases separately.

In the linear regime, the RT growth rates approximately follow Takabe’s

formula[44, 45]. The number of e foldings of growth is the integral of the growth

rates over the duration of the acceleration phase (t0), leading to

NRT
e =

∫ t0

0
γRT dt =

∫ t0

0

(√
kg−3kVabl

)
dt, (2.29)

where k is the wave number k ≡ l/R, l is the mode number, R is the time-dependent

shell radius, g = −R̈ is the shell acceleration, and Vabl is the ablation velocity. Given

that all hydro-equivalent targets have the same dimensionless radius R̂ and are driven

up to the same convergence ratio CRa, taking the dimensions out of the expression on

the right-hand side of Eq. 2.29 yields

NRT
e =

∫ 1

CR−1
a

√l
¨̂R
R̂
−3

l
R̂

Vabl

Vimp

 dR̂
˙̂R
. (2.30)
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As discussed in Sec. 2.2.1, 1-D hydro-equivalence requires equal values of Vabl/Vimp

therefore Eq. 2.30 shows that hydro-equivalent implosions exhibit the same RT growth

factors for all mode numbers. The effects of the RT instability on target performance

can be assessed by comparing the mode amplitude ηa
l with the target thickness ∆a at

the end of the acceleration phase for each mode. Using the results of the rocket model

in Sec. 2.2.1 for the target thickness
(

∆a = ∆0CR2
aM̂ f

sh

)
the ratio ηa

l /∆a can be written

as
ηa

l
∆a

=
ηl (0)eNRT

e

∆0CR2
aM̂ f

sh

. (2.31)

Since CRa and M̂ f
sh are the same for hydro-equivalent implosions, Eq. 2.31 shows that

3-D hydro-equivalence for the linear RT instability is attained when the initial seeds

ηl (0) are proportional to the initial target thickness.

While Eqs. 2.30 and 2.31 prove 3-D equivalence in the linear phase of the RT insta-

bility, the most important effects of the RT instability occur when the RT bubble front

becomes nonlinear and penetrates deeply into the target. It is well known that a fully

developed RT bubble front grows proportionally to the distance traveled by the shell

during the acceleration phase. By defining the bubble front’s penetration distance hb,

the well-known scaling relation hb = βgt2 applies for a fully developed, fully nonlinear

multimode bubble front with the coefficient β ≈ 0.05 to 0.07 (Refs. [23–26]). For a

time-dependent acceleration, the dimensionally correct bubble-front penetration would

be hb = 2β
∫ t

0 dt ′
∫ t ′

0 dt ′′g(t ′′). At the end of the acceleration phase, the parameter hb can

be written in terms of the distance traveled by the shell during the acceleration phase:

ha
b = 2β (R0−Ra) = 2βR0

(
1−CR−a 1

)
. (2.32)

The figure of merit that measures the effects of the RT instability on the target perfor-
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mance is the ratio between the bubble-penetration distance and the shell thickness at

the end of the acceleration. Using the results of the rocket model in Sec. 2.2.1, that

ratio is
ha

b
∆a

=
2β

M̂ f
sh

IFAR

(
1−CR−1

a
)

CR2
a

. (2.33)

Since all 1-D hydro-equivalent implosions exhibit equal values of M̂ f
sh, IFAR, and CRa,

the nonlinear RT figure of merit ha
b/∆a will be the same for hydro-equivalent implo-

sions. It follows that the effects of the acceleration-phase RT instability on target per-

formance are the same for hydro-equivalent implosions regardless of whether the RT

perturbation growth remains within the linear phase or grows into the fully developed

nonlinear regime provided that the initial RT seeds scale with the target thickness.

While the acceleration-phase RT instability is fully hydro-equivalent, the

deceleration-phase RT instability is not. The growth rate of the deceleration-phase

RT has a similar form to Eq. 2.29 with the exception of the coefficient of the ablative

stabilization (1.4 instead of 3) (Ref. [46]) and that mass ablation is driven by the heat

leaving the hot spot rather than the heat flux coming from the laser (or x-rays). The RT

growth rate in the constant deceleration phase on the inside of the shell was fit to the

following equation:

γRT = 0.9

√
k 〈g〉

1+ k 〈Lm〉
−1.4k 〈vabl〉 , (2.34)

where k is the wave number, 〈g〉 is the average acceleration, 〈Lm〉 is the density

scale length, and 〈vabl〉 is the deceleration-phase ablation velocity. In this case the

deceleration-phase ablation velocity depends on the thermal conductivity [47] of the

hot spot: 〈vabl〉 ∼ T 5/2
0 /Rhsρsh, where T0 is the central hot-spot temperature, Rhs is the

hot-spot radius, and ρsh is the shell density. It is possible to show that the ablative sta-

bilization term for the deceleration phase is not hydro-equivalent but instead depends
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on the target size like 〈vabl〉 ∼ R−0.5. The ablative stabilization of the deceleration-

phase RT is important only for implosion velocities exceeding 400 km/s or when the

alpha-particle heating is significantly close to ignition conditions, leading to large abla-

tion velocities. Since alpha-particle heating is clearly not hydro-equivalent, as long as

hydro-equivalent targets without alpha-particle energy deposition are compared, the ef-

fects of the ablative stabilization on the deceleration-phase RT growth can be neglected

for Vimp < 400 km/s and the conditions for hydro-equivalency of the RT instability are

retained as well for the deceleration phase.

In summary, the conditions of 1-D hydro-equivalency (Sec. 2.2.1) requiring equal

values of implosion velocity Vimp, shell adiabat α , and laser intensity IL (for direct

drive) or radiation temperature Trad (for indirect drive) guarantee 3-D hydrodynamic

equivalence (Sec. 2.2.2) provided that the initial level of surface roughness scales pro-

portionally to the target size. If the main source of nonuniformities is laser imprinting

(as in the case of direct drive), 3-D hydro-equivalence requires that the relative size of

the laser-intensity variations (δ I/I) be the same among hydro-equivalent targets.

2.3 Limitations of Hydrodynamic Equivalence

Although the hydro-equivalent scaling relations hold well over nearly two orders of

magnitude in laser energy (see Sec. 2.5), not all of the physical processes that occur

in ICF implosions scale hydrodynamically. Hydrodynamic equivalence breaks down

when nonscalable physics significantly impacts target performance. A nonexhaustive

list of nonscalable physics includes radiation transport, thermal conduction, fusion re-

actions, and laser-plasma interactions (LPI’s). Radiation transport can significantly

impact radiation and shell-ablation physics in both the acceleration and deceleration

phases. If the mean free path of photons is larger than the stopping power of the ablator
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of an implosion capsule, these photons will penetrate into the DT fuel and deposit their

energy, thereby raising the adiabat. This occurs on smaller-scale targets, such as those

on OMEGA.

Thermal transport in the hot spot is not hydro-equivalent. As shown by Zhou

and Betti [18], the hot-spot temperature scales weakly with laser energy (or target

size): Ths ∼ E0.07
L ∼ R0.21. Since the fusion yield is a strong function of temperature,

Y 1D( f it)
16(noα)

∼ (T noα
n )4.72 [11], this weak dependence becomes important when scaling ICF

implosions from OMEGA to the NIF. Another non-hydro-equivalent effect is the abla-

tive stabilization of the deceleration-phase RT instability as discussed in Sec. 2.5.

Fusion energy deposition and laser scattering caused by LPI’s are inherently

nonscalable hydrodynamically since alpha-particle energy deposition depends on the

shell’s areal density relative to a fixed mean-free path as well as on the proximity to the

ignition conditions, and the LPI’s are threshold-dependent instabilities. This means that

all hydrodynamic quantities (except the gain) must be calculated without alpha-particle

deposition (no-alpha quantities). Therefore, when scaling up in size and energy to as-

sess the target performance with respect to the ignition conditions, one needs to use

an ignition criterion given in terms of no-alpha quantities[11, 12]. LPI’s will not be

considered in this work. Although a significant amount of work has been invested in

understanding LPI effects on direct-drive target performance[48–52] and two-plasmon-

decay thresholds[53–57], this work will assume that if any threshold is exceeded on

some energy scale versus another, a mitigation strategy will be employed to address it.
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2.4 Hydrodynamic Equivalent Scaling of the Lawson

Parameter

In this section, the hydrodynamic equivalence theory developed in Sec. 2.2 is ap-

plied to the Lawson criterion to create hydro-equivalent ignition-scaling relations for

ICF implosions. A simple clean-volume analysis will be derived to estimate the scal-

ing. Finally, ignition threshold performance metrics for hydro-equivalent ignition on

OMEGA will be presented and discussed.

The Lawson criterion parameter defines the performance threshold required for an

igniting plasma. It is defined as χ ≡ Pτ/Pτig, where P is the plasma pressure, τ is the

confinement time, and Pτig is the product of the two required for ignition. The Lawson

parameter can be expressed in terms of measurable parameters for ICF [11, 12]

χ ≡
(

ρRg/cm2

)0.61
(

0.24Y16

mDT
mg

)0.34

YOC0.06, (2.35)

where ρRg/cm2 is the 3-D neutron-averaged areal density in units of g/cm2, Y16 is the 3-

D neutron yield in units of 1016 neutrons, mDT
mg is the mass of the DT fuel in milligrams,

and YOC is the yield-over-clean defined as the measured yield over the simulated 1-D

yield. All hydrodynamic quantities are calculated without alpha-particle deposition.

The YOC is used as a measure of the impact of the 3-D nonuniformities such that

Y3−D =Y1−D×YOC. The YOC is also used to account for 3-D degradation of the areal

density by letting

ρR3−D = ρR1−DYOC0.17. (2.36)

The power index of 0.17 is derived by fitting the areal-density degradation from several

2-D simulations as shown in Fig. 2.1. This stipulates the Lawson parameter to scale as



CHAPTER 2. HYDRODYNAMIC EQUIVALENCE 46

Figure 2.1: Neutron-averaged 3-D areal density from simulations (red circles) compared to its numerical
fit of Eq. 2.37 (solid line).

YOC0.5:

χ ≡
(

ρR1−D
g/cm2

)0.61
(

0.24Y 1−D
16

mDT
mg

)0.34

YOC0.5. (2.37)

The Lawson parameter can be scaled from OMEGA to the NIF using the hydro-

equivalence scaling laws derived in Sec. 2.2, where ρR1−D ∼ E1/3, Y1−D ∼ E3/2, and

m∼ E, to find

χ ≡ E0.37YOC0.5. (2.38)

Taking the ratio of Eq. 2.38 from two different implosions, we can compare one

hydro-equivalent implosion to another in terms of the Lawson parameter. In this way

it is possible to determine how close non-igniting implosions would be to achieving

ignition if the laser energy and target geometry were hydro-equivalently scaled to an

implosion that could ignite. Taking the definition of ignition to be when the implosion

achieves marginal gain (χ = 1), and assuming that ignition will occur at NIF’s laser

energy, the Lawson parameter for an OMEGA-scale implosion considered to be hydro-
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equivalently igniting would be

χglsOMEGA−eq ig = 0.21
(

YOCNIF

YOCglsOMEGA

)−0.5

. (2.39)

The YOC ratio in Eq. 2.39 is inferred using both an analytical clean volume analysis

and 2-D hydrodynamic simulations. A rough estimate of the YOC can be obtained by

assuming that the YOC is proportional to the ratio of the clean volume to the 1-D

volume: YOC ≈ R3
3−D/R3

1−D (Ref. [58]). Using this approximation, it is possible to

estimate the YOC ratio resulting from the RT growth in the deceleration phase. If

we assume that the clean radius will decrease with the amplitude of the largest RT

spike R3−D = R1−D−σ0GRT , where σ0 is the initial nonuniformity amplitude for the

deceleration-phase RT and GRT is the growth factor for RT modes, then a simple set of

algebraic steps can relate the YOC’s for the two hydro-equivalent implosions:

YOCNIF =

1−
σNIF

0

σ
glsOMEGA
0

(
EglsOMEGA

L

ENIF
L

)1/3(
1−YOC1/3

glsOMEGA

)3

, (2.40)

where the growth factors are identical for the two hydro-equivalent implosions. In

most ICF implosions, however, laser-imprinting feed through will dominate the RT

growth in the deceleration phase. It is possible to take this into account by setting σ0 ≡√
σ2

ice +σ2
laser, where σlaser is the deceleration-phase nonuniformity seed amplitude

resulting from laser imprinting. If the RT amplitude resulting from laser imprinting

scales with the target size and the number of overlapping beams (Nb) such that σlaser ∼

E1/3N1/2
b , then

σNIF
0

σ
glsOMEGA
0

=

√√√√√1+
(

ENIF
L /EglsOMEGA

L

)2/3(
NglsOMEGA

b /NNIF
b

)
σ̂2

glsOMEGA

1+ σ̂2
glsOMEGA

, (2.41)
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Figure 2.2: Analytic calculation of the YOC ratio versus perturbation parameter σ̂OMEGA using a simple
clean volume analysis. Large values of σ̂OMEGA are expected in experiments.

where σ̂ ≡ σlaser/σice. Large values of σ̂ indicate that laser imprinting dominates the

deceleration-phase nonuniformity seeds over the inner-ice-surface roughness. Inserting

Eq. 2.41 into Eq. 2.40 and dividing by YOCglsOMEGA gives an analytic expression for

the YOC ratio and is shown in Fig. 2.2 for YOCglsOMEGA = 0.3. YOCOMEGA is set

to a value of 0.3 because this is a typical YOC experimentally inferred from the cur-

rent best-performing cryogenic implosions on OMEGA[59]. This function asymptotes

to a YOC ratio of 1.8 for large values of representing the realistic regime where laser

imprinting dominates over ice roughness. The YOC improvement of 1.8× is a result

of the lower imprinting level in a NIF symmetric illumination configuration caused by

the larger number of overlapping beams. Inserting this YOC ratio into Eq. 2.39 indi-

cates that hydro-equivalent ignition would occur on an OMEGA-scale target obtaining

χglsOMEGA−eq ig = 0.15. It is important to emphasize that this conclusion is valid only

within the simple YOC model shown above and assumes that the imprinting level scales

with the number of overlapping beams, σimp ∼ 1/
√

Nbeams, leading to the NIF imprint-

ing level being lower than OMEGA’s by a factor
√

60/192 [60].
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2.5 Hydrodynamically-Equivalent Target Designs

In this section we will cover the design and performance of the two hydro-equivalent

implosion designs that will be used for the remainder of this article. The latter half

of this section will compare the designs to the hydro-equivalent scaling predictions

outlined in Sec. II.

2.5.1 Design Criteria for Hydro-Equivalent Targets

This section highlights the design criteria for direct-drive hydro-equivalent implo-

sions. To design a family of implosions with the same Vimp, α , and IL, one needs to

specify the target radius and thickness, as well as the laser pulse shape. The latter

consists of an initial low-intensity pulse (also called the ”foot”) that sets the adiabat

of the shell through one or more shocks and a main drive that accelerates the shell to

the final implosion velocity. While there are different ways of designing the foot of

the pulse, the main drive is defined by the total energy EL, the peak power PL, and the

main pulse length tL. Most of the pulse energy is contained within the main pulse. The

energy, power, and length of the main pulse are related through EL ≈ PLtL. Since the

laser power is PL ≈ 4πR2
0Il keeping the same laser intensity on target requires scaling

the laser power, with the target surface PL ∼ R2
0. To drive the capsule to the same final

implosion velocity, the pulse length must be proportional to the implosion time tL and

therefore the laser energy must scale as EL ∼ 4πR3
0IL/Vimp. It follows that for hydro-

equivalent implosions, the laser energy must scale as the target volume EL ∼ R3
0. For

hydro-equivalent targets, the final shell kinetic energy scaling is proportional to the laser

energy in the main drive, leading to EL ∼ (1/2)MshV 2
imp. To achieve the same implo-

sion velocity, the target mass must therefore scale with the laser energy Msh ∼ EL ∼ R3
0.
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Figure 2.3: Cryogenic target geometry and composition for OMEGA-scale (a) and NIF-scale (b) targets.

Since the target mass is proportional to the shell volume Msh ∼ 4πR2
0∆0ρ0, for the same

initial density, the shell thickness must scale with the target radius ∆0 ∝ R0.

The basic design criteria for hydro-equivalent implosions consist of specifying the

foot of the laser pulse to launch shocks of the same strength to set the shell on the same

adiabat α , using a total laser energy proportional to the target volume, EL ∼ R3
0; a peak

laser power proportional to the target surface, PL ∼ R2
0, a pulse length proportional to

the target radius, tL ∼ R0; and a shell thickness proportional to the shell radius, ∆0 ∝ R0.

One can express these criteria in terms of laser energy rather than target radius, leading

to R0 ∼ E1/3
L , ∆0 ∼ E1/3

L , PL ∼ E2/3
L , and tL ∼ E1/3

L . This scaling can be applied to

various performance metrics that have been analytically derived and fit to power laws

from simulation databases previously developed [11, 18]. Table 2.5.1 reviews most of

the important ICF performance metrics and their hydro-equivalent scaling with laser

energy.

