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Abstract

Ion kinetic effects are expected to modify plasma dynamics when ion mean-free-paths and collision-
times become comparable to the scale sizes of the plasma. Such conditions arise during the shock-
convergence phase of inertial confinement fusion (ICF) implosions, when they may modify the
compression and ignition of the fuel from the evolution predicted by main-line hydrodynamic sim-
ulations. Kinetic plasma dynamics relevant to ICF implosions have been studied experimentally
using strongly-shocked ICF implosions containing multiple ion species, and diagnosed using both
new and established nuclear diagnostics and techniques.

Implosions of deuterated plastic shells filled with equivalent-mass-density mixtures of deuterium
and 3He gas have demonstrated for the first time ion diffusive mixing of the fuel and shell mate-
rial through observations of the D3He-proton and DD-neutron yields. Implosions with initially-
separated populations of D in the shell and 3He in the gas produced D3He-fusion from the mixed
region on par with implosions filled with equimolar D3He fuel and an order of magnitude larger than
is produced by hydrodynamic models of fuel/shell mix. An extensive survey of kinetic mix- and
yield-generation mechanisms and their signatures in nuclear diagnostics establishes ion diffusion as
the best candidate to explain these observations.

A series of shock-driven implosions of D3He-gas filled glass shells has demonstrated two sig-
natures of significant ion kinetic plasma effects for the first time: ion thermal decoupling and ion
species separation. In low-initial gas density implosions, for which the thermal equilibration times
were much longer than the burn duration, the burn-averaged ion temperatures were observed to be
anomalously invariant with ion species fraction. This behavior has been shown to signify thermal
decoupling of the D and 3He ion species between the shock- and fusion-phases. Comprehensive
nuclear diagnostic information has been used to infer the burn-averaged deuterium fraction, which
was reduced from the expectations of hydrodynamic simulations, the first direct measurement of
species separation in an ICF implosion. When corrected for these effects, simulations agreed better
with the observed anomalously low nuclear yields.

These results have demonstrated the significant modification of ICF-relevant shocked plasmas
by kinetic plasma dynamics, motivating further experimental and theoretical investigation of these
highly dynamic and poorly understood regimes.
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1

Introduction

This thesis experimentally explores the impact of kinetic physics on the evolution of high-energy-
density (HED) plasmas, in particular those relevant for inertial confinement fusion (ICF) studies.
Such HED plasmas have been studied both theoretically and in the laboratory for decades, because
they show promise as one path towards attaining controlled fusion and can provide unique insight
into astrophysical phenomena. Because of the small scales (~100 pm), short timescales (~1 ns),
and extremely dynamic nature of these plasmas, computational simulations are extensively used to
design and understand the results of experiments. These simulations are nearly all based on hy-
drodynamic theory, which presumes the plasma evolves as a fluid. More specifically, hydrodynamic
codes assume that the ions and electrons in the plasma are locally collisional and self-thermalized.
If this is true, the evolution of the plasma can be determined completely from the local pressure,
density and temperature of the fluids, the relationship between these three properties (called the
equation of state), and any energy or pressure source terms. Kinetic physics refers to conditions
in which the hydrodynamic assumption breaks down. When the dynamical timescales are shorter
than the time it takes for the particles to thermalize, or when the size of the plasma is smaller than
the range of a particle, the hydrodynamic quantities of pressure and temperature are no longer
well defined. Additionally, most experiments include multiple ion species (for example, a mixture
of deuterium and tritium is the most common fuel) and the relative motion of these species is
not accounted for in hydrodynamic simulations. In such situations, the experimental results will
deviate from the hydrodynamic predictions.

The National Ignition Facility (NIF) has recently performed implosions that approach fusion
ignition. However these experiments do not perform as well as predicted by hydrodynamic simu-
lations: the final pressure in the fusing plasma is less than half of the predicted value. A possible
partial explanation for this discrepancy is that kinetic physics affects the evolution of the implo-
sion. In the standard ignition design, a strong shock transits the low-density (~0.3 mg/cc) central
plasma of the target. The plasma behind this shock has a high temperature and a low density:
conditions that are a prerequisite for kinetic behavior. In particular, the mean-free-path of ions in
this plasma is predicted to be comparable to the size of the plasma. Kinetic dynamics during this
phase of the implosion would modify the initial conditions for the subsequent fuel compression and
stagnation. In addition, recent theory predicts that the strong pressure, temperature, and electric
potential gradients in the implosion cause diffusive flow between the ion species, leading to species
separation. Both of these effects might play a role in the discrepancies between the experiments
and hydrodynamic simulations.