2.5.2 1-D Hydro-Equivalent Implosion Simulations

The OMEGA-scale target is based on current cryogenic targets that are routinely

imploded on OMEGA[59]. The OMEGA-scale target [shown in Fig. 2.3(a)] has

∼ 10µm of plastic ablator, 41µm of DT ice, and an outer radius of 430µm. This

design is imploded with 27 kJ of laser energy, and when simulated with the multidi-
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Performance Metric Scaling Relation Hydro-equivalent Scaling

Hydrodynamic eficiency η ≈ 0.051
I0.25
15

[
Vimp(cm/s)

3×107

]0.75
Constant

Neutron Yield (×1016) Y1−D ≈
(

Tn
4.7

)4.72
[ρRtot(n)]

0.56
(

mstag
sh

0.12

)
Y no α

1−D ∼ E3/2
L

Shell areal density (g/cm2) ρRax ≈ 1.2
α0.54

inn

[
EL(kJ)

100

]0.33 [Vimp(cm/s)
3×107

]0.06
ρRmax ∼ E1/3

L

Shell density (g/cm3) 〈ρ〉
ρR ≈ 425

α1.12
inn

I0.13
15

[
Vimp(cm/s)

3×107

]0.13
Constant

Shell IFAR IFAR≈ 40I−0.27
15

〈αif〉0.72

[
Vimp(cm/s)

3×107

]2.12
Constant

Hot-spot areal density (g/cm2) ρRhs ≈ 0.31
α0.55

inn

[
EL(kJ)

100

]0.27 [Vimp(cm/s)
3×107

]0.62
ρRhs ∼ E0.27

L

Hot-spot temperature (keV) η ≈ 2.96
α0.15

inn

[
EL(kJ)

100

]0.07 [Vimp(cm/s)
3×107

]1.25
〈Ths〉 ∼ E0.07

L

Hot-spot pressure (Gbar) η ≈ 345
α0.90

inn

[
Vimp(cm/s)

3×107

]1.85
Constant

Stagnation aspect ratio η ≈ 1.48
α0.19

inn

[
Vimp(cm/s)

3×107

]0.96
Constant

Table 2.1: Hydrodynamic scaling relations for ICF implosions and their hydro-
equivalent scaling relations for 350-nm light.
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mensional radiation-hydrodynamic code DRACO, it achieves an implosion velocity of

∼ 350 km/s, has an average in-flight adiabat of 3, and an IFARR=2/3R0 of 26. The

IFAR is calculated when the shell radius is approximately 2/3 of its initial inner radius.

It achieves a neutron-averaged areal density of 300 mg/cm2 and a neutron yield of

1.6×1014 in 1-D simulations. The NIF-scale target [shown in Fig. 2.3(b)] is geometri-

cally scaled from the OMEGA-scale target using the hydro-equivalent scaling relations

developed in Sec. 2.5.1. This results in a factor-of-4 increase in the target radius when

scaling the laser energy up to 1.84 MJ. Because of differences in radiation transport at

these two laser-energy scales, a small change in the target design is required to compen-

sate for deviations from hydro-equivalence. The OMEGA-scale target has insufficient

preheat shielding in the CH ablator, which results in an increase in the fuel adiabat

when the ablator prematurely ablates. Some of the plastic ablator in the NIF-scale de-

sign is mass-equivalently exchanged for DT ice. This leads to lower preheat shielding,

resulting in the adiabat remaining the same for the two implosions. The NIF-scale

target has the same implosion velocity, adiabat, and IFAR but is predicted to achieve

a neutron-averaged areal density of 1.2 g/cm2 and a 1-D yield of 8.6× 1016 without

alpha-particle deposition. When alpha-particle deposition is turned on, the implosion

achieves a neutron yield of 3.3×1019, resulting in a gain of 49.

When plotted in terms of laser intensity and dimensionless time t/tbang, the laser

pulses for the NIF and OMEGA are virtually identical as shown in Fig. 2.4. Here,

tbang is the so-called “bang time,” defined as the time of peak neutron rate. The time

evolution of the implosion velocity and IFAR are the same for NIF-scale and OMEGA-

scale targets. Figure 2.5 shows the shell velocity versus normalized time for the NIF-

scale and OMEGA-scale designs in solid black and dashed red lines, respectively. The

two curves are nearly identical, illustrating that they have the same 1-D hydrodynamics.

Figure 2.8 plots the IFAR against normalized time and it too shows hydro-equivalent



CHAPTER 2. HYDRODYNAMIC EQUIVALENCE 53

Figure 2.4: Triple-picket laser-intensity pulses versus normalized time (t/tbang) for the NIF-scale (black
solid line) and OMEGA-scale (red dashed line) targets.

Figure 2.5: Shell velocity versus normalized time for the NIF-scale target (black solid line) and the
OMEGA-scale target (red dashed line).
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Figure 2.6: IFAR versus normalized time for the NIF-scale target (black solid line) and the OMEGA-
scale target (red dashed line).

behavior, illustrating that they have the same acceleration-phase RT growth in three

dimensions since the adiabats and implosion velocities are the same. The 1-D areal

density and neutron rate scale as predicted. Figure 2.7 shows the areal density versus

normalized time for the NIF-scale target (solid black) and the OMEGA-scale target

(dashed red) scaled by the energy ratio of the two designs, ε ≡ ENIF
L /EglsOMEGA

L to the

one-third power. This scaling comes from the laws described in Sec. II and shows good

agreement between theory and simulation. Figure 2.8 compares the neutron rate versus

normalized time, where the NIF neutron rate is shown in solid black and the scaled

OMEGA neutron rate in dashed red, which scales as ε7/6. The neutron rate scales with

ε3/2 because the neutron yield scales as E3/2
L and time scales as E1/3

L This shows good

agreement between the theory and simulations.

2.5.3 2-D Hydro-Equivalent Implosion Simulations

In terms of multidimensional performance, the two designs are very nearly hydro-

equivalent. Two-dimensional DRACO simulations were run to assess the performance
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Figure 2.7: Scaled total areal density versus normalized time for the NIF-scale target (black solid line)
and the OMEGA-scale target (red dashed line) multiplied by ε1/3.

Figure 2.8: Scaled total neutron rate versus normalized time for the NIF-scale target (black solid line)
and the OMEGA-scale target (red dashed line) multiplied by ε7/6.
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of the implosions and compare it with the hydro-equivalent scaling theory. All sim-

ulations used the SESAME[61, 62] equation of state (EOS) for the plastic ablator

and FPEOS[63] for the DT fuel. Single-mode simulations were performed in half-

wavelength wedges with a minimum of 20 azimuthal cells and sufficient radial zoning

to ensure a minimum of six points in the 1/k distance away from the ablation surface.

The radial zoning was increased with l-mode number to keep the same spatial aspect

ratio in the Lagrangian mesh throughout the entire set. This ensured that the amplitudes

of the higher harmonics were typically smaller than one tenth of the fundamental-mode

amplitude. It is important to note that the seed amplitude between the two designs was

kept hydro-equivalent by a factor of ε1/3 in accordance with the change in target size.

It should also be mentioned that all of the simulations containing an inner-surface ice

roughness had a power spectrum whose amplitude scaled as l−2, where l spanned every

even mode from 2 to 50, unless otherwise specified. These simulations were performed

in 90 ◦ wedges, and the minimum number of azimuthal cells required to adequately

resolve the physical impact of these perturbations was ten per half-wavelength at mode

50. While adequate resolution typically requires ∼16 points per half-wavelength, this

resolution is sufficient for high mode numbers because modes l ≤ 20 dominate the

deceleration phase dynamics.

In the acceleration-phase RT growth, the seed amplitude was set by a single cosine

surface perturbation on the outside of the shell such that the growth of the mode was

always in the linear stage. Simulations of the single-mode linear growth factor confirm

that the acceleration-phase RT growth factors scales approximately hydro-equivalently.

Figure 2.9 shows the acceleration-phase linear growth factor versus the l-mode for the

NIF-scale (solid black) and OMEGA-scale (dashed red) designs. The two curves are

close together for l-modes ranging from 10 to 300. The small difference between the

two curves is attributed to the non-hydro-equivalent radiation transport that increases
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Figure 2.9: Single-mode linear growth factors versus l-mode for acceleration phase RT growth for the
NIF-scale target (black solid line) and the OMEGA-scale target (red dashed line).

the scaled density gradient scale length on the OMEGA-scale target with respect to the

NIF-scale target. The initial amplitude of the mode is chosen just after the beginning

of the acceleration phase, where the effect of any phase inversions resulting from shock

break out have already taken place. Despite these differences, the acceleration-phase

growth factors of the two designs are within 20% of each other, justifying the statement

of their hydro-equivalence.

A series of single-mode growth factor simulations in the deceleration phase were

performed and verified that the deceleration phase is not exactly hydro-equivalent as

expected (see Sec. 2.3). In this case the seed perturbation was set as a single cosine-

mode density perturbation on the inside of the target at the DT gas/ice interface. Figure

2.10 shows the total linear growth factor versus l-mode for the two designs. It shows

that the linear growth factors are comparable for low l-modes but diverge for l > 10. A

phase inversion first occurs at mode l = 4 (and for every mode greater than 4), giving

the illusion that the mode does not grow. The difference between the growth factors

of the two designs can be explained by applying the theory developed in Ref. [46], as

outlined in Sec. 2.2.2. The difference in the linear RT growth factors has little impact

on the YOC when performing more-representative simulations, where we define the
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Figure 2.10: Single-mode linear growth factors versus l-mode for deceleration phase RT growth for the
NIF-scale target (black solid line) and the OMEGA-scale target (red dashed line).

YOC as the multidimensional yield divided by the 1-D yield. A series of multimode

ice spectrum simulations were performed to study the effect of the deceleration phase

on the YOC, where the amplitudes of the modes were not constrained to be within the

linear regime. As shown in Fig. 2.11, the YOC decreases at the same rate for both the

NIF-scale (solid black line) and OMEGA-scale (dashed red line) targets as a function of

the normalized ice roughness. This is the case for both spectra where the l-mode ranged

from 2 to 36 (squares) and 10 to 36 (circles). Altering the starting mode in the spectrum

allowed a different l-mode to dominate the hot-spot dynamics to ensure the YOC was

the same for any implosion. Choosing an end mode of 36 in this case instead of 50 had

no significant effect in the simulations other than increasing the required computation

time.

To summarize, hydro-equivalent designs were presented and tested against the

hydro-equivalent theory to ensure hydro-equivalence. In terms of 1-D hydro-

equivalence, the designs had identical implosion velocities, laser intensities, adiabats,

and IFAR’s. The target geometry scaled with the laser energy, and when applied to

the scaling laws shown in Table 2.5.1, the simulated performance metrics were in

good agreement with theory (Figs. 2.5 and 2.6). In terms of multidimensional hydro-
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Figure 2.11: Results from two-dimensional DRACO simulations plotting YOC versus normalized ice
roughness for NIF-scale targets (black solid lines) and OMEGA-scale targets (red dashed lines) for an ice
spectrum with l modes from 2 to 36 (squares) and 10 to 36 (circles). Similar YOC performance between
the OMEGA and NIF-scale targets with similar spectra indicate deceleration phase hydro-equivalence.

equivalence, similar RT growth in the acceleration phase (Fig. 2.9) was predicted by

theory and corroborated by simulations. Slight differences in the deceleration phase

were predicted by linear theory and seen in simulations (Fig. 2.10); however, this effect

is negligible in terms of performance for these two designs (as shown in Fig. 2.11). The

OMEGA-scale and NIF-scale designs presented are approximately hydro-equivalent.

2.6 Multidimensional Simulation Results of Inertially

Confined Implosions

Two-dimensional multimode ice and imprinting simulations can be used to deter-

mine the YOC scaling ratio. Both the ice surface roughness and the laser beam imprint-

ing are seeds to the RT instability. The same relative value of these seeds provide the

same reduction in YOC, as outlined in Sec. 2.5.3, but the relative value present at the

OMEGA and NIF scales are different. This leads to difference between their implosion

performances. All of these simulations have an imprint spectrum for a range of even
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Figure 2.12: Results from two-dimensional DRACO simulations plotting YOC versus an imprint mul-
tiplier for NIF-scale targets (black solid line) and OMEGA-scale targets (red dashed line) with expected
inner-ice-surface roughness and variable laser imprinting. The vertical dashed line indicates a YOCΩ of
0.30.

l-modes from 2 to 100, a 1 µm root-mean-square ice roughness spectrum, and 2-D SSD

laser-beam smoothing. Figure 2.12 plots the YOC of several simulations with varying

degrees of laser imprinting for both the NIF-scale and OMEGA-scale designs. The

x-axis is an amplitude multiplier on the imprint spectrum, where an imprint multiplier

of zero indicates the simulation has perfectly smooth beams and an imprint multiplier

of 1 indicates the expected level of imprint modulations being applied to the target for

the 60-beam OMEGA or 192-beam symmetric NIF Laser Systems. The NIF-scale tar-

get with an imprint multiplier of zero has a YOC of 0.98, as a result of the relatively

small effect of ice roughness, and decreases with increasing imprint multiplier. At an

imprint multiplier of 2.67, the NIF-scale target achieves marginal ignition (gain = 1)

when alpha-particle deposition is turned on. On the OMEGA-scale target, the reduc-

tion in YOC related to ice roughness only (YOC ∼ 75%) is significantly larger than

on the NIF-scale target. This is because the relative size of the ice roughness is larger

by a factor of ε1/3 on OMEGA with respect to NIF, while the absolute magnitude of

the ice roughness remains the same. The YOC of the OMEGA-scale target decreases

as the imprint multiplier increases, albeit at a faster rate because the imprint spectrum
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is smoothed by a smaller number of beams. Above an imprint multiplier of 1, the

OMEGA-scale target can be considered to be broken up. The OMEGA-scale line in

Fig. 2.12 is an average of two sets of simulations where the phases of the ice roughness

are reversed. Phase coupling’s impact on target performance between the ice-roughness

spectrum and the RT modes driven by laser imprinting can be significant and may lead

to misinterpretation of the set of simulation results. For example, if the phases of the

ice spectrum and laser imprinting destructively interfere, increasing the amount of laser

imprinting can appear to have a positive effect on the YOC. Similarly, if the modes

constructively interfere, the YOC reduction could be grossly exaggerated. Averaging

the YOC’s from these two ice spectrums generalizes the impact of phase coupling and

allows one to compare targets where phase coupling does not have a significant impact

on target performance (such as the NIF-scale target).

The two curves in Fig. 2.12 contain all of the information necessary to infer the

YOC ratio numerically. It is important to notice that the OMEGA-scale target ex-

hibits a cliff in YOC when the imprint multiplier is above 0.6. This occurs because

the OMEGA-scale target begins to break up for such levels of nonuniformities, while

the corresponding NIF target maintains its macroscopic integrity. While the growth of

hydrodynamic instabilities is essentially identical (i.e., hydro-equivalent) between the

OMEGA-scale and NIF-scale targets, the seeds are not, resulting in very different be-

havior of the YOC as shown in Fig. 2.12. The difference in the relative level of nonuni-

formities between OMEGA-scale and NIF-scale targets breaks the hydro-equivalency.

Even in the absence of laser imprinting, the relative size of the ice roughness is 4×

larger on OMEGA than on the NIF. Therefore, both seeds of the RT instability (ice

roughness and imprinting) are not hydro-equivalent. To achieve a final assessment of

the performance requirements on OMEGA, we identify three possible extrapolations

from OMEGA to NIF:
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1. A quasi-hydro-equivalent extrapolation corresponding to values of the YOC for

OMEGA above 0.6 in Fig. 2.12. As shown in Fig. 2.12, in the range of

0.6 ≤ YOC ≤ 1.0, both the OMEGA and NIF targets remain integral during the

implosion and are both above the shell’s breakup cliff. Full hydro-equivalency

is not achieved because of the difference of relative ice roughness. The behavior

of the YOC versus imprint multiplier is similar, however, even though the two

curves are shifted and maintain an approximately constant ratio of 1.3. In this

regime, extrapolations from OMEGA scales to NIF scales are likely to be quite

reliable since the departure from hydro-equivalency is rather small (a factor of

1.3× in YOC and 1.05× in areal density).

2. A semi-hydro-equivalent extrapolation corresponding to values of the 0.3 ≤

YOCΩ ≤ 0.6 in Fig. 2.12. The OMEGA shell is highly distorted and within the

“cliff” in YOC. The YOCΩ is still reasonably high, however, and the clean hot-

spot radius is larger than about 60% to 70% of its 1-D value. In this case, extrap-

olating from OMEGA scales to NIF scales requires a reliance on the radiation-

hydrodyanmics code. This is not an optimal or robust extrapolation since it relies

on a large difference in calculated YOC’s when extrapolating from OMEGA to

NIF.

3. A non-hydro-equivalent extrapolation corresponds to values of the YOCΩ ≤ 0.3

in Fig 2.12. The OMEGA shell is broken in flight and its performance is at

the bottom of the YOC cliff while the NIF target is still integral. The departure

from hydro-equivalency is so great that it would be unreasonable to attempt an

extrapolation from OMEGA experimental results to the NIF scale. We do not

consider this regime viable for performance extrapolation.

We restrict our analysis to quasi- and to semi-hydro-equivalent implosions [1 and
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Figure 2.13: YOC ratio determined from 2-D DRACO simulations as a function of YOCΩ. A YOC ratio
of 1.3 results from the impact of equal ice-roughness amplitudes, while a YOC ratio up to 2.7 resulting
from laser imprinting is observed at YOCΩ of 0.30.

2] and limit the OMEGA-scale target YOC to values ≥0.3. Note that YOC’s of 30%

to 40% are the typical YOC’s inferred from current high-performance implosions on

OMEGA[59]. Figure 2.13 plots the YOC ratio versus YOCΩ. It is observed that the

YOC ratio varies from 1.3 to 2.7, depending on the level of laser imprinting. For smooth

beams leading to a YOCΩ ≥ 0.6 (quasi-hydro-equivalent regime), the YOC ratio is

approximately 1.3× the predicted value given by the analytic scaling from Eq. 2.40

(for a YOC of 0.7). Larger imprinting levels increase the YOC ratio up to a factor of

2.7 at a YOC of 0.3 (semi-hydro-equivalent regime). It is important to note that the

YOC ratio is not necessarily 2.7 but can be anywhere from 1.3 to 2.7, depending on the

beam uniformity that is present on the NIF scale.

The areal densities and neutron yields required for quasi- and semi-hydro-

equivalent ignition on OMEGA follow from the 3-D Lawson criterion. Given the

bounding values for the YOC ratio, χΩ-eq ig can be calculated to be 0.19 for quasi-

hydro-equivalent ignition (YOC ratio of 1.3) and between 0.13 and 0.19 for semi-hydro-

equivalent ignition (YOC ratio between 1.3 and 2.7). This indicates that any implo-

sion occurring on OMEGA that obtains χ ≥ χΩ-eq ig would equate either to quasi- or
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Figure 2.14: Contour plot of the Lawson criterion parameter indicating the hydro-equivalent ignition
threshold for OMEGA-scale targets (for YOC = 1). An OMEGA implosion lying within the white
region indicates ignition would occur on a hydro-equivalent NIF-scale target. An implosion lying within
the red region indicates potential hydro-equivalent ignition depending on the level of laser imprinting.
An implosion lying within the blue region indicates ignition would not occur. The white diamond is the
current best-performing implosion on OMEGA in terms of χ [note χΩ = 0.10 when taking into account
the YOC term in Eq. 2.35].

semi-hydro-equivalent ignition. Figure 2.14 is a contour plot of the 3-D Lawson crite-

rion plotted against its two dependent variables-the 3-D neutron yield and the neutron-

averaged areal density; the YOC0.06 dependence is small enough to be ignored within

a 10% error. For comparison, the white diamond indicates OMEGA’s current best-

performing shot in terms of the Lawson criterion (χ = 0.10) (Ref. [59]).

In summary, to claim quasi-hydro-equivalent ignition in a NIF symmetric illumi-

nation configuration, OMEGA’s performance must increase at least from χ = 0.10 to

a minimum value of χ = 0.19. To claim semi-hydro-equivalent ignition in a sym-

metric NIF illumination configuration, OMEGA’s performance must at least increase

from χ = 0.10 to a minimum value of χ = 0.13. It is important to emphasize that

semi-hydro-equivalent ignition for χΩ-eq ig = 0.13 uses a large enhancement (2.7×) in

calculated yields from OMEGA to the NIF, thereby decreasing the reliability of such a

conclusion. Table 2.2 provides reasonable sample values required to demonstrate igni-
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Neutron
Yield(
×1013

) Areal
Density(
mg/cm2)

χΩ-eq ig

OMEGA’s current record (shot 69514) 3.0 173 0.10

Hydro-equivalent ignition (2.7×YOC improvement) 3.0 240 0.13

Hydro-equivalent ignition (1.3×YOC improvement) 6.0 300 0.19

Table 2.2: Current OMEGA record performance metrics for experimentally measured
neutron yields and neutron-averaged areal densities along with its calculated Law-
son parameter χ . Sample values required to demonstrate hydro-equivalent ignition on
OMEGA-scale cryogenic implosions are also provided.

tion on a quasi- and semi-hydro-equivalent symmetric NIF-scale target at the OMEGA

scale in terms of neutron-averaged areal density and total neutron yield.

2.7 Conclusions

Hydrodynamic equivalence combined with ignition theory allows one to com-

pare OMEGA-scale implosions to ignition-scale targets on a symmetric NIF illumina-

tion configuration with the same 2-D SSD smoothing as OMEGA. Hydrodynamically

equivalent implosions are energetically scalable and have identical implosion veloci-

ties, laser intensities, and adiabats. Hydro-equivalent implosions exhibit the same 1-

D dynamics and the same hydrodynamic instability growth. The measurable Lawson

criterion was used to assess the performance of an implosion using experimental ob-

servables and can also be used in conjunction with hydro-equivalent scaling relations.

Analytical derivations were developed and numerical simulations were performed to
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predict the hydro-equivalent ignition threshold on OMEGA-scale targets and are in

good agreement with one another.

While OMEGA and NIF targets can be designed to be approximately hydro-

equivalent, the difference in the initial level of nonuniformities prevents an exactly

hydro-equivalent extrapolation. Ice roughness is inherently non-hydro-equivalent since

the σ ice
rms is the same for OMEGA and the NIF while the OMEGA-scale’s target size

is roughly 4× smaller. Laser imprinting is also non-hydro-equivalent because of the

different number of beams between OMEGA and the NIF. In the absence of per-

fect hydro-equivalency, two OMEGA-to-NIF extrapolations have been identified: (a)

a quasi-hydro-equivalent extrapolation including realistic ice roughness and relatively

low levels of laser imprinting; (b) a semi-hydro-equivalent extrapolation applicable

for a larger level of laser imprinting. A quasi-hydro-equivalent extrapolation requires

OMEGA target performance characterized by YOC ≥ 0.6. The performance of such

targets can be reliably extrapolated from OMEGA scale to the NIF scale since it re-

quires a relatively small improvement in YOC of only 30%. A semi-hydro-equivalent

extrapolation requires OMEGA’s 0.3 ≤ YOC ≤ 0.6. The extrapolation to NIF scales

from OMEGA-scale semi-hydro-equivalent implosions is less reliable since it requires

a large calculated YOC improvement for ignition at NIF scales (up to 2.7× for an

YOCΩ = 0.3).

In summary, the theory of hydro-equivalency and 2-D simulations of hydro-

equivalent implosions indicates that a reliable extrapolation to ignition (quasi-hydro-

equivalent ignition) on a symmetrically illuminating NIF configuration requires

OMEGA target performance with an areal density of about 0.3 g/cm2 and a neu-

tron yield of about 6× 1013. As a short-term goal, semi-hydro-equivalent ignition

on OMEGA requires less-demanding implosions achieving areal densities and neutron

yields as low as 0.24 g/cm2 and 3×1013, respectively.
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Chapter 3

Shock Ignition

Shock Ignition (SI) [3] is an advanced ignition concept developed to take advantage

of the dynamic nature of an ICF implosion. Like fast ignition [64], it separates the

compression and ignition stages of an ICF implosion to enhance the fusion gain and

reduce the energy required for ignition. Proposed by Betti et. al. in 2007 the topic

has grown in size to over 231 publications and is the current design scheme [65] for

the new HiPER facility [66]. The approach is similar to conventional hot spot ignition,

however the compression and ignition stages of the implosion are separated. In SI some

of the energy used to drive the implosion is used to launch an ignitor shock at the end

of the implosion. A comparison between a conventional hot spot and a SI design laser

pulse can be seen in Fig. 3.1. By rearranging the driver energy in the laser pulse, SI

has several advantages, and some disadvantages, over the conventional hot spot ignition

scheme.

This chapter details how shocks can be used to maximize the conversion of shell

kinetic energy to internal energy in the hot spot and augment the compression of the

central hot spot above the ignition threshold. The remainder of the chapter is divided

into four sections: The first section is a general introduction to SI. The second section

builds upon the results shown in Sec. 1.3.2, examining the fundamental hydrodynamics
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Figure 3.1: Laser power versus time for a triple picket cryogenic SI implosion (black) and its mass-
and energy-equivalent conventional hot spot design (red). Inset is the target configuration for both im-
plosions.

of planar shocked implosions and presenting different ignitor shock techniques and

comparing implosions augmented with and without shocks. The third section gives a

brief overview of the experimental results of ‘warm’ shock ignition implosions, while

the fourth section presents the results of the cryogenic shock ignition campaigns, both

present and future.

3.1 Introduction to Shock Ignition

Recent theoretical[3, 65, 67–73] and experimental results[74, 75] have indicated

that launching a spherically convergent shock wave at the end of the acceleration phase

improves the ignition conditions for ICF implosions. Such an ICF scheme with a late

shock is referred to as “shock ignition.” SI is a scheme that is based on the principles of

conventional central hot-spot ignition and uses a shock to augment the compression of

the central hot spot above the ignition threshold. It was shown in Ref. [3] that a shock

launched at the end of the main laser pulse can significantly enhance the hot-spot pres-

sure and decrease the energy required for ignition by a factor Φ≈ (Pshock/Pno shock)
2−3
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Figure 3.2: Stagnation profiles for isobaric (dashed) and non-isobaric (solid) implosions at peak com-
pression. Adapted from [3].

where Pshock is the hot-spot pressure enhanced by the ignitor shock and Pno shock is the

hot-spot pressure without ignitor shocks. It was also shown in Ref. [3] that SI can lead

to a pressure increase of about 70% in simulations of realistic ICF targets, therefore re-

ducing the energy required for ignition by about three- to five-fold. Figure 3.2 shows a

sketch of isobaric and non-isobaric profiles at peak compression (conventional hot spot

and SI designs respectively). Analytical and simulation results by the NRL[67, 71]

and the CELIA [65, 72, 73] groups were able to optimize the ignitor shock timing and

intensity and show that late shocks lead to significant hot-spot pressure enhancement

and improvement of the ignition conditions. The optimum time to launch the ignitor

spike depends on the target geometry and implosion characteristics, e.g. the implosion

velocity. As a rule of thumb, it is timed such that it will collide with the rebound shock

near the inner surface of the shell. Simulations were also performed for ignition-scale

implosions by Perkins et al. [68] and found tuned implosions to obtain high gains at low

implosion velocities using an ignitor shock for laser pulses designed for the National

Ignition Facility [76]. It is important to emphasize that such an ignition energy reduc-
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tion applies to hydrodynamic-equivalent implosions, which have the same implosion

velocity, adiabat, laser intensity, and IFAR as described in Sec. 2.2.

The ignitor shock can be launched by a spike in the laser power or by suprather-

mal electrons[77]. Hydrodynamic drive is the conventional process for driving a shock

through a spike in the laser power. The laser energy deposited during the power spike

drives a thermal wave toward the ablator surface, resulting in higher ablation near the

capsule surface and stronger ram pressure. Similarly, a particle-driven shock can be

generated by a moderately high intensity laser pulse
(
∼ 1016 W/cm2) used to accelerate

electrons in the coronal plasma. If a burst of energetic particles is used, the temperature

and pressure of the shell increase, where the particle energy is deposited and the result-

ing high pressure drives the shock. In principle, laser-driven hot electrons can be very

efficient in driving the ignitor shock if directed to the target and their energy is such that

their stopping range is small compared to the target thickness at the time of the shock

launching [78]. If the energetic particles are produced by a high-intensity laser pulse,

it may be possible to develop a mixed shock with a hydrodynamic as well as a particle

drive. Initial particle-in-cell simulations indicate that the suprathermal-electron energy

is rather low (∼ 50 keV) and within the appropriate range for enhancing the shock

strength[79]. Experiments investigating this effect are the subject of the chapter 4.

In ICF the thermonuclear instability is triggered in the central hot spot. The hot

spot is the relatively low density central region of the spherical capsule that is heated

to a temperature of several keV’s by the PdV work of the surrounding dense shell. As

the hot-spot pressure increases, the shell slows down from its peak velocity (i.e., the

implosion velocity) reached during the acceleration phase and transfers a portion of

its kinetic energy to the hot spot in the form of internal energy (i.e., pressure). Thick,

massive shells can produce high-energy gains as a result of the large amounts of ther-

monuclear fuel available to burn. But because of their large mass, thick shells are driven
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at low implosion velocities and require very large drivers to trigger conventional hot-

spot ignition. Indeed, the laser energy required for conventional hot-spot ignition is a

strong function of the implosion velocity E ign
L ∼ V−6

imp (Refs. [37] and [18]), indicating

the need for fast targets to minimize the required ignition driver energy. Fast targets

are light and thin, however, and exhibit a large IFAR. The performance of fast targets is

severely degraded by the growth of hydrodynamic instabilities that can break up the tar-

get while in flight. Therefore, conventional ICF targets are designed to strike a balance

between raising the implosion velocity while keeping the IFAR as low as possible.

Thick shells are hydrodynamically more stable and produce higher gains (if ignited)

than their counterpart thin shells. The challenge with thick shells is their inefficiency

in hot-spot compression to trigger the ignition process. This occurs for two reasons:

thick shells take up more volume and therefore a larger fraction of the final internal

energy goes into the shell rather than into the hot spot, and the finite compressibility

of the shell causes different parts of the thick shell to transfer energy to the hot spot at

different times. Thin shells however are the opposite; they are therefore very effective in

transforming shell kinetic energy into hot-spot pressure, but they are also more sensitive

to the deleterious effects of hydrodynamic instabilities and lead to lower energy gains

based on their small fuel mass. It follows that the massive slow shells yield much lower

peak hot-spot pressures as compared to fast thin shells (with kinetic energy), but are

less sensitive to hydrodynamic instabilities. The reduction in hot-spot pressures at low

implosion velocities[18] prevents the achievement of ignition in conventional ICF, but

because of their good hydrodynamic stability properties and their potential for high

energy gains, it is worth investigating possible mechanisms to transfer energy from the

shell into the hot spot in thick, low-velocity shells. SI aims at doing precisely this.
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3.2 Planar Hydrodynamics of Shock Ignition Implo-

sions

The concept behind SI is to redistribute the energy in the laser pulse to drive a late

shock and produce a non-isobaric fuel assembly that results in a significant reduction

in the ignition threshold
(
Eign ∼ P−2

hs

)
(Refs. [18, 37]). By reducing the implosion

velocity of the target and using this energy instead to drive an ignitor shock, one can

convert more shell kinetic energy into hot spot internal energy while preserving the

attractive hydrodynamic-stability properties of thick shells. This section will present

three shock techniques aimed at mitigating the effect of rarefaction waves and maxi-

mizing the hot-spot pressure. Note that the amount of ignitor shock energy required is

calculated in planar geometry by integrating the conservation of energy equation over

the mass affected by the shock over all time. Doing so finds the energy of the pulse to

be Epulse = Pigu
(
Pig
)

∆t, where Pig is the pressure of the pulse, u
(
Pig
)

is the material

velocity of the shell in the post-shock state, and ∆t is the length of time the pressure

pulse is on. This section is a continuation of 1.3.2 and [80].

3.2.1 No-Rarefaction Technique

Section 1.3.2 identified type 1 rarefaction waves as an important inhibiting factor

on implosion performance. An implosion like the one shown in Fig. 1.7 can use weak

shocks to eliminate type 1 rarefaction waves and “push” t1 to t2. By sending a weak

shock of the correct strength to collide with the first two transmitted shocks exactly at

the time they merge, the result from the triple shock collision will be a single transmit-

ted shock traveling to the shell outer edge and no shocks or rarefaction waves traveling

inward. The result is a unique solution to the RH relations (Sec. 1.3.1) and is sketched
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Figure 3.3: Sketch of the no-rarefaction technique: (a) before the ignitor shock
(
Uig
)

and the first
two transmitted shocks merge (Ut) and (b) after the three shocks collide, resulting with a single shock
propagating outward (Ut).

in Fig. 3.3. This technique delays the time the hot spot receives information on the

finite compressibility of the shell, reducing the duration of region II and increasing the

maximum effective central pressure. The correct shock strength to apply for this tech-

nique may be found by setting the triple shock collision’s inward propagating shock

wave to have a shock strength of zero and solving the corresponding RH relations.

This technique was simulated with a 50 µm thick slab with an initial uniform pres-

sure at 50 Mbar and a density of 15 g/cm3, compressing a 200 µm thick low-density

region with a density of 0.3 g/cm3 moving with the same velocity. The dashed curve

in Fig. 3.4 is the central pressure versus time for an implosion with an initial velocity

of 3.105× 107 cm/s. The maximum central pressure for this case reaches ∼28 Gbar.

The solid curve in Fig. 3.4 demonstrates the no-rarefaction technique. In this case, a

target of the same dimensions but with a reduced implosion velocity
(
2.98×107cm/s

)
is augmented with multiple weak shocks.

The extra energy attained from the reduction in the target’s kinetic energy is instead

used to drive a 280 ps weak shock at 69 Mbar beginning 55 ps after the implosion, a

second weak shock at 86 Mbar for 165 ps after the first weak shock, and a third weak

shock at 97 Mbar for 309 ps. Therefore, for the same driver energy, the no-rarefaction

technique allows the shocked target to follow the theoretical pressure staircase of the

no-shock case and boost its maximum pressure to 36 Gbar. Although this case used
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Figure 3.4: Pressure (Gbar) at the rigid wall as a function of time (ns), comparing numerical simulations
of a no-rarefaction target (solid line) and a non-shocked target (dashed line). The temporal offset is due
to a difference in implosion velocities to ensure both targets have the same total energy.

only three weak shocks, multiple weak shocks may be launched such that multiple

rarefaction waves can be suppressed. In theory all of the rarefaction waves can be can-

celed using this approach and the second region of the implosion can be eliminated

completely, leading the pressure evolution to approach the theoretical limit in the ab-

sence of type 2 rarefaction waves ∼1.77 (the inverse of Eq. 1.28).

Although the application of the (three-pulse) no-rarefaction technique increased the

maximum pressure by 30%, the disadvantage to this technique is being able to exper-

imentally control these weak shocks to such a high precision. The shock timing and

strength must be controlled to such a minute value that any perturbations in the shock

uniformity would likely negate any experimental benefit. Additionally, even if all of the

type 1 rarefaction waves were eliminated, a transmitted shock would eventually reach

the shell’s outer surface and generate a type 2 rarefaction wave that would decompress

the target before the analytic limit without rarefaction waves could be reached.
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Figure 3.5: Sketch of the no-transmission technique: (a) before the center-reflected shock (Ucr) and the
ignitor shock

(
Uig
)

collide; (b) post-collision with a reflected shock propagating back to the rigid wall
(Ur).