The research presented in this thesis examines the kinetic dynamics of plasmas with multiple
ion species. The contributions of this work include both the development of new nuclear bang-time
diagnostics, and the experimental demonstration that ion diffusion and ion thermal decoupling,
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two ion kinetic effects, significantly perturb the evolution of ICF-relevant plasmas.

In support of this research and the broader ICF effort, two diagnostic instruments were designed
and implemented at the NIF to look for signatures of kinetic effects by measuring the time of peak
nuclear emission (“bang time”). By using multiple fusion products, the particle time-of-flight
(PTOF) diagnostic measures both the shock-bang time, which is associated with the rebounding
strong shock from the center of the implosion, and the compression-bang time, which occurs near
peak convergence of the implosion. The time difference between these two values is expected to
be sensitive to kinetic physics that affect the dynamics of the shock propagation. The PTOF
has added significant capability to the NIF diagnostic suite, as it is the only diagnostic capable
of measuring the shock-bang time using D3He-protons and the compression-bang time using DD-
neutrons at yields below 10!3. An upgrade (MagPTOF) is currently being implemented to measure
the shock- and compression-bang times on experiments with large x-ray backgrounds. The design,
implementation, analysis procedure, and resulting data from the PTOF diagnostic, and the design
of the MagPTOF diagnostic, are presented in Chapter 2, and resulted in References [1] and [2].

Experiments studying the effects of kinetic physics relevant to the shock-phase of ICF implosions
were performed at the OMEGA laser. The first series of experiments studied ion diffusion by
imploding targets with initially separated fusion reactants: deuterated plastic shells filled with
helium-3 gas. These shock-driven implosions generated D-3He-fusion yields at levels suggestive of
full atomic mix of the deuterium into the 3He fuel, and an order of magnitude greater than predicted
by hydrodynamic models of fuel-shell mix. Of several kinetic mechanisms investigated, ion diffusion
was found to produce sufficient fuel-shell mix in these experiments to explain the observed data.
The findings, which demonstrate clear evidence of ion diffusion playing a significant role in an ICF-
relevant plasma, are presented in Chapter 3, and resulted in References [3] and [4]. A second series of
experiments investigated the impact of kinetic effects in a multiple-species fuel by imploding shock-
driven targets containing various ratios of deuterium to 3He gas at either high (3.3 mg/cc) or low
(0.4 mg/cc) initial gas density. Comprehensive nuclear diagnostic information showed anomalous
trends compared to the hydrodynamic predictions as the D:3He ratio was varied. The anomalous
observations were shown to be signatures of two multiple-ion kinetic effects — thermal decoupling
of the deuterium and ®He populations in the low density implosions, and separation of the ion
species in the high density implosions. These findings are presented in Chapter 4 and resulted in
Reference [5].

This chapter introduces the necessary background for the new research presented in the re-
mainder of this thesis. Section 1.1 provides a brief summary of nuclear fusion, the theory of ICF,
the shock-driven implosions used in the experimental campaigns, and the ICF facilities used for
the experiments. Section 1.2 presents an overview of hydrodynamic theory as implemented in the
simulation codes and some relevant kinetic extensions to hydrodynamics that have been previously
proposed. Section 1.3 introduces the nuclear diagnostic techniques and instruments that were used
extensively to obtain the experimental data presented in this work. Finally, Section 1.4 presents
an overview for the remainder of this thesis.

1.1 Inertial Confinement Fusion

Since the discovery in the early 20th century that thermonuclear fusion provides the power source
for the stars, scientists have dreamed of capturing fusion in laboratories and power-plants on Earth.
ICF is one approach toward obtaining net energy gain from thermonuclear fusion reactions. The
research presented in this thesis uses and develops the experimental techniques of ICF to explore
the physics of HED plasmas relevant to ICF applications.
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Figure 1.1. a) Binding energy per nucleon (MeV/A) for all stable nuclei as a function of atomic number (Z)
and ion mass number (A). Iron (§2Fe, indicated with a black X) has the highest binding energy per nucleon,
8.7945 MeV/A. b) Zoom in on the mass range A = 0-70, Z = 0-40. Data taken from Reference [10].

1.1.1 Nuclear fusion

The groundwork for the discovery of nuclear fusion was laid by Einstein’s derivation of the mass-
energy equivalence relation, £ = me? in 1905.% This famous relation implies that in nuclear reac-
tions, if the mass of the products is less (or greater) than the mass of the reactants, this difference
must be made up by a release (or absorption) of an equivalent amount of energy. By comparing
the masses of ions as measured by Aston, Eddington inferred in 1920 that the energy released by
the fusion of light nuclei would provide a sufficient source of energy for the sun and other stars.”
Building on calculations of the rate of nuclear fusion at stellar temperatures pioneered by Atkinson
and Houtermans,® Bethe later developed the theory of stellar nucleosynthesis in 1939.°

The difference between the ion mass and the sum of the rest masses of its component nucleons
is proportional to the binding energy, B:

B=(Zmp+ (A— Z)m, — m;)c*, (1.1)

where Z and A are the atomic number and mass number, respectively; my, m,,, and m; are the rest
masses of the proton, neutron, and ion, respectively; and c is the speed of light. In general, B as
defined in Eqn. 1.1 is positive for stable nuclei. Figure 1.1 shows the binding energy per nucleon
(B/A) plotted as a function of atomic mass and atomic number. The nucleus with maximum
binding energy per nucleon is iron (§3Fe). Nuclear fusion of ions lighter than iron and nuclear
fission of ions heavier than iron tends to be exothermic, as the binding energy of the products is
higher than that of the reactants. The amount of energy released in light-ion fusion reactions is
typically on the order of 1 to 10 MeV.

For two nuclei to fuse, they must approach close enough for the strong nuclear force to over-
come the electrostatic repulsion between them. Coulomb’s law indicates that the electric poten-
tial between the two ions is a function of their charges Z; and the distance r between them, as
Veo(r) = (Z1Z2€%) / (4meor).® This potential assumes point-like particles, and breaks down as r

aThroughout this thesis, the SI unit system will be used for equations, with some modifications. Energy and



26 Chapter 1 Introduction

approaches the sum of the nuclear radii, ~ 1.4(A}/ 34 Aé/ 3) fm. Combining these formulas, the

electric potential barrier to nuclear fusion is calculated to be on the order of 1 MeV, and is propor-
tional to the product of the nuclear charges. Classically, reacting ions would require at least this
energy to overcome the potential barrier and fuse. However, quantum mechanics allows the ions
to ‘tunnel’ through the potential barrier with a probability dependent on the size of the barrier
and the energy of the collision. Because the potential barrier increases proportionally to Z;Z3,
the fusion cross-section at a given collision energy drops rapidly with ion charge, and fusion fuels
of interest are generally isotopes of hydrogen and helium. Several fusion reactions of particular
interest for controlled fusion research are:

D + 3D — 3T (1.01MeV) + p (3.02MeV) (50%),

— 3He (0.82MeV) + n (2.45MeV) (50%),
2D + 3T —» 4He (35MeV) + n (14.1 MeV), (1.2)
2D + 3He — $He (3.6MeV) + p (14.7 MeV).

A common parametrization of the fusion cross-section o is!!

o(e) = @m (- Veare), (1.3)

where € = m,v?/2 is the center-of-mass energy of the reactants, g = 986.lZfZ§AT keV is the
Gamow energy for the reaction, and the astrophysical S-factor S(e) is typically a slowly-varying
function of €. (The masses with subscript ‘r’ indicate the reduced mass of the reactants, m, =
mimg/(mq +ma) = A,mp.) From Eqn. 1.3, it is clear that the cross-section increases rapidly with
increasing center-of-mass energy up to approximately the Gamow energy. Figure 1.2a) shows the
fusion cross-section for the reactions in Eqn. 1.2. The deuterium-tritium (DT) fusion reaction has
the highest cross-section of any known light-ion fusion reaction due to a large resonance near € =
100 keV. As such, DT is the fuel of choice for fusion experiments seeking net energy production.

The cross-sections for fusion are not sufficiently high enough for directly accelerated ions incident
on a target (beam-target fusion) to produce a net fusion yield. Consider a beam of energetic
deuterium ions incident on a tritiated target, such that the fusion cross-section is near the maximum
of approximately 5 barns (Ep =~ 170 keV). Assuming a gaseous tritium target with density pr, the
deuteron would stop after traversing a path length L ~ 0.17 mg/cm?/pr. Ignoring the reduction in
the cross section as the deuteron slows, an upper bound for the probability of fusion is calculated

to be less than 0.02%, resulting in an average ratio of energy produced to energy expended of less
than 2%.

For this reason, experimental studies focus on creating a thermonuclear plasma in which collid-
ing thermalized ions are sufficiently energetic to fuse. In a thermalized plasma, the kinetic energy
of elastic collisions is redistributed within the plasma, rather than being lost as in the beam-target
scenario. Assuming a thermalized plasma with ions in a Maxwell-Boltzmann velocity distribution,
the fusion cross-section can be numerically integrated over the distribution of colliding ions to gen-
erate an average thermal reactivity (ov) with units of cm®/sec. The rate of fusion production is