3.2.2 No-Transmission Technique

The generation of type 2 rarefaction waves is inevitable in ICF implosions but may

be delayed by taking advantage of another unique RH relation solution. By timing a

shock of the correct strength so that it encounters the density discontinuity just as the

first center-reflected shock does, one can “cancel” the transmitted shock. The result of

the double-shock, density-discontinuity collision is a single reflected shock wave trav-

eling inward. This technique is similar to the previously demonstrated no-rarefaction

technique and is illustrated in Fig. 3.5. This affects the implosion in multiple ways: (1)

once the reflected shock wave reaches the center, the implosion is virtually reset, i.e.,

the implosion is similar to the initial condition but with a larger pressure, density, and

velocity; (2) canceling the first transmitted shock wave delays the generation of a type

2 rarefaction wave; and (3) this technique takes advantage of the natural resonance of

the hot-spot shocks. Similar to a harmonic oscillator driven at its natural frequency, the

hot spot of the assembly is driven at its “natural frequency,” which varies with time in

order to achieve maximum compression.

This technique was simulated with a 50 µm thick slab with an initial uniform pres-

sure at 50 Mbar and a density of 15 g/cm3 moving at a velocity of 2.6× 107 cm/s,

compressing a 150 µm thick, 0.3 g/cm3 slab initially moving with the same velocity.



CHAPTER 3. SHOCK IGNITION 76

It has the same kinetic energy (69 kJ/mm2) as a target of the same dimensions but an

initial velocity of 4.1×107 cm/s. Approximately 1 ps after the start of the simulation,

a 517 ps, 2.1 Gbar ignitor shock is driven on the outer edge and propagates inward,

colliding with the first center-reflection shock wave at the gas-shell interface. A single

reflected shock propagates back toward the center, leaving an∼ 13.5 µm thick slab with

a uniform pressure of 2.1 Gbar and a shell density of 55 g/cm3 moving at a velocity of

3.6×107 cm/s, compressing an 18 µm thick, low-density region of 2.0 g/cm3 moving

at the same velocity. The new implosion obeys the same hydrodynamics as before, and

therefore we are able to use the scaling relation for the maximum pressure [Eq. 1.27]

for the ‘reset” implosion as well. Taking the ratio of the scaling laws for a shocked

implosion and an unshocked implosion gives the theoretical pressure amplification:

Pshock

Pno shock
=

ρ ′shellu
′
0

2

ρshellu2
0

(
ρ ′shell/ρ ′gas

ρ ′shell/ρgas

)0.19

, (3.1)

where the primes indicate the shocked values. This technique can therefore theoreti-

cally amplify the maximum central pressure by a factor of ∼ 2.5 for this specific tar-

get. The maximum effective pressure for the unshocked case is ∼ 54 Gbar versus the

shocked case of∼ 123 Gbar, in agreement with Eq. 3.1. The pressure evolution profiles

are displayed in Fig. 3.6.

3.2.3 Re-Shock Technique

Because the no-transmission technique requires a long ignitor pulse in order to

achieve its pressure amplification, a sizable amount of energy must be devoted to main-

tain the pulse. If instead a shorter, more-intense ignitor pressure pulse is used, it is

possible to launch it closer to stagnation and allow for the target to assemble to large

densities and pressures before shocking the hot spot again. Since the central pressure
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Figure 3.6: Pressure (Gbar) at the rigid wall as a function of time (ns) comparing numerical simulations
of an unshocked target (thin blue line) and a no-transmission target (thick green line) of equal implosion
energy and target geometry.

is only affected by additional shocks and rarefaction waves, the ideal time to launch

this shock would be to time it in the same manner as the no-rarefaction technique. The

difference however is to set the pressure of the ignitor shock’s strength equal that of the

second center reflection’s transmitted shock at the merging time so that the collision

will produce a reflected and transmitted shock as shown in Fig. 3.7. By doing so, the

rarefaction wave may be replaced with a shock wave. This increases the number of

pressure steps in the hot spot in the early stages of the hot-spot compression and delays

the time at which the information of the finite shell compressibility reaches the hot spot.

This technique is similar to the original ignitor shock-launching time proposed by Betti

Figure 3.7: Sketch of the re-shock technique: (a) before the ignitor shock
(
Uig
)

and the first two
transmitted shocks (Ut) merge; (b) post-collision resulting in shocks propagating in opposite directions
(Ut).
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Figure 3.8: Pressure (Gbar) at the rigid wall as a function of time (ns) comparing numerical simulations
of an unshocked target (thin blue line) and a re-shocked target (thick purple line) of equal implosion
energy.

et al.[3], and is demonstrated with the same unshocked target as in the previous section.

This time, however, the implosion velocity of the target is reduced from 4.1×107 cm/s

to 2.9× 107 cm/s, and an ignitor pressure pulse of 5.2 Gbar that lasts for 142 ps is

applied after 440 ps from the start of the simulation. The total energy (kinetic + ign-

itor shock) is 69 kJ/mm2- the same as the unshocked case. As shown in Fig. 3.8, the

center pressure has increased to ∼233 Gbar, over 4× larger than its energy-equivalent

unshocked case.

3.2.4 Comparison of Shock Techniques

All three of the previous ignitor shock techniques were focused on mitigating the

effects of the rarefaction waves and were shown to perform better than their energy

equivalent, but unshocked, targets. An equal energy comparison is shown in Fig. 3.9

over a range of total kinetic energy that illustrates the overall effectiveness of each

technique. The dashed line indicates an extrapolated prediction for the no-transmission

technique; any implosion in this energy regime needs the igniter shock to be launched

prior to the beginning of the simulation, i.e., before the end of the coasting phase. For
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Figure 3.9: Simulated central pressure (Gbar) versus energy (kJ) for energy- and mass-equivalent targets
using different implosion techniques. Numbers indicate the required ignitor pulse pressure in Gbar.

a given energy (Ekinetic), the ignitor pulse pressure was chosen based on the technique

being used for a given Vimp, and the pulse length was optimized to obtain the maximum

central pressure with the least amount of pulse energy. Although Fig. 3.9 clearly shows

that the re-shock technique performs best for all energies of interest, it should not,

however, be considered the optimum technique for every scenario. For example, as

the total energy scales up, the ignitor shock pressure approximately doubles the no-

transmission technique. This could lead high-energy targets to use the no-transmission

technique if the driver is unable to generate large ignitor pressure pulses or if the laser

intensity is limited by laser-plasma instabilities. Achieving ignitor pulse pressures of

the order of several Gbar may be overly optimistic for laser-generated shocks; however,

realistic implosions will benefit from convergence effects in spherical geometries that

lead to more-realizable ignitor pulse pressures.

Because the implosions given in Fig. 3.9 scale approximately linearly to the total

energy, one can find a relation between the total energy required (ET ) to drive the

implosion and the energy that must be used in the ignitor pulse (EP). If the total energy

required to drive the implosion is ET =EP+EC, where EC is the reduced kinetic energy
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Figure 3.10: Ratio of the ignitor pulse energy to total energy required for no-transmission (green) and
re-shock (purple) techniques as a function of reduced implosion velocity.

and is a function of the reduced implosion velocity given by Fig. 3.9, the ratio of the

pulse energy required to the total energy is then given by

Ep

ET
=

EP

EP +EC
. (3.2)

This ratio will yield the percentage of on-target energy that must be used to drive the

ignitor pulse compared to the total energy. Figure 3.10 plots Eq. 3.2 as a function

of velocity for both the no-transmission and re-shock techniques. This points out that

roughly 50% of the total drive energy must be put into the ignitor pulse in re-shock

targets, and 60% into the no-transmission targets. Again it is important to note that

by switching to a spherical geometry, the convergence effects will lower the amount

of energy required in the ignitor pulse. A comprehensive study in spherical geometry

completed by Schmitt et al.[71] found the energy ratio to be approximately 20%. A

pulse optimization was also carried out by Lafon et al.[73], where an optimum implo-

sion velocity (of about 250 km/s) and optimum late shock timing, pulse energy, and

intensity were found for realistic inertial fusion energy targets. Therefore given a spe-

cific technique, total energy, and capsule geometry, the peak implosion velocity, ignitor
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shock strength, and the energy ratio between the initial energy and the ignitor pulse

energy for the optimal implosion are uniquely specified.

Although this section is mostly concerned with the application of single ignitor

shocks, it is possible to use the different techniques presented in sequential fashion to

further enhance the implosion performance. Like the no-rarefaction technique, the no-

transmission technique can also be applied multiple times to the same target. Given

the no-transmission example in section 3.2.2, a second no-transmission shock can be

launched ∼ 433 ps later at 29 Gbar to ‘reset’ the implosion once again. The result-

ing implosion generates a hot spot pressure of 850 Gbar, but requires 178 kJ/mm2 of

kinetic driver energy. Additionally, the Re-shock technique can also be used in con-

junction with the no-transmission technique. For example, if the Re-shock technique

is applied after the same example in section 3.2.2, the resulting implosion can produce

a maximum central pressure of 742 Gbar. In this case the Re-shock pressure pulse is

37Gbar and is applied ∼ 503 ps after the 2 Gbar no-transmission shock and required

121 kJ/mm2 of total kinetic driver energy. Therefore although it may be beneficial for

high energy implosions to use multiple ignitor shocks, it may not be physically practical

given current driver technology.

Another item to be considered is the shell’s critical thickness and its dependence

on the ignitor shock. Not only does the normalized critical thickness vary with the

same variables as the previously derived scaling laws (Eq.’s eqs. (1.26) and (1.27)),

it is also dependent on the strength and timing of the ignitor shock. This leads to

another optimization parameter and would significantly improve the performance of the

implosions where the shock has changed the critical thickness to be larger than the shell

thickness. For example, the reduction in the maximum central pressure due to ∆shell <

∆crit (c.f. section 1.3.2) occurs in the lower energy implosions of Fig. 3.9. These
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implosions could perform better if the ignitor pulse energy was instead exchanged for

more shell mass (and kinetic energy).

This section has presented some of the underlying physics behind shock ignition in

an attempt to optimize the energy distribution in the shell and hot spot. The analysis

of unshocked targets showed the main inhibitor to implosion performance (in terms

of pressure) to be rarefaction waves created within the shell of the target which de-

compressed the capsule before the theoretical peak pressure could be reached. Three

different techniques (no-rarefaction, no-transmission, and re-shock) aimed at mitigat-

ing the effect of these rarefaction waves in implosions augmented with shocks were

presented, and all three were shown to perform better than their energy-equivalent un-

shocked targets. At best, by eliminating the rarefaction waves, the pressure could be

increased by 80%, where the re-shock technique amplified the pressure by a factor of

∼ 4. Therefore the performance enhancement was also due to other factors, including

the shock’s ability to effectively enhance the coupling of the shell’s kinetic energy to

the hot spot’s internal energy by adjusting the critical thickness of the shell. Shock

ignition therefore makes it possible for thick, hydrodynamically stable targets to gain

the benefits of thin shells by reducing the effect of rarefaction waves and maximizing

the conversion between the shell’s kinetic energy and the hot spot’s internal energy to

achieve ignition with potentially high gains.

3.3 Warm Shock Ignition Implosions on OMEGA

The first experimental demonstration of the SI concept was performed in 2007 [74]

where plastic shells were imploded using an ignitor spike at the end of the laser pulse

(See Fig. 3.11). The SI laser pulse used 19 kJ of energy and was imploded on an adiabat

of 1.3 at a velocity of 1.7×107 cm/s. The target consisted of 40 µm of CH plastic and
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Figure 3.11: Laser power versus time for the SI laser pulse (blue) and the energy equivalent conventional
hot spot laser pulse (red). Inset is the target composition.

∼25 atm of D2 gas fill. The SI laser pulse was tuned over several shots and the best

performing implosion achieved 8± 0.8× 109 neutrons and a neutron averaged areal

density of 200± 20 mg/cm2, a four-fold and 40% increase over the energy equivalent

conventional hot spot laser pulse design respectively. This performance indicates the

SI implosion to be hydrodynamically stable with sufficient laser coupling during the

ignitor shock to enhance the overall compression.

Several campaigns using SI pulse shapes were conducted to explore the laser cou-

pling, hydrodynamic efficiency, laser plasma interactions, suprathermal electron gen-

eration, and hydrodynamic efficiency using a variety of warm target compositions and

laser pulse shapes on the OMEGA laser system. One of these campaigns, the ‘40+20’

illumination scheme, was performed and published outlining the implosion perfor-

mance. The forthcoming subsection will analyze the results of this campaign to un-

derstand the performance of these implosions.
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Figure 3.12: ‘40+20’ illumination scheme experimental setup: (a) Implosion irradiation representation
using VISRAD. (b) Target composition. (c) Laser pulse shapes versus time for the 40 compression beams
(blue) and 20 spike beams (red). The 20 spike beams were temporally shifted to optimize implosion
performance and observe LPI.

3.3.1 ‘40+20’ Illumination Scheme

In an effort to improve the performance of the first demonstration of SI implosions,

a new illumination scheme was developed. This scheme was geared towards increas-

ing the on-target laser intensity of the ignitor spike pulse, raising the ablation pressure

on the outer surface of the shell and driving a stronger ignitor shock. This was ac-

complished by separating OMEGA’s laser beams into those used to drive the main

compression pulse (40 beams), and those meant to drive the ignitor spike (20 beams),

hence the name ‘40+20’ [81]. Figure 3.12(a) shows a representation of the implosion

irradiation via VISRAD [82] simulation. In this image the 40 beams have compressed

the target (shown in blue), and the red beams are the 20 spike beams interacting with the

target. Notice that the 20 spike beams do not overlap with each other. Figure 3.12(b)

shows the target composition for this campaign. This design sacrificed the 60-beam

irradiation symmetry to drive SI-relevant ignitor shocks. The 40 beams were driven

with distributed polarization rotators (DPR) giving spot shapes with a supergaussian

exponent of four, no SSD, and are focused to the size of the initial target radius. The 20
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spike beams had no phase plates and were focused to reach intensities up to ∼ 8×1015

W/cm2. In total, the compression beams use ∼ 14 kJ of the total laser energy, and

the spike beams accounted for ∼ 5 kJ. It is important to note that laser beams without

phase plates are spatially non-uniform and can filament when propagating through a

hot plasma [83, 84]. This reduces the confidence of the actual laser intensity reaching

the target, but allows one to probe these previously unexplored regimes. Two different

pointing schemes were used on separate days: configuration A had all of the beams

pointed to the target chamber center, and configuration B had the beams repointed to

minimize the illumination non-uniformity on target. The laser pulse shapes used for

this campaign are shown in Fig. 3.12(c) where a temporal delay in the 20 spike beams

relative to the 40 compression beams was varied over the shot day to optimize the im-

plosion performance and observe LPI at these intensities. There is also a single shot

where small IDI-300 phase plates were used on the 20 spike beams.

The performance of this campaign is detailed in Ref. [81], but will be summarized

here for completeness. It was found that the ‘40+20’ campaign showed significant

target performance degradation due to illumination non-uniformities and preheating

caused by suprathermal electrons. The spatial modulation of the areal density of the

implosion was simulated by the CELIA group using the radiation-hydrodynaimc code

CHIC [85], where it was found that the areal density of the implosion near stagnation to

be reduced by ∼ 30% relative to their 2-D simulations, but contained roughly the same

angular modulation as measured experimentally. This degradation was primarily due

to the illumination non-uniformity of the 40 compression beams, and was not signifi-

cantly altered by the 20 spike beams. The areal density modulation was improved by

changing laser pointing configurations from A to B, where significant neutron averaged

areal density and neutron yield enhancements were measured. Although configura-

tion A exhibits a larger degradation in the neutron averaged areal density compared to
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configuration B, this should not be attributed to a lack of illumination symmetry (cor-

roborated by 1-D and 2-D CHIC simulations yielding similar performance.) A more

likely explanation for the ∼ 30% degradation in the areal density would be LPI effect-

ing the hydrodynamics as a result of different plasma conditions in the corona. The rest

of this section will explain this degradation using suprathermal electrons and remains

unpublished.

Large amounts of backscattered light (up to ∼ 34% at the highest intensities) and

significant amounts of energy deposited into suprathermal electrons were measured

(Maxwellian temperature distributions centered at ∼ 40 keV and conversion efficien-

cies up to ∼ 20% of the total laser energy are found). Analysis of scattered light and

hard x-ray measurements indicate activity only occurred during the time when the 20

spike beams were on. Additionally, the suprathermal electrons were found to be pri-

marily generated by stimulated Raman scattering (SRS), with little to no observed two

plasmon decay (TPD) signals. The neutron yield and the neutron averaged areal den-

sity are well correlated with the hard x-ray signal, indicative of suprathermal electrons

preheating the target and raising the adiabat. Figure 3.13 shows the measured neutron

averaged areal density versus the inferred amount of energy converted into suprather-

mal electrons. It is clear to see an overall trend between larger amounts of suprathermal

electrons measured and lower neutron averaged areal densities. The relatively unpre-

dictable nature of the mechanisms governing the generation of suprathermal electrons

result in very few correlations between the experimental setup (i.e. beam pointing, max-

imum laser intensity, ignitor spike onset, etc...) and the implosion performance (areal

density, neutron yield, etc...), however it is possible to understand the impact suprather-

mal electrons have on these implosions by comparing the experimental results with

LILAC simulations including a simple model for suprathermal electrons.

The LILAC simulations were run with the intent of including all of the known phys-
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Figure 3.13: Measured neutron averaged areal densities of the ‘40+20’ campaign implosions versus the
measured amount of energy converted into suprathermal electrons for both laser pointing configurations.

ical models in order to explain the implosion performance degradation, however the

most ‘accurate’ thermal transport and absorption models are not currently compatible

with the suprathermal electron package. Therefore, simulations using non-local thermal

transport and cross beam energy transfer routines were run on implosions containing

the 40 compression beams only to assess the drive of the main pulse. This behavior was

then replicated with a flux limited thermal transport and inverse bremsstrahlung absorp-

tion model via adjusting the laser power to replicate the same experimental (40-only)

neutron averaged areal density and time of peak neutron production. Figure 3.14(a)

shows the experimental laser pulse and the adjust laser pulse used in the simulations. It

was found that a reduction of 75% on the laser power amplitude during the main drive

was required. This factor was then applied to the 40 compression beams on the remain-

ing ‘40+20’ implosions, while leaving the 20 spike beams unaffected. However, during

the time period when the 20 spike beams were on, a fraction of the incident laser power

that reached the quarter critical surface was then converted into suprathermal electrons.

This fraction was varied until the implosion degradation of the simulated implosion

matched that of the experimentally measured neutron averaged areal density and onset

of the neutron production as shown in Fig. 3.14(b). When comparing 1-D simulation’s



CHAPTER 3. SHOCK IGNITION 88

Figure 3.14: (a) Laser power versus time for the 40 compression beams (blue) and 20 spike beams (red).
The black line is the laser power used in the LILAC simulations (75% of the original power). (b) Neutron
rate versus time as measured in the experiment (black) and its simulated neutron rate (red).

neutron rate with the experimentally measured neutron rate, it is more important to

match the onset and rising edge of the neutron rate, rather than the neutron yield. This

is because RT growth on the inside of the shell during the deceleration phase quench

the neutron production via a ‘free-fall’ model [12] to recover the reduced neutron yield.

These simulations were able to reproduce the experimental observables using only a

single free parameter on the fraction of suprathermal electrons generated.

The simulated fraction of suprathermal electrons needed to match the experimental

observable was not constant throughout all of the implosions however. Physically this

can be explained by the stopping power, or areal density, of the shell. If the stopping

power of the shell was small the suprathermal electrons would pass through the entire

shell and deposit their energy volumetrically, conversely, if the stopping power was

large then the suprathermal electrons would deposit their energy locally on the surface

of the shell and not preheat the imploding target. A plot of the laser pulse used to

implode a target, and its areal density is shown in Fig. 3.15(a). For comparison a 30,

50, and 100 keV suprathermal electron will deposit all of its energy after propagating

through 0.7, 1.75, and 5.9 mg/cm2 of plastic respectively [86]. Since the stopping

power of the shell increases as the shell implodes, one would expect more suprathermal
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Figure 3.15: (a) Laser power and areal density versus time of a typical ‘40+20’ implosion. The laser
pulse consists of 40 compression beams (black) and 20 spike beams (red), where a variable temporal
delay is applied to the spike beams. The right axis corresponds to the target’s areal density as a function
of time, with the arrows indicating the average total areal density at the midpoint of early-launched spike
beams (dashed red) and late-launched spike beams (solid red). (b) Fraction of simulated energy converted
into suprathermal electrons needed to degrade the simulation’s implosion performance to recover the
experimental values, to the amount of energy the suprathermal electrons are measured to have, versus
the launching time of the ignitor shock for all configurations.

electrons to deposit their energy into the target at larger ignitor spike delays. This means

that when the ignitor spike is launched at early times (dashed red line), the suprathermal

electrons will deposit their energy volumetrically inside the target at low temperatures,

and pass through the target completely at higher temperatures. As the ignitor shock

launching time is delayed (solid red line) the target has further imploded and built up

a larger areal density. The increased areal density is able to stop the suprathermal

electrons either volumetrically or locally depending on their respective temperatures.

Compiling the simulation results of the entire campaign provides information as

to what degree the suprathermal electrons coupled to the target and is shown in Fig.

3.15(b). This plot shows the fraction of the energy converted into suprathermal elec-

trons needed to degrade the simulation’s implosion performance to recover the exper-

imental values, to the amount of energy the suprathermal electrons are measured to

have, versus the launching time of the ignitor shock. When comparing the curve of

points in Fig. 3.15(b) to the simulated areal density of the target shown in 3.15(a), it is
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clear to see the analysis shows that the suprathermal-electron coupling efficiency to the

shell increases with the shell areal density. That is, a certain number of suprathermal

electrons were observed to deposit their energy into the target, but this does not account

for the particles that did not deposit their energy and contribute to preheating of the tar-

get. The LILAC simulations show the degradation depends on the stopping power of

the shell, which in this case is insufficient to stop suprathermal electrons from preheat-

ing the target with such low areal densities. This analysis illustrates the sensitivity SI

implosions have to suprathermal electrons and the necessity to design implosions that

take this effect into account.

3.4 Cryogenic Shock Ignition Implosions on OMEGA

Despite the optimistic performance warm SI implosions have garnered, an ex-

tremely limited number of cryogenic targets have been imploded using SI laser pulses.

The first cryogenic SI implosion [74] was a decaying-shock laser pulse design [87, 88]

with a continuous ramp to the main drive. It was an 853 µm outer diameter shell, with

10 µm of CD plastic ablator and 77 µm of DT ice and was able to produce 1.43×1012

neutrons and a neutron averaged areal density of 205 mg/cm2 using only 18 kJ of laser

energy. This performance is compared to a mass- and energy-equivalent implosion

without the ignitor spike as shown in Fig. 3.16, where the conventional hot spot design

achieved a similar neutron yield of 1.60× 1012. The areal density measurement was

not taken for the conventional hot spot design. While the first SI implosion was able to

recover the performance of a comparable conventional hot spot implosion, it should not

be treated as a direct comparison between SI and conventional hot spot designs. The

SI implosion’s adiabat was only tuned with three previous shots, and the ignitor spike

launching time was not tuned; leading to a degradation in the implosion performance.
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Figure 3.16: Laser power versus time for the first cryogenic SI implosion (black) and its mass- and
energy-equivalent conventional hot spot design (red). Inset is the target configuration for both implo-
sions.

Therefore, in order to provide convincing experimental evidence on the capabilities of

SI implosions further experiments are required.

3.4.1 Triple Picket Design

In terms of laser performance, the decaying-shock SI laser pulse design had several

drawbacks. Two of the main drawbacks to this design are the low energy levels used

to drive the implosion, and the technical challenge of controlling the ramping of the

main drive in a smooth and continuous fashion. The OMEGA laser system uses a

nonlinear high harmonic conversion process to frequency triple the laser light to 351

nm [30]. The conversion of infrared laser light into ultraviolet light depends nonlinearly

on the intensity, resulting in the loss of several kJs of laser energy during the low power

levels of the ramping of the main pulse (0.5 < Time(ns) < 1.5 in Fig. 3.16). The

continuous ramp also needs to be as smooth, and precisely shaped as to not launch any

spurious shocks and artificially enhance the adiabat; which, given the stability of the
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laser system, is technically challenging. Both of these issues can be resolved using a

triple picket laser pulse design [89].

A triple picket configuration will provide a better performing and experimentally

tunable design due to the robustness and flexibility of using pickets instead of a con-

tinuous ramp. Switching from a single- (decaying shock) to a triple-picket laser pulse

design increases the maximum ultraviolet laser energy on target because the conversion

efficiency from infrared to ultraviolet light into pickets is higher than a low intensity

ramp. This will also allow the shell adiabat to be experimentally tunable, as the pickets

can be adjusted in height, width, and delay on the experimental shot day. Additionally,

because the ablation velocity in the triple picket configuration is higher, a reduction in

hydrodynamic instabilities is expected. Figure 3.1 shows the new SI triple picket laser

pulse design. It consists of three pickets, a shoulder, the main drive, and the ignitor

spike. The three pickets are tuned to break out of the inner shell surface one after an-

other and set the inner adiabat to be at 1.7. A fourth shock is launched via the ‘shoulder’

and a fifth shock drives the target to its full implosion velocity of 2.7× 107 cm/s. Fi-

nally the ignitor spike is launched ∼ 3.4 ns after the start of the first picket and is kept

on until the laser pulse has used 25 kJ of laser energy. The shoulder has been put in to

prevent a relaxation shock from changing the adiabat mid-flight.

The triple picket design is optimized for the OMEGA laser constraints of 25 kJ

of maximum laser energy and 25 TW of maximum laser power. Figure 3.17 shows a

contour plot illustrating the optimum values for the flat top power and ignitor shock

launching time. The neutron averaged areal density was maximized because it has

the strongest scaling with the Lawson parameter (see Eq. 2.35) and is experimentally

more reliable than the sensitive neutron yield. Similar results were obtained when opti-

mizing the laser pulse using the non-local and stimulated Brillouin scattering (NLSBS)

routines, which are regarded as being more physically correct compared to the flux lim-
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Figure 3.17: Contour plot of the neutron averaged areal density of triple-picket cryogenic SI designs
versus a range of flattop powers and spike launching times. The numbers in the plot are labels for the
achieved neutron averaged areal density in g/cm2. The star indicates the laser pulse design chosen (See
Fig. 3.1).

ited thermal transport routines. However because the NLSBS model is not yet available

in DRACO, the LILAC simulations shown here only include the flux limited version.

The laser pulse designs shown in Fig. 3.1 were simulated using the 2-D radiation

hydrodynamic code DRACO, where multidimensional effects such as laser imprinting

and surface roughness can be included. Laser imprint modes l = 2− 98 and an in-

ner ice roughness of about 2 µm, with an experimentally verified amplitude and phase

spectrum with l-modes from 2-50, of the unshocked and shocked implosions were per-

formed. Both designs have an IFAR∼ 13, with an implosion velocity vimp = 2.7×107

cm/s and in-flight adiabat αi f ∼ 1.7. The unshocked implosion has a 1-D neutron yield

of 3.6× 1013 neutrons, and obtains a YOC of about 52%. For the shocked implosion,

the yield has risen to 5.0× 1013 neutrons and the YOC has risen to 61%. Figure 3.18

shows a density plot contour of the shocked implosion at the time of its peak neutron

production. These simulations show the implosions to be relatively hydrodynamically
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Figure 3.18: Density contour plot of the shocked implosion shown at the time of peak neutron produc-
tion. The solid lines are the ion temperature contours in keV.

stable and that the two dimensional effects have a marginal impact on the implosion

performance. The shocked implosion performs slightly better than the unshocked one,

with the improvements in the shocked implosion due to the spike reversing the phases

of the RT and RM instability growth [69, 90]. These simulations however do not in-

clude beam power imbalance, beam mistiming, laser-plasma interactions, or target off-

sets. These effects combined with the use of flux limited thermal transport account for

further implosion degradation that is experimentally observed.

Two experimental shot days were allocated to examine the performance of this de-

sign. The first day was dedicated to experimentally tuning the pickets in the pulse

(without the ignitor spike) to maximize the implosion performance and the second day

was dedicated to optimizing the shock launching time. Figure 3.19 shows a comparison

between the submitted laser pulses and the best performing laser pulses both with and

without the ignitor spike. The submitted design in Fig. 3.19(a) is the optimized pulse

shape using the NLSBS transport packages without the ignitor spike at the end of the
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Figure 3.19: (a) Comparison of the submitted laser pulse design (black) to the best performing exper-
imental laser pulse (red) without the ignitor spike. (b) Comparison of the submitted laser pulse design
(black) to the best performing experimental laser pulse with the ignitor spike (red).

pulse. Because of the unpredictability of the mechanical strip line pulse shaping sys-

tem used on OMEGA, the experimental pulse that came out was drastically different as

compared to the requested laser pulse. Despite this, the implosion adiabat was tuned

as best as possible using five cryogenic implosions (a record number of cryogenic im-

plosions on OMEGA in a single day to date) and the best performing implosion used

the laser pulse shown in red. This pulse shape was then used as the starting point for

the second day (Fig. 3.19(b)) where the third picket and the launch time of the ignitor

spike was optimized. The experimental pulse shape was much closer to the requested

design and demonstrated a 60% increase in the neutron yield when the ignitor spike was

present (compare shot 66118 to 67606 in Table 3.1). Shot 67606 has no energy- and

mass-equivalent conventional hot spot implosions to compare to, as most designs are

less massive and have faster implosion velocities. In terms of the Lawson parameter,

these implosions have roughly half the performance compared to the best conventional

hot spot implosion. One should not take this as a fair comparison due to the fact that

the conventional hot spot implosions have been tuned over hundreds of shots. Improve-

ments to this design are discussed in the next section (3.4.2).
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Shot Number Spike? Neutron
Yield(
×1012

) YOC (%) ρRNTOF(
mg/cm2) ρRMRS(

mg/cm2) ρRsim(
mg/cm2) χ

48304 No 1.60 8.0 No data No data 267 0.042

48734 Yes 1.43 12.7 No data 205 260 0.036

66113 No 0.90 37.8 No data No data 153 0.027

66114 No 1.60 28.6 No data 165±35 169 0.034

66116 No 1.60 25.1 No data 218±30 169 0.041

66118 No 1.60 18.0 No data No data 162 0.034

66118 No 3.50 42.2 No data 205±20 177 0.051

67603 Yes 4.40 30.8 202±10% 175±25 192 0.053

67604 Yes 4.95 23.5 193±10% 170±24 211 0.052

67606 Yes 5.60 32.6 213±10% 165±21 192 0.057

67609 Yes 4.20 32.6 183±10% 216±28 186 0.054

Table 3.1: Summary of all cryogenic SI implosions. The Lawson parameter is calcu-
lated using the average of the experimentally measured neutron averaged areal densi-
ties, or if none available, the simulated neutron averaged areal density. The remaining
DT mass near stagnation is taken to be ∼ 0.025 mg inferred via LILAC simulations.
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Figure 3.20: Laser Power versus time for shot 67606 (black) and a modified version with a gentler ramp
(red) predicted to improve the implosion performance.

3.4.2 Future OMEGA Cryogenic SI Designs

While the designed implosion performance of the triple picket implosions were not

experimentally met, this information can be used as a starting point for future designs.

The main reason for the loss in the experimental implosion performance of the triple

picket design was the stronger shocks launched by the third picket and shoulder. This

increased the adiabat of the target from its intended value of ∼ 1.7 to ∼ 3, and pre-

vented the full compression of the shell. Making a small adjustment to the shoulder

of the best performing laser pulse design (shown in Fig. 3.19(b)) will allow the im-

plosion’s adiabat to be significantly lowered. This optimization was achieved using

a multidimensional simplex optimization method [91]. This optimization code maxi-

mizes a single performance parameter for any number of operating variables and is run

in parallel using a ‘shotgun’ method. The laser pulse between the start of the shoulder

(1.5 ns) and the beginning of the main drive (2.3 ns) was split into eight individual

values and varied independently to optimize the laser pulse to maximize the neutron

averaged areal density of the implosion. The results of this optimization are shown in

Fig. 3.20 and compared to the original laser pulse. It is found that the neutron averaged
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Figure 3.21: (a) Laser power versus time for the high contrast ratio SI cryogenic implosion. (b) DRACO
contour plot of the target mass density (in color) and ion temperature (black lines) at the time of peak
neutron production for the high contrast ratio SI cryogenic implosion.

areal density was increased by ∼ 50% to 280 mg/cm2 while keeping the same neutron

yield. Therefore, this small change in the laser pulse has a significant impact on the

implosion performance. There is potential for this implosion to be the best perform-

ing implosion on OMEGA to date (in terms of the Lawson parameter). SI implosions

could therefore provide a new path to hydrodynamically equivalent ignition designs on

OMEGA.

The most notable deficiency in the triple picket cryogenic SI designs described in

Sec. 3.4.1 is the strength of the ignitor shock. Where it was described in Sec. 3.2.3

(and [3]) that the optimal shock strength should equal the shock strength of the re-

bound shock at the time they collide, the shock strength in the triple picket designs are

abysmally low. In fact, when using the NLSBS transport models, it is difficult to even

determine if a shock exists. There are two simple schemes to resolve this deficiency;

increase the peak power of the ignitor spike (not possible on OMEGA), or lower the

flattop power to drive the target slower and increase the contrast ratio between the main

drive and the ignitor spike. Figure 3.21(a) shows such a laser pulse with a total laser

energy of 26 kJ. A LILAC simulation of this implosion using a constant flux limiter
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of 6% yields a slower implosion velocity, Vimp = 2.3× 107 cm/s, but a thicker, more

stable target with an IFAR=8. This results in 1.71× 1013 neutrons and a neutron av-

eraged areal density of 277 mg/cm2. The simulation also shows the shock strength

increases to∼ 300 Mbar (versus the rebound shock strength of∼ 400 Mbar) at the time

of the shock collision. A DRACO simulation of this design is shown in Fig. 3.21(b)

and verifies that the slower more stable implosion has a better 2-D performance with

a YOC = 74%. Despite the increased hydrodynamic stability of this implosion, the

overall performance is relatively low due to the lower implosion velocity. Therefore, it

may be possible to further lower the adiabat and still achieve a better performing and

relatively hydrodynamically stable implosion.
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Chapter 4

Spherical Strong Shock Experiments

As a two-stage ignition scheme, a key component to SI is the strength of the ign-

itor shock. Several ignition studies [71, 92] indicate the strength of the shock which

is applied determines the optimum implosion velocity to use, with stronger shocks re-

quiring smaller implosion velocities. This can be viewed from a design standpoint as a

tradeoff between the risk of hydrodynamic instabilities (at higher implosion velocities)

and laser-plasma interactions (at larger laser intensities). Experimental inferences on

the strength of the ignitor shock in current cryogenic SI implosions are abysmally low

(as outlined in Sec. 3.3 and 3.4) due to insufficient on-target laser intensities. How-

ever it is not possible on OMEGA to have both large on-target laser intensities for the

ignitor shock and simultaneously implode a capsule. Therefore it is vitally important

to demonstrate the capability of launching & 300 Mbar shocks, where current ignition-

scale designs [6, 65, 68] require laser intensities to be in the range of 5×1015 to 1016

W/cm2. This chapter presents the first experimental demonstration of the generation

of several-hundred Mbar shocks in spherical targets–a milestone for SI. It has recently

been submitted to Physical Review Letters [4].