temperature (kgT) will be expressed in electron volts (V) or multiples thereof (10° eV = 1 keV, 10° eV = 1 MeV);
distances will frequently be expressed in centimeters {cm) or microns (pm); and time will often be expressed in
nanoseconds (1 ns = 10™? sec) or picoseconds (1 ps = 107!2 sec). These “ICF units” are commonly used in HED
research as they are comparable to the scales of interest.
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Figure 1.2. a) Fusion cross-sections as a function of center-of-mass energy for the nuclear fusion reactions
T(D,n)a (blue), *He(D,p)a (red), D(D,n)*He (green), and D(D,p)T (orange dashed). Data taken from
Reference [12]. b) Fusion reactivity as a function of ion temperature. The reactivity {(ov) is calculated for
each reaction by averaging the cross-section times the center-of-mass velocity over the velocity distributions of
both reactant species, assuming a thermalized plasma with ions in a single-temperature Maxwell-Boltzmann
distribution. Parametrization taken from Reference [13].

then given by:

Ll‘.Y.; . ning
7 [1+§i‘j (ov)dV. (1.4)

For each fusion reaction, the thermal reactivity is a function of plasma ion temperature only,
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and is shown in Figure 1.2b for the four reactions discussed here. As the fusion cross-section
increases rapidly with the center-of-mass energy of the reactants, the energy of the fusing ions is
typically several times the ion temperature. Parametrizations of the cross-sections and reactivities
are available from a number of authors; for the work contained in this thesis, the parametrizations
from Reference {13] is primarily used.

1.1.2 Theory of Inertial Confinement Fusion

ICF seeks to generate conditions in which the energy created by fusion reactions is deposited locally,
thereby increasing the local temperature and reactivity, generating a run-away self-heating scenario
in which a substantial fraction of the fuel in the plasma burns. The primary requirement for such
a burning plasma is that self-heating due to fusion exceeds power losses. The total losses include
radiative losses (primarily bremsstrahlung) and diffusive losses, and are written in terms of the
density, temperature, and energy confinement time 75 as follows: !

3nT 1n2%(ov)Qpr 3T
= = — nTg = 1 12
TE 5 4 QDT(U'U)@ = ChremsT

From the left, the terms in Eqn. 1.5 are: bremsstrahlung power loss with the coefficient Cy,epms =
5.34 x 10724 erg cm® sec™! keV~1/2; diffusive power loss; and the fusion heating of the plasma.
Most of the DT-fusion reaction energy Qpr = 17.6 MeV escapes, carried by the 14.1 MeV neutron.
The fusion heating comes from the DT-fusion «, which deposits its 3.5 MeV locally; this introduces
the factor of 1/5 in the fusion heating term. Note that in this treatment additional external sources
of heating have not been included. While such outside heating sources play an important role in
steady-state fusion designs, ICF relies on the burn of the assembled hotspot for subsequent heating
and ignition. The formula has been re-written on the right to generate a balance condition for
density and energy confinement time. For the fuel to ignite, the product nTg must exceed the value
given by Equation 1.5, which is a function of temperature and the properties of the fusion reaction.
This requirement is known as the Lawson criterion, and was first derived in Reference [14]. It is
convenient to rewrite this requirement as a condition on n7T'7g, which is equivalent to P7g, because
for DT-fusion the ignition condition becomes roughly constant: nT7g > 3.3 x 101° em™3s keV =
5.3 Gbar ns in the range T = 10-20 keV.

In an inertially-confined experiment, the confinement time is set primarily by the rate at which
the pressure of the plasma releases into the surrounding area, mediated by a rarefaction wave.
Assuming a spherical plasma with a radius R, the confinement time scales as 7z = R/4c,, where
cs = v/YP/p is the sound speed. (The factor of 4 arises from the spherical geometry.) Multiplying
this time with the rate of fusion production given in Eqn. 1.4, the total fusion yield of an experiment
is approximately !!

Chremsn2T'/? + (1.5)

nmj

R (ov)
T+, (ov)Vo— = pR——N, (1.6)

4c, 8mycs U’

Nfus%

where N;; = noVo/(2 — 6;;) is the number of fuel ion pairs in the plasma, my is the average fuel
ion mass, and it has been assumed that the fuel species are equimolar [n; = n; = ng/(2 — 4;;)|.
The burn efficiency thus scales primarily with the areal density pR. The fraction on the right-
hand side of Eqn. 1.6 is referred to as the ‘burn parameter,” often defined as the inverse such that
H(T) = 8mgc,/(ov). This quantity is a function of temperature only and has units of areal density.

Equation 1.6 is valid only in the limit of low burn Ny, < Nj;, which is equivalent to pR <
H(T) ~ 7 g/cm? for DT fuel. This sets a scale for the areal densities required for ignition and
high gain, and provides the motivation for why compression of the fuel is necessary for controlled
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Figure 1.3. Areal density (pR) as a function of ion temperature (T;) for marginal ignition in an ICF