It has been recently shown [3, 65, 68, 71, 92–94] that the gain of an inertial confine-

ment fusion implosion can be significantly enhanced by launching a strong spherically
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convergent shock at the end of the compression (or assembly) pulse. This two-step

scheme is usually referred to as SI, and has a distinct advantage over fast ignition [64]

because it reduces the energy required for ignition as compared to conventional hot-

spot ignition [15] while still using a single laser. Recent 2-D simulations [6, 65] have

indicated the possibility of achieving ignition at sub-megajoule laser energies. While

implosion experiments on the OMEGA laser [30], using 60-beam symmetric implo-

sions of CH shells filled with D2, have demonstrated a 4× increase in yield and a

40% increase in shell areal density for SI pulse shapes when compared to conventional

implosions [74], the final shock strength was much lower than the value required for

ignition.

Due to the difficulty in accessing this regime, only a limited number of experiments

investigating strong laser-driven shocks have been performed. Investigations to deter-

mine the shock strength in planar geometries have been completed at the LULI [95],

OMEGA [96], and PALS [97] laser systems. Both the LULI and OMEGA experiments

relied on the use of the velocity interferometer system for any reflector (VISAR) [98]

and the streaked optical pyrometer system (SOP) [99] diagnostics to infer the seed ign-

itor shock pressure. The highest shock pressure recorded was obtained in the OMEGA

experiments; ∼75 Mbar at an absorbed laser intensity of 1.2×1015 W/cm2. This plat-

form however is unable to obtain data with laser intensities above 1.4×1015 W/cm2 due

to VISAR blanking. The PALS experiment used a different approach and measured the

self emission of the shock after breakout through a quartz slab and shock pressures of

∼90 Mbar at an intensities ≤ 1016 W/cm2 were inferred. While the PALS experiment

reported higher shock pressures, the quality of the data gives uncertain results as to the

relationship between the laser intensity and the shock pressure inferred.

The only previous experiment with the primary purpose of launching and measur-

ing shocks in a spherical geometry were performed by Kritcher et al. [100]. These
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experiments used x-ray Thompson scattering [101] to measure the electron tempera-

ture and density at the front of a spherically converging shock to probe the EOS of

plastic under hundreds of megabar pressures. The shock trajectory was also simulta-

neously measured using streaked x-ray radiography [102]. While the published data

only include theoretical and simulation results, experiments using indirect-drive targets

on both OMEGA and NIF have been performed. These experiments however are not

geared toward driving the strongest shocks possible due to the fact that current indirect-

drive experiments on the NIF limit the ablation pressure to ∼ 130 Mbar [41], but are

similar enough to the proposed experiment to warrant future collaboration (see Sec.

4.5.3).

This chapter will present a new technique to infer the shock and ablation pressure

generated from direct laser illumination at shock-ignition relevant intensities. In this

campaign, solid spherical targets are illuminated with high intensity spike in the laser

power generating a radially propagating shock wave which converges at the center of

the target, raising the temperature in a very small volume to hundreds of eV and result-

ing in the self-emission of x rays in the keV range. The seed shock pressure can then be

inferred via hydrodynamic simulations by measuring the time lapse between the start

of the laser pulse and the occurrence of the x-ray flash.

4.1 Experimental Configuration

This section details the experimental configuration of the spherical strong shock

(SSS) campaign and outlines the data collected. The targets are composed of 5%

titanium-doped plastic with an outer diameter of 430 to 600 µm, in which the outer

50 µm consists of pure CH (see Fig. 4.1). The titanium dopant was inserted into the

solid plastic target to generate a Ti He-α x-ray emission upon shock convergence sig-
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Figure 4.1: Experimental setup used to infer the shock and laser ablation pressure at shock-ignition
(SI)-relevant intensities.

naling the x rays originated from the core, and not the corona. A scan of different

dopant elements found Ti be best suited for the densities and temperatures the core is

predicted to reach. The dopant concentration was originally requested to be∼0.1%, but

target fabrication was only able to achieve a level of 5%. The anomalously high dopant

concentration reduces the overall level of emitted Ti He-α intensity by ∼10× due to

re-absorption by the surrounding cold Ti atoms, however, as seen in Fig. 4.3, this does

not reduce the emission below detectable limits. The pure plastic layer on the outside

of the target prevents any Ti from being ablated into the corona, which would then heat

up and emit x rays, masking the sought-after x-ray signal from the core. Simulations

predict ∼25% (by mass) of the pure plastic layer to be ablated. While the Ti-dopant

functions as intended, recent private communication with Kritcher (of Ref. [100]) and

experimental observation has suggested it may be an unnecessary complication to the

target composition.

The targets were illuminated by a variety of laser pulses. The laser pulse used for

the first experiment (a platform development day) was a square pulse with varying max-

imum laser power, and a shaped pulse consisting of a 500-ps foot followed by a high
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Figure 4.2: Laser power versus time for the SSS development day (a) and the shaped laser pulses used
in the experiments published in [4] (b).

intensity square pulse as shown in Fig. 4.2(a). Figure 4.2(b) shows a variety of laser

pulses used for the rest of the campaign, consisting of a 2-ns laser pulse with an 1-ns,

low-intensity foot used to create a coronal plasma followed by a 1-ns, high-intensity

square pulse with 22 to 27 kJ of laser energy. These pulse shapes were applied to tar-

gets with different outer diameters to vary the on-target laser intensity. The 60 OMEGA

beams were equipped with a mix of small spot phase plates. 43 beams were equipped

with IDI-300 [103], 7 beams with ESG10-300-48, 6 beams with ESG10-300-23, 2

beams with 100 µm, and 2 beams with 200 µm phase plates. IDI-300, ESG10-300-23,

and ESG10-300-48 are elliptical phase plates with different focal spot sizes. While it

is desirable to use a single type of phase plate, only 43 IDI-300’s are available on the

OMEGA laser system. The complication of using a variety of small phase plates to

make up the other 17 beams has a negligible effect on the primary observable however.

The phase plates are rotated such that the minor axis was orientated along the splitting

direction of the birefringent optical wedges [104] to produce slightly elliptical focal

spots with a radii of∼221 µm along the minor axis and∼246 µm along the major axis

when operated with SSD [40]. When SSD is turned off, the ellipticity increases such

that the minor and major axis are ∼118 µm and ∼163 µm respectively. Both calcula-
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Figure 4.3: An x-ray framing camera captured a short x-ray flash at the time when the shock converged
in the center. The timing in each frame gives the peak time of the electrical gating pulse relative to the
start of the laser pulse.

tions of the radii are taken at the 5% point of the maximum intensity. This combination

of phase plates and smaller target sizes (roughly half the size of a standard OMEGA

implosion target) provides∼14% σrms non-uniformity in the on-target illumination pat-

tern (via a VISRAD simulation) but allows the on-target laser intensity to reach up to

∼6×1015 W/cm2 at the initial target surface. Two-dimensional DRACO simulations

show the illumination non-uniformity has a negligible impact on the temporal occur-

rence and strength of the x-ray flash.

The x-ray emission from the center of the target was measured temporally, spatially,

and spectrally resolved using an x-ray framing camera (XRFC) [5] and a streaked x-

ray spectrometer (SXS) [105]. The XRFC spatially and temporally resolved the x-ray

emission, using a 4 × 4 pinhole array to produce 16 enlarged images of the target on

a microchannel-plate (MCP) detector, which was covered with four strips of gold film.

A 200-µm Be foil and a thin (12-µm) Ti foil placed in front of the detector, combined

with the spectral response of the diagnostic, restricted the range of recorded x rays

to ∼3 to 7 keV. For reference, Ti He-α line emission occurs at ∼4.5 keV. Figure 4.3

shows a portion of the raw data collected with the XRFC for a typical experiment. At
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early times, the observed emission originates from the hot corona when the laser is still

interacting with the target, and as time progresses, the laser shuts off and the corona

cools. After a brief period of time (∼1ns), the appearance of a small but bright source

of x rays originating from the center of the target is observed. The x-ray emission was

measured from a very small region with a diameter of less than ∼15 µm (full width

at half maximum). The simultaneously operated SXS captured this line emission and

determined the temporal width of the emitted intensity to be shorter than ∼50 ps. The

temporal occurrence of the x-ray flash between the two detectors is within the absolute

timing error of each other.

Copious amounts of suprathermal electrons are generated when the thresholds for

two-plasmon-decay (TPD) and stimulated Raman scattering (SRS) instabilities are ex-

ceeded early during the rise of the high-intensity square pulse [48]. The tempera-

ture of the suprathermal electrons and the temporal dependence were measured with a

time-resolved, four-channel hard x-ray detector (HXRD) [106] and two time-integrated

imaging-plate diagnostics HERIE [107] and BMXS [108]. Typical temperatures mea-

sured for the suprathermal electrons can be fit to single-temperature Maxwellian distri-

butions with central temperatures in the range of 50 to 100 keV with BMXS measuring

temperatures at the higher end and HERIE at the lower end. Up to 2 kJ (∼8% of the

total incident laser energy) of suprathermal electrons were inferred to be deposited into

the target by comparing the measured bremsstrahlung emission to Monte Carlo simula-

tions, assuming that the suprathermal electrons were generated isotropically. Figure 4.4

shows the dependence of the inferred energy and temperature of the suprathermal elec-

trons on the laser energy averaged over both detectors. Although the observed quantity

of suprathermal electrons appears to be primarily a function of the laser energy and

not the laser intensity, additional experiments have determined that the operation of

SSD has a significant effect as well. This was observed experimentally for two shots
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Figure 4.4: Total energy converted into (a) and temperature of (b) suprathermal electrons versus laser
energy. Up to ∼8% of the total laser energy was converted into suprathermal electrons at moderate
temperatures. The error bars represent half the difference between the HERIE and BMXS diagnostics.

where the laser energy and target diameter were kept constant, and SSD was switched

on and off. It was found that in the case when SSD was switched off, nearly twice

the conversion efficiency into suprathermal electrons were inferred with no increase in

hot electron temperature. The conversion efficiency into suprathermal electrons when

keeping SSD on or off appears to be scale with the laser energy due to the fact that the

plasma parameters are significantly above threshold for the entire time the ignitor spike

pulse is on.

The laser light that was reflected back was measured with a full aperture backscat-

ter station (FABS) [109] which records the time-resolved spectra by two streaked spec-

trometers covering the wavelength ranges of 351±1 nm for stimulated Brillion scat-

tering (SBS) and 450-700 nm for SRS. Figures 4.5 and 4.6 show the reflected SRS

and SBS spectra and power respectively for shot 72676 (SSD on) and 72678 (SSD

off). The SRS spectra indicates a large dependence on whether or not SSD was func-

tioning, with up to ∼5× the amount of light being reflected in this wavelength range

when SSD is turned off, while the SBS spectra appears to relatively independent of the

operation of SSD. The SRS signal primarily starts ∼200 ps after the ignitor shock is

launched and is quenched shortly thereafter (SSD on) or persists throughout the entire
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Figure 4.5: Stimulated Raman scattering spectra versus time for shots 72676 and 72678. The y-axis
corresponds to the wavelength of light reflected, corresponding to the ratio of the electron density to the
critical density the 351 nm light was reflected at (inset y axis). For reference the incident laser power (in
arbitrary units) is delineated by the blue and white dashed line, with a vertical line out of the reflected
spectral power shown in solid white (in arbitrary units). The color bar indicates the logarithmic intensity
of the measured light (in arbitrary units).

Figure 4.6: Stimulated Brillion scattering spectra versus time for shots 72676 and 72678. The y-axis
corresponds to the wavelength of light reflected. For reference the incident laser intensity is delineated
by the white line at the bottom of the figure, with the maximum on-target intensity marked by the inset
number. The color bar indicates the logarithmic intensity of the measured light (in arbitrary units).
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Figure 4.7: Two plasmon decay scattering spectra versus time for shots 72676 and 72678. The y-axis
corresponds to the wavelength of light reflected. For reference the incident laser intensity is delineated
by the gray line, and the vertical line out of the spectral power is shown in the white line. The color bar
indicates the logarithmic intensity of the measured light. All intensity scales are shown in arbitrary units.

drive (SSD off). The physical mechanism for this quenching is not fully understood at

this time. The SBS signal has a large spike as soon as the ignitor spike is launched, due

to the local increase of the velocity gradient in the coronal and reflects up to ∼11% of

the instantaneous laser energy. The amount of laser light scattered by SBS during the

rest of the main drive however is quite small. The near-backscattered light outside the

FABS aperture was measured by the near backscatter image (NBI) as well as the scatter

calorimeters (SCAL). The emission of the 3/2-harmonic of the 351 nm laser radiation

is a signature of the TPD instability and is recorded with a 3HALF diagnostic which

comprises a streaked spectrograph at ∼234 nm. Figure 4.7 shows the 3/2-harmonic

emission indicating TPD is active and independent of the operation of SSD.

This data indicates that although the TPD instability is above threshold, SRS ap-

pears to be the primary generator of suprathermal electrons. The observation of mod-

erate temperature suprathermal electron temperatures at these laser intensities has a

significant impact on SI designs since they can enhance the ignitor shock [78] and im-

prove the implosion performance [6].
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Figure 4.8: False color image of the raw data obtained via XRFC for shot 72673 where x-rays originating
from the core are the small red circles observed in the middle two strips. Time increases from left to right,
with the bottom strip triggered first and subsequent strips (moving up) starting once the voltage pulse has
traversed the previous strip. The color bar indicates the intensity of the emitted x rays, transcribed from
black and white film or CCD image.

4.2 Flash time extraction model

This section will cover the details of the model used to extract the x-ray flash time

from the XRFC data. This model is based on Ref. [5] and translates the intensity

of framed images of the x-ray emission into a precise time when the x-ray emission

occurred. A sample data set from shot 72673 using framing camera 4 imaged onto a

CCD camera is shown in Fig. 4.8. Four strips are shown, with time increasing from

left to right, and the strips are sequentially ordered with time increasing upwards with

each strip. The x-ray emission from the target first passes through a 4 × 4 pinhole

array, and separates the emission on each strip into four frames, each from a different

pinhole. The x-ray emission begins to be imaged onto the CCD in the second frame
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Figure 4.9: Schematic of MCP x-ray camera. Electrons are multiplied through the MCP by voltage Vc
and are then accelerated onto the phosphor by voltage Vph. Adapted from [5].

of the second strip and persists until the second frame of the third strip, indicated by

the red circles near the vertical center of strips two and three. Significant amounts of

background noise are recorded (as evidenced by image formation off the strips) and are

due to the scattering of x-rays around the x-ray shield at the front of the diagnostic.

It is measured in all of shots that have significant amounts of suprathermal electron

generation.

To understand how the image is formed onto the film or a CCD camera, a brief

description of the operation of the XRFC diagnostic and its MCP is provided. The

XRFC consists of four independent strips that form an image onto a CCD camera when

a voltage bias is applied to the MCP. A schematic of the MCP is shown in Fig. 4.9.

X-rays incident upon the Au-coated photocathode ionize the atoms and if the voltage

pulse is being applied, locally gates the photoelectrons down a single tube within the

MCP, multiplying in number with a dependence on the applied voltage (that propagates

across the strip). The electrons are accelerated by the applied voltage from the back of

the MCP to the front of the phosphor plate and impact the phosphor plate, turning

the electron energy back into visible light. This light is then imaged onto a film pack
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Figure 4.10: Temporal profiles of the simulated x-ray emission intensity when the ignitor shock reaches
the center of the target (blue), voltage gain triggering the collection of photons (red), and convolution of
the red and blue curves (black) versus time. The convolution is used to fit the experimentally integrated
x-ray signal from the XRFC to accurately determine the flash time.

or CCD camera. Each strip contains its own voltage pulse that propagates across the

length of the strip in ∼200 ps. The bottom strip is triggered first and subsequent strips

(moving up) trigger once the voltage pulse has traversed the previous strip. This gives

the XRFC images that are both spatially resolved (via the pinhole array) and temporally

gated (via the propagating voltage pulses).

The electrical gain of the photoelectrons as they travel down a single tube of the

MCP is determined by the applied local voltage from the voltage pulse. As pointed

out in [5] the gain scales with the voltage to the ninth power, G ∼ V 9, for standard

MCP setups. After discussing with many experimentalists, the exponent of the voltage

dependence is changed to be as small as 5 or as large as 13, depending on the incident

x-ray signal. For this experiment, the exponent merely changes the temporal width of

the overall gain, which has a small effect on the analysis. Figure 4.10 shows the gain

of the voltage strip in red, shifted so the maximum occurs at 2.39 ns. The voltage

pulse used in the model is the average of four pulse tests and it unique to each strip and

framing camera, and has ∼200 ps FWHM. Also shown in Fig. 4.10 is the simulated

x-ray emission as a function of time for a typical experiment, delineated as the blue
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line. The temporal dependence of the x-ray emission was obtained from a SPECT3D

[110] post processed LILAC simulation, and is averaged over the entire emission time

and spectral range of 3 to 7 keV. Details of the radiation hydrodynamic simulations are

provided in the next section (Sec. 4.3). In the simulation the ignitor shock reaches the

center of the target at 2.390 ± 0.005 ns, resulting in the spike in x-ray emission. The

emission decays after the shocked core cools and expands until a rebound shock causes

a temporary increase in the emission. This secondary x-ray emission however is an

order of magnitude weaker than the original x-ray emission, and thus the FWHM of the

simulated x-ray flash is ∼15 ps.

The convolution of the gain signal (red line) and the simulated x-ray emission (blue)

in Fig. 4.10 gives the prediction of the experimental intensity of the x-ray flash as a

function of time (black). This indicates the x-ray emission would follow the shape

of the convolution as a function of time and is used to translate the experimentally

integrated pinhole images from XRFC into a specific x-ray flash time.

The signal gain of each strip, and camera, is convolved with the simulated x-ray

emission and its shape is compared to the experimentally measured intensity for each

shot to determine the x-ray flash time. The intensity of the x-ray emission from each

frame of the XRFC data is spatially integrated over the entire emission of a single pin

hole image. The background emission from the cooling coronal plasma is subtracted

from the integrated image and a low-pass filter is applied to the resulting data. As

an example, Fig. 4.11(a) shows the integrated and smoothed signal strength from the

second strip of Fig. 4.8. The signal strength from each pin hole image is then fit to

a Gaussian distribution and compared to the strength of the other images on the same

strip. The relative values of these images are then compared to the simulated x-ray

emission intensity to infer the x-ray flash time. Figure 4.11(b) shows the convolution

of the voltage pulse gain from strips two and three (black and green lines) from XRFC4
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Figure 4.11: Best fit of the XRFC model used to extract the x-ray flash time from the data shown in Fig.
4.8. (a) Relative emission strength calculated from XRFC4 for shot 72673 as a function of the voltage
pulse propagating across the strip, i.e. strip time. (b) The convolution of the voltage pulse from strip
two (black) and strip three (green) and the simulated x-ray emission versus absolute time. The circles
indicate the strip-normalized integrated intensity of the measured x-ray emission for each pinhole image.

for shot 72673, and are compared to the experimental intensity from that shot (circles).

The spacing between each experimental point (circle) is determined by the time it takes

the voltage pulse to propagate from one frame to another, and it is seen that the third

and fourth frame of the second strip occurs at roughly the same time as the first and

second frame of the third strip. Because the voltage gain is unique to each strip, this

analysis does not compare the signal strengths between strips, and only compares the

relative signal strength within the same strip. In Fig. 4.11(b), the convolutions have

been adjusted in height and vertical offset to obtain the best fit of the experimental data

to determine the x-ray flash time.

The flash time extraction analysis is applied to all of the experiments throughout

the campaign, and the result of this analysis is shown in Fig. 4.12. A clear correlation

between the size of the target and when the x-ray flash occurs is clearly observed, with

smaller targets exhibiting earlier flash times. Also shown is the effect turning SSD on

(blue) or off (red)has on the x-ray flash time. Generally it is observed that experiments

that operated without SSD had earlier x-ray flash times, due to the much larger amounts
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Figure 4.12: Experimental x-ray flash time versus initial target diameter for shots with SSD on (blue)
and SSD off (red). The errors bars signify the ±50 ps accuracy in the absolute timing of the diagnostics.

of suprathermal electrons generated. Extracting the shock and ablation pressures from

the experimental data is discussed in the next section (Sec. 4.3).

4.3 Radiation Hydrodynamic Simulations

The x-ray flash times extracted from the XRFC images (shown in Fig. 4.12)

allow the inference of the shock and ablation pressure via radiation-hydrodynamic

simulations for each experiment. The simulations used the radiation-hydrodynamic

code LILAC [19] and were run with a multigroup radiation diffusion model, Thomas-

Fermi [111] or SESAME [61, 62] EOS, flux-limited thermal transport [112], and a

suprathermal electron-transport package [113]. The suprathermal electron-transport

package is a straight-line deposition model whereby a fraction of the laser energy

reaching the quarter-critical surface is converted into suprathermal electrons with a

single-temperature Maxwellian distribution and 2π forward divergence. The flux lim-

iter, which is the only free parameter within the radiation-hydrodynamic simulations,

is adjusted to match the experimentally measured x-ray flash time. Each simulation is,

in principle, constrained by its own x-ray flash time and therefore has a unique flux
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limiter ranging from 5% to 8%. There does not appear to be a correlation between the

flux limiter value and any other experimental observable, but is primarily influenced

by the x-ray flash time. That is, if the experimental x-ray flash time is measured to be

earlier than it should due to an experimental error, a larger flux limiter is required and

vice versa. It is possible however to constrain the flux limiter to a single value of 6.5%

for all of the simulations and still be within the experimental x-ray flash absolute error.

For completeness, the ablation pressure is calculated as the pressure in the shell at the

position where the material velocity is zero in the lab frame. Although this is an ap-

proximate definition of the ablation surface, it is computationally the most accurate and

is quite robust for targets that are converging with small fluid velocities
(
. 107cm/s

)
,

such as the solid spheres used in these experiments.

The simulations are constrained to the experimental observables: the temporal oc-

currence of the x-ray emission, the suprathermal electron energy and temperature dis-

tribution, and the temporal evolution of the hard x-ray emission (due to the temporal

generation of the suprathermal electrons). The temporal occurrence of the x-ray emis-

sion from the center of the target is the primary observable and is regarded as the pre-

dominant constraint. The simulation’s suprathermal electron energy and temperature

distribution are set as the average of the HERIE and BMXS measurements (see Fig.

4.4). The temporal generation of the suprathermal electrons is measured via the hard

x-ray emission and experiments show their generation occurs ∼200 ps after the ignitor

shock is launched. A comparison between the constrained simulation and experimen-

tally measured hard x-ray emission for a typical experiment is shown in red in Fig.

4.13. The temporal dependence was only able to be experimentally measured on one

experiment, and assumed to be constant for all others. Also shown is the comparison

between the measured and simulated laser power absorption in blue. Although this is

another experimental observable that could be used to constrain the simulations further,
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Figure 4.13: Comparison of a typical experimental (solid) and simulated (dashed) incident laser power
(gray), laser absorption (blue), and hard x-ray emission (red) resulting from suprathermal electrons (in
arbitrary units). The experimental hard x-ray emission was averaged over the three highest HXRD chan-
nels.

the models used to compute the laser absorption and thermal electron transport of that

energy to the ablation surface do not accurately capture all of the physics that actually

occurs. Therefore the analysis does not use the laser absorption comparison to provide

an additional constraint, but rather to substantiate the simulation’s credibility.

The results of a fully constrained simulation can be used to extract the shock and

ablation pressure throughout the ignitor shock’s convergence to the center of the target.

Figure 4.14 illustrates the shock (red) and ablation pressure (blue) for three simulations

which match the experimental observables using different electron energy transport

models. The solid lines indicate a simulation that is fully constrained, i.e. it matches

all of the experimental observables. The dotted lines indicate a simulation which is

exactly the same and the solid lines’ simulation, except no suprathermal electrons were

introduced (thus the x-ray flash time is delayed in time). This allows one to visually

compare the impact the suprathermal electrons have on the dynamics of the shock tra-

jectory, and in the particular example shown in Fig. 4.14, the suprathermal electrons

are observed to significantly enhance the ablation pressure by up to ∼50% instanta-

neously. This result is corroborated with recent theoretical work showing ∼300-Mbar
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Figure 4.14: Simulated ablation pressure (blue) and shock pressure (red) as a function of time for shot
72679. The solid lines indicate a simulation that matches all experimentally observed quantities using a
flux limiter of 5%. The dotted lines are the simulation results in the absence of suprathermal electrons
(flux limiter of 5%). The dashed lines indicate a simulation that also matches the x-ray flash time but
in the absence of suprathermal electrons (the flux limiter was increased to 8%). For reference, the solid
gray line indicates the laser pulse.

shock pressures can be generated solely due to suprathermal electrons [77]. Finally,

the dashed lines indicate a simulation where suprathermal electrons are not included,

but the x-ray flash time matches the experimental value. This allows the comparison

between two simulations that are able to achieve the same x-ray flash time through dif-

ferent energy transport models. In order to achieve the same x-ray flash time without

suprathermal electrons, the flux limiter had to be increased from 5 to 8 %. For each

type of simulation, Fig. 4.14 shows the ablation pressure increases as a function of

time, due to both thermal conduction of the absorbed laser energy and the energy depo-

sition by suprathermal electrons, and decays soon after the laser is shut off. Meanwhile,

the shock pressure (for the simulations without suprathermal electrons) closely follows

the ablation pressure until the shock front separates from the ablation front and rapidly

increases in time due to convergence effects [114]. When suprathermal electrons are

included however, the shock pressure is immediately increased once the suprathermal

electrons are generated and therefore does not follow the ablation pressure as closely.
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Figure 4.15: Scaling of the inferred maximum ablation pressure with suprathermal electrons (solid red
circles and solid line) and effective maximum ablation pressure without suprathermal electrons (open
blue circles and dashed line) versus the maximum laser intensity that is absorbed at the critical surface
for simulations matching all of the experimental observables.

This clearly demonstrates the degree to which the suprathermal electrons are enhancing

both the shock and ablation pressure in these experiments.

4.4 Ablation Pressure Scaling

Extracting the results from all of the constrained simulations reveals the maximum

ablation pressure Pmax
a scales with the maximum absorbed laser intensity at the critical

surface, I15 abs, in units of 1015 W/cm2 via the following formula:

Pmax
a (Mbar)≈ 90I1.2

15 abs, (4.1)

and is shown in red in Fig. 4.15. This inference gives an estimate to the actual ablation

pressure one can expect given the same laser illumination and suprathermal electron

conditions, indicating that ablation pressures in the several hundred Mbar range can be

achieved at absorbed laser intensities in the mid-1015 W/cm2. The error bars in Fig.

4.15 are the result of adjusting the simulated x-ray flash time by ±50 ps as a result of

the absolute error in the timing diagnostics, simultaneously changing both the simulated
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absorbed intensity and ablation pressure. The use of the absorbed laser intensity instead

of the on-target laser intensity gives a more accurate conversion between the energy

transferred from the laser to the target.

Considering the impact suprathermal electrons have on the shock pressure, simply

using the ablation pressure as a metric to describe the conversion of laser energy into

a shock strength is insufficient. Because the stopping power of the material before the

ablation front is small compared to the range of the suprathermal electrons, as is the case

in this experiment, suprathermal electrons can enhance the shock strength beyond the

applied ablation pressure. Therefore, a more-effective metric in this case would be to

adjust the energy transport model to simulate the effect of suprathermal electrons on the

shock strength and observe a new “effective ablation pressure.” The effective ablation

pressure, Peff
a , (dashed curves in Fig. 4.14) drives the shock at the same velocity as

when suprathermal electrons are included (solid curves in Fig. 4.14) but without the

use of suprathermal electrons and follows the scaling formula

Peff
a (Mbar)≈ 90I1.4

15 abs, (4.2)

and is the blue dashed line in Fig. 4.15. This is achieved by increasing the flux limiter

to compensate for the lack of suprathermal electrons enhancing the ablation pressure

and shock strength. The increase in the flux limiter is unique to each shot and depends

on the constraining experimental data. Physically this can be explained by the fact that

a shock must travel from the outside of the target to the center in the measured period of

time regardless of how the energy is transferred. Therefore, whether the shock is solely

driven by the rocket effect or by a combination of ablation pressure and suprathermal-

electron energy, the pressure behind the shock must be independent of the mechanism

driving the shock and even insensitive of many physics details. Corroborating this
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point is the choice of EOS; whether using Thomas-Fermi or SESAME, the resulting

shock pressure required to match the experimental observables remains the same de-

spite differences in post-shock mass density. Both Eqs. 4.1 and 4.2 are specific to the

experiments performed and are not intended to be general scaling laws. This is due to

the complication of the suprathermal electrons in how they deposit their energy into

the target. Different target geometries and/or plasma conditions will produce different

results based on the suprathermal electron energy, temperature, and penetration depth.

The scaling fits (Eqs. 4.1 and 4.2) show a significant departure from previous spher-

ical ablation pressure scaling

Ptheory
a (Mbar)≈ 100I7/9

15 abs (4.3)

derived for low intensities
(
≤ 1015W/cm2) [115]. The differences are likely caused

by the much larger laser intensities being used as well as the presence of copious

amounts of suprathermal electrons that enhance the ablation pressure. In the absence of

suprathermal electrons, the exponent of the ablation pressure scaling is found to vary

with the choice of flux limiter; e.g., choosing a value of 6.5% yields a linear dependence

on the absorbed laser intensity (a flux limiter value of ∼5% yields a 7/9 dependence).

Including suprathermal electrons then, enhances the scaling. Therefore, despite dif-

ferences between this experiment and previous ones, the effect suprathermal electrons

have on the ablation pressure is quantitatively significant.

Extrapolating Eqs. 4.1 and 4.2 to the absorbed laser intensities of about ∼ 7×1015

W/cm2 used in the 700-kJ NIF SI point design of Ref. [6], one finds ablation pressures

that significantly exceed the required 600 Mbar (900 Mbar and 1.3 Gbar, respectively),

indicating predicted ablation pressures to be high enough for robust ignition. In fact,

simulations with similar suprathermal temperatures (50 to 100 keV) and conversion
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Figure 4.16: ITF1-D plotted as a function of the percentage of the spike laser energy coupled into hot
electrons for three hot-electron temperatures. Adapted from [6].

efficiencies (∼ 10%) ignite with an ITF1D of ∼ 5 (see Fig. 4.16) [6, 36]. However,

NIF-scale ignition targets are much larger than those used in the OMEGA experiments,

thereby leading to longer-scale-length plasmas at the time of shock launch. Higher lev-

els of laser-plasma instabilities are also expected and a simple extrapolation of Eqs. 4.1

and 4.2 to NIF-scale plasmas may not be applicable. Therefore, despite these encour-

aging results obtained on OMEGA, an accurate extrapolation of the shock pressure to

ignition-scale designs requires experiments on the NIF.

In summary, this experimental campaign and analysis provided the first exper-

imental ablation-pressure inferences in spherical geometries at SI-relevant laser in-

tensities. Up to 8% of the laser energy was converted into suprathermal electrons

that enhanced both the ablation pressure driving the shock and the shock itself, lead-

ing to an inferred effective ablation pressure scaling with the absorbed laser inten-

sity of Peff
a (Mbar) ≈ 90I1.4

15 abs. This result demonstrates the ability to launch several-

hundred-Mbar shocks at SI-relevant laser intensities with the generation of moderate-

temperature suprathermal electrons.
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4.5 Future Spherical Strong Shock Experiments

This section will cover near and long term experiments that already have planned

shot days on OMEGA, Ultra Strong Spherical Shock Experiments (Sec. 4.5.1) and

Material Studies at Gigabar Pressures (Sec. 4.5.2), or are in the proposal phase for a

NIF experiment, SSS Experiments on the NIF (Sec. 4.5.3). This work is a continuation

of the SSS platform and will be pursued by the author and collaborators.

4.5.1 Ultra Strong Spherical Shock Experiments

In light of the recent demonstration of launching several hundred Mbar shocks with

the aid of suprathermal electrons [4], a new experiment specifically designed to en-

hance the generation of low-temperature suprathermal electrons will be performed in

September of 2014. The experimental setup for this day will be similar to the previous

SSS experiments, however the phase plates of the OMEGA beams will be removed and

the beams themselves will be focused to ultra-high intensities, similar to the ‘40+20’

experiment performed on warm implosions (Ref. [81] and Sec. 3.3.1). The idea of this

experiment is to remove the phase plates and focus the beams to have as large of an

on-target intensity with as little overlap as possible, ∼40 keV suprathermal electrons

generated via SRS with conversion efficiency into the ∼15% range will significantly

enhance the spherically converging ignitor shock. Lower temperature suprathermal

electrons (∼40 keV) are ideal to augment laser driven shocks as they will be stopped

locally on the outside of the target and will enhance the strength of the ignitor shock to a

larger degree than higher temperature (∼100 keV) suprathermal electron distributions.

The targets will be identical to those previously shot (see Sec. 4.1) as to introduce as

few other changes to the experiment as possible.

The proposed experiment will adjust the focus of the 60 OMEGA beams without
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Figure 4.17: (a) Simulated laser x-ray flash time versus intensity. (b) X-ray flash time versus the
total energy deposited into suprathermal electrons. Approximately 300 J were deposited when SSD was
turned on, and 1700 J when SSD was turned off.

phase plates from the nominal target radius of 215 µm to as small as 50 µm, the small-

est spot sizes possible, to as large as 300 µm on the larger 600 µm outer diameter tar-

gets. This will vary the on-target intensity from overlapped values of ∼4×1015 W/cm2

to nearly-non-overlapping-beams with intensities of ∼8×1015 W/cm2. LILAC simu-

lations predict increasing the on-target laser intensity will shorten the x-ray flash time

approximately by ∼80 ps (see Fig. 4.17(a)) and increase the peak ablation pressure by

∼70 Mbar. In addition to increasing the on-target laser intensity, the shock strength is

expected to be enhanced by an even greater amount of suprathermal electrons previ-

ously measured. The energy conversion into hot electrons was observed to drastically

increase when turning off SDD, and is expected to increase even more with higher laser

intensities and no phase plates. While the temperature and conversion efficiency can-

not be determined prior to the experiment, this laser configuration is approaching the

conditions of the ‘40+20’ campaign. Figure 4.17(b) shows the x-ray flash time versus

the total energy deposited into hot electrons if the temperature of the hot electron pop-

ulation is at 60 keV. This shows that if twice the amount of laser energy is converted in

hot electrons, the x-ray flash time would decrease by ∼80 ps and would correspond to

a maximum ablation pressure of ∼950 Mbar.
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Figure 4.18: (a) Total power deposition as a function of azimuthal and polar angle for the standard
SSS experimental setup. (b) Total power deposition as a function of azimuthal and polar angle for the
proposed experiment with laser spot radii at 117 µm. (c) The red line is the deposition uniformity
σRMS plotted against the spot size radius. The dashed black line indicates the σRMS of the standard SSS
experimental setup shown in (a).

Due to the tight focusing of the spot sizes this experiment will utilize, spatial uni-

formity of the shock must be considered. As the laser is focused to smaller spots

the on-target illumination pattern will become less uniform and may generate non-

symmetrically converging shocks. If the shocks are distorted so that they do not all

converge at the center of the target and at the same time, the x-ray flash may be too

weak to be measured. This effect however may not be significant based on the “cloudy-

day” model [116] of laser absorption. The spatial uniformity of the power deposition

will be investigated numerically using the 2-D radiation hydrodynamics code DRACO

to determine the acceptable tolerance level prior to the experiment. Figure 4.18(a)

shows a calculation of the laser deposition uniformity for the standard SSS experi-

mental setup with phase plates using VISRAD. Figure 4.18(b) shows the equivalent

deposition uniformity for the smallest focus possible, and Fig. 4.18(c) is a scan of the

energy deposition standard deviation versus focus radius. Given that the x-ray signal

was strong enough to be measured in the standard SSS experiment (dashed line in Fig.

4.18(c)), the proposed experiment should not be affected for foci radii down to ∼120

µm.



CHAPTER 4. SPHERICAL STRONG SHOCK EXPERIMENTS 126

The results of the proposed experiment will push the on-target laser intensity bound-

aries of laser-driven shocks to reach unprecedented shock strengths and assess the vi-

ability of the shock ignition scheme. This campaign will explore SI relevant laser in-

tensities to determine if the presence of large amounts of low-temperature suprathermal

electrons are generated which can significantly enhance the shock strength while avoid-

ing fuel preheating. Whether or not suprathermal electrons are beneficial for shock

ignition depends on the suprathermal electron energy and temperature. The lower the

suprathermal electron temperature, the lower the preheat level, the more localized is the

suprathermal electron energy deposition and the stronger the shock.

4.5.2 Material Studies at Gigabar Pressures

Another future experiment is dedicated to the development of a new high energy

density physics (HEDP) platform intended to measure material properties at gigabar

pressures. The development of this platform arose from the inference of strong shocks

converging upon the center of the target exceeding gigabar pressures. As an example,

for the particular experiment shown in Fig. 4.14 the shock pressure is inferred to ex-

ceed 1 Gbar when the shock is ∼25 µm from the center of the target. This opens the

parameter space in HEDP to study material properties in the Gbar regime. This ex-

periment is scheduled for the fourth quarter of the 2014 fiscal year and a schematic of

the target is shown in Fig. 4.19. A hollow gold cone is inserted into a 430 µm outer

diameter solid sphere with an opening at the cone tip. The target has several different

layers and a solid sample core (e.g. iron) will be placed in front of the open tip. The

advantage of this target is that it ensures a direct line of sight to the core and avoids the

re-absorption of the x-ray radiation from the sample by any surrounding cold material.

The x-ray emission of the sample at shock convergence will be measured by various



CHAPTER 4. SPHERICAL STRONG SHOCK EXPERIMENTS 127

Figure 4.19: Schematic of a cone-in-sphere target for the HEDP platform experiment.

x-ray diagnostics via the direct line of sight. The purpose of the high Z layer (e.g. gold)

embedded in the plastic target is to shield the sample core from hot electron preheat.

The thickness and composition of the high Z material will be refined based on the re-

sults of the Ultra Strong Spherical Shock Experiment (Sec. 4.5.1). Future experiments

may employ VISAR or SOP to measure the shock breakout and/or temperature. The

hollow gold cone will be designed to ensure that any shocks launched from the target

surface will not break out into the line-of-sight volume before the converging shock

reaches the center of the sample material. The cone thickness, opening angle, diameter

of the open tip, and the geometry of the sample material will be optimized using 2-D

radiation hydrodynamic DRACO simulations.

LILAC simulations have been performed to predict the material conditions in the

sample. The simulated target has a 30 µm diameter core of solid iron surrounded by

95 µm of plastic, 40 µm of silicon for hot electron shielding, and an outer layer of 50

µm of plastic ablator. The target is driven with 26 kJ of laser energy under the same

conditions as previous SSS experiments. When including the measured hot electron

distribution from previous SSS experiments, the average core pressure is∼50 Gbar, the

ion temperature is∼1 keV, and the density is∼100 g/cm3, where the average was taken

over the inner radius of 5 µm at the time of shock convergence. Figure 4.20 shows the
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Figure 4.20: X-ray self-emission of iron at 1 keV at densities varying from 0.1-1000 g/cm3. For
reference, the iron Heα lines are at ∼6.7 keV.

predicted spectrum of the x-ray self-emission from iron at 1 keV at various mass densi-

ties using the program PrismSPECT [117]. This simple model can sufficiently describe

the experiment due to the direct line of sight the spectrometer has to the center of the

core. Comparing the different spectra from the calculations shows that the HEDP plat-

form can operate from solid density (near 10 g/cm3) to densities exceeding 100 g/cm3.

Spectral information will be lost due to line broadening and continuum lowering at

higher densities. Measuring the width of the broadened lines coupled with the tempo-

ral occurrence of the shock flash, hot electron measurements, and scattered light data,

will constrain post-processed simulations and infer the conditions in the core.

Both the laser power being applied to the target and the sample material in the core

will be varied throughout the proposed experiment. Adjusting the illumination condi-

tions will vary the shock strength and lead to changes in the core peak pressure, density,

and ion temperature. Changing the core material will explore the potential parameter

space available to the platform and provide an estimate to the peak core temperature.

Detailed information on density and temperature will be obtained by comparing the
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measured x-ray spectra to collisional-radiative calculations which includes details of

the excitation and de-excitation paths, opacity, and atomic physics.

The proposed experiment will develop a new HEDP platform to probe material

properties exceeding gigabar pressures. Enhancement of the shock strength via hot

electrons can lead to the generation of ultra-strong shocks converging at the center of

the target allowing the study of materials at extreme conditions and would be the first

platform to allow the probing of sample materials at gigabar pressures.

4.5.3 Spherical Strong Shock Experiments on the NIF

Demonstrating the generation of several hundred Mbar shocks at SI-relevant laser

intensities on the OMEGA laser with low temperature suprathermal electrons achieved

a milestone for SI [4]. The next step in demonstrating SI as a viable path to ignition

is to demonstrate the same capability on ignition-scale targets, i.e. using the NIF laser

system. This proposed experiment will establish the SSS platform on the NIF facility

and will allow the laser absorption and suprathermal electron preheat levels to be de-

termined for ignition-scale SI implosions using solid targets. This will also validate (or

invalidate) SI as an alternative scheme for inertial confinement fusion. This platform

can also be used to study high energy density regimes that are otherwise inaccessible

as discussed in Sec. 4.5.2.

The primary objective of this campaign is to infer the ablation pressure at condi-

tions relevant to ignition-scale shock ignition implosions. This will be accomplished

by measuring the temporal occurrence of the x-ray flash from the center of the tar-

get due to a convergent strong shock and comparing it to the results of multi-physics

hydrodynamic simulations, in the same manner as those developed on the OMEGA

experiments. The x-ray flash time, the laser absorption, hot electron energy fraction,
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and hot electron temperature will also be measured and used to constrain the support-

ing hydrodynamic simulations. The experimental absorption can be measured using

the FABS [118] diagnostic, the hot electrons can be measured using the FFLEX [119]

device and the primary observable, the x-ray flash, can be temporally resolved using

DIXI [120] or HSXRS. No new developments would be needed to create the target

either, as the target manufacturer (General Atomics) has already created smaller, but

similar, targets for OMEGA experiments.

The most significant difference in implementing the SSS platform between the

OMEGA and NIF laser systems is the beam pointing configuration. While the OMEGA

laser system beam pointing configuration is symmetrically orientated, the NIF laser sys-

tem is set up in a polar drive configuration. Therefore, in order to generate a spherically

symmetric converging shock the beam pointing and power balance between the differ-

ent rings must be optimized. If the converging shock launched at the surface of the

target is perturbed to a high degree, shock converge may occur off axis or in multiple

location, leading to a severe reduction in the heating of the shocked material at shock

convergence, and could result in the deterioration of the x-ray signal to below measur-

able levels. Figure 4.21 shows an aitoff projection of the polar drive configuration in

comparison to the indirect drive pointing [6]. This work will utilize 2D multi-physics

hydrodynamic simulations with different laser beam pointings and power balances be-

tween rings (polar, mid-latitude, and equatorial) to determine the optimized configura-

tions for launching as-symmetric-as-possible shocks.

This experiment will be one of the penultimate tests to determine the feasibility of

the SI scheme without actually imploding a cryogenic capsule using a SI pulse shape.

As observed in the OMEGA experiments, copious amounts of suprathermal electrons

were generated via SRS and contributed to the formation of a stronger ignitor shock.

Due to the absence of SSD on the NIF laser system and larger density scale lengths, the
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Figure 4.21: Aitoff pointing scheme for x-ray drive (indirect) and polar drive (direct). Adapted from
[6].

effect of hot electrons augmenting the shock is expected to be significant, but unknown.

This proposal will be submitted before the end of September for a potential NIF shot

day in the 2015 fiscal year.
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Chapter 5

Conclusion

5.1 Summary

This thesis has covered the hydrodynamics of ICF implosions, both conventional

hot spot and SI. Starting with an introduction to ICF and establishing the theory of hy-

drodynamic equivalence, the implosion performance of hydrodynamically-equivalent

implosions can now be compared. The fundamental fluid mechanic models of ICF

implosions determined an optimal ignitor shock strength and launching time for SI im-

plosions. These conditions correspond to the optimal conditions to launch the ignitor

shock based on full-fledged radiation-hydrodynamic simulations in spherical geome-

tries. Simulations supporting the initial experimental implosions for warm SI implo-

sions brought attention to the importance of suprathermal electrons and the insufficient

strength of the ignitor shock. Subsequently, a new platform was developed with the

intent to infer the ignitor shock strength in spherical geometry. This was the first in-

ference of such strong shocks at these extreme laser intensities in spherical geometries

and has led to a new ablation pressure scaling law.

In Chapter 1 the fundamental principles behind ICF were reviewed. The condition

for an igniting implosion, the Lawson criterion, is extended to different energy scales
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based on measureable ICF quantities. Typical values for ignition require hot spot pres-

sures, ion temperatures, and areal densities to be roughly 100 Gbar, 5 keV, and 300

mg/cm2, respectively. An overview of the different phases of an ICF implosion were

described and a simple planar model was developed to gain an understanding of the

physical processes behind pressure amplification due to a imploding shell. It was found

that the compressible nature of the shell reduced the maximum central pressure by

roughly 50%. A critical shell thickness for the imploding target was also found which

must be exceeded in order to obtain maximum compression. Finally, we modeled the

multi-dimensional hydrodynamic instabilities using linear theory.

In Chapter 2 the theory of Hydrodynamic Equivalence was developed. Hydrody-

namically equivalent implosions are energetically scalable and have identical implo-

sion velocities, irradiation intensities, adiabats, and exhibit the same hydrodynamic

instability growth in both the acceleration and deceleration phase. The theory is com-

bined with the generalized ICF Lawson criterion (c.f. Sec. 1.1) to compare implo-

sions of different scales to determine hydrodynamically-equivalent ignition perfor-

mance on OMEGA-scale implosions (c.f. Sec. 2.4). Analytical derivations and numer-

ical simulations are used to predict the hydrodynamically-equivalent ignition threshold

on OMEGA-scale targets and were shown to be in agreement with one another. It

was found that while OMEGA and NIF targets can be designed to be approximately

hydrodynamically-equivalent, the difference in the initial level of nonuniformities pre-

vents an exact hydrodynamically-equivalent extrapolation. A robust extrapolation using

quasi-hydrodynamically-equivalent scaling requires areal densities of about 0.3 g/cm2

and a neutron yield of about 6×1013.

Chapter 3 covered the fundamental hydrodynamic concepts and experimental re-

sults of the SI scheme. This scheme drives a strong shock late in the implosion and

converts additional kinetic energy into hot spot internal energy to ignite the capsule.
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SI has several benefits over conventional-hot-spot implosions: a reduction in the re-

quired driver energy to ignite a target, higher gains at equivalent driver energies due

to larger amounts of fuel, and hydrodynamically stable implosions due to lower im-

plosion velocities. Ignitor shocks were added to the planar model used in Chapter 1

to understand the performance of SI implosions and determine the benefit of using

shocks in 1-D spherical implosions. Several shock techniques were investigated and

all showed a significant increase in the peak hot spot pressure over the conventional-

hot-spot implosions of similar driver energy. Experimentally, both warm and cryogenic

OMEGA experiments were analyzed using the radiation-hydrodynamic codes LILAC

and DRACO. The analysis found suprathermal electrons and experimental verification

of the ignitor shock strength to be important focal points for future research.

The final chapter of this thesis, Chapter 4, highlighted the new SSS platform devel-

oped to infer shock and ablation pressures of spherical targets illuminated at SI relevant

laser intensities. This campaign was able to determine the experimental x-ray flash

time, quantity and temperature of suprathermal electrons, as well as scattered light

data. This data was used in radiation hydrodynamic simulations to infer the shock and

ablation pressure generated by the ignitor spike. It was found that up to 8% of the

laser energy was converted into suprathermal electrons that enhanced both the ablation

pressure driving the shock and the shock itself, leading to an inferred effective ablation

pressure scaling with the absorbed laser intensity of Peff
a (Mbar)≈ 90I1.4

15 abs. This result

demonstrates the ability to launch several-hundred-Mbar shocks at SI-relevant laser in-

tensities with the generation of moderate-temperature suprathermal electrons. Finally,

we propose an experimental platform aimed at developing the spherical strong shock

platform on the NIF.



CHAPTER 5. CONCLUSION 135

5.2 Concluding Remarks

The most significant contribution of this dissertation to the scientific community

in the author’s opinion is the SSS study quantifying the ignitor shock strength at SI-

relevant laser intensities. This experiment demonstrates the ability to generate ignition-

scale ignitor shocks at extremely high laser intensities and achieves a milestone for the

SI concept. The idea to use the x-ray emission resulting from a convergent shock in a

solid target to infer the ablation and shock pressures had not been previously attempted,

and excellent data was successfully obtained on the first set of these experiments.

Supplementary to the dissertation was the development of the theory of hydrody-

namic equivalence. This work allows the comparison of OMEGA-scale implosions to

the same ‘ignition’ criteria as other, more energetic implosions. The author directly

contributed to developing the connection between the OMEGA and NIF energy scales

by applying ignition theory to the theory of hydrodynamic equivalence and support-

ing the results with as-realistic-as-possible hydrodynamic simulations. Developing and

executing reliable hydrodynamic simulations between two drastically different scaled

implosions verified both theories and determined the performance metrics required for

OMEGA-scale implosions for hydrodynamically-equivalent ignition.
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Glossary

‘40+20’ 40+20 Shock Ignition Experiment Campaign. xvii, 83–85, 87, 89, 123, 124

3HALF Streaked Spectrograph. 109

BMXS Full Aperture Backscatter Station. xviii, 106, 107, 116

CELIA Centre Lasers Intenses et Applications. 85

CHIC Multi-D Radiation Hydrodynamic Code. 85

DRACO 2-D Radiation Hydrodynamic Code. xv, xviii, 29, 52, 54, 59, 60, 63, 93, 98,
99, 105, 125, 127, 134

HERIE High Energy Radiography Imager For EP. xviii, 106, 107, 116

HXRD Hard X-ray Detector. xix, 106, 117

ICF Intertial Confinement Fusion. viii, xii–xiv, 3, 5–8, 11, 12, 17–19, 25–27, 29, 30,
43–45, 47, 50, 51, 67–71, 75, 132, 133

IFAR Inflight Aspect Ratio. xv, 33, 34, 37–39, 42, 51, 52, 54, 58, 70, 71, 93, 99

KH Kelvin-Helmholtz. 18, 27

LILAC 1-D Radiation Hydrodynamic Code. xii, xvii, 7, 86, 88, 90, 93, 96, 98, 113,
115, 124, 127, 134

LULI Laboratoire d’Utilisation des Lasers Intenses. 101

MCP Microchannel-Plate. xix, 105, 111, 112

NIF National Ignition Facility. xv, xvi, 29–31, 44, 46–48, 50, 52–66, 102, 121–123,
129–131, 133–135
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OMEGA OMEGA laser system. viii, xii, xiv–xvi, 29, 31, 44–46, 48, 50, 52–66, 83,
84, 91, 92, 95, 98, 100–102, 104, 105, 122, 123, 129, 130, 133–135

PALS Prague Asterix Laser System. 101

PrismSPECT Collisional-Radiative Spectral Analysis Code. 128

RH Rankine-Hugoniot. 8–10, 13, 72, 73, 75

RM Richtmyer-Meshkov. xiv, 18, 25, 26, 40, 94

RT Rayleigh-Taylor. xiv, xv, 8, 18–20, 24–27, 40–44, 47, 54, 56–59, 61, 88, 94

SBS Stimulated Brillion Scattering. 107, 109

SCAL Scatter Calorimeter. 109

SI Shock Ignition. viii, xii, xvi–xviii, 67–69, 71, 72, 82–84, 90–93, 96, 98, 100, 101,
103, 109, 121, 122, 126, 129, 130, 132–135

SPECT3D Multi-D Collisional-Radiative Spectral Analysis Code. 113

SRS Stimulated Raman Scattering. 106, 107, 109, 123, 130

SSD Smoothing by Spectral Dispersion. xix, xx, 31, 60, 65, 84, 104, 106, 107, 109,
114, 115, 124, 130

SSS Spherical Strong Shock. xviii, xx, 102, 104, 123, 125, 127, 129, 130, 134, 135

SXS Streaked X-ray Spectrometer. 105, 106

TPD Two Plasmon Decay. 86, 106, 109

VISRAD 3-D CAD/Thermal Radiation Code. xvii, 84, 105, 125

XRFC X-ray Framing Camera. xix, 105, 110–115

YOC Yield Over Clean. xiv–xvi, 45, 47, 48, 59–64, 93
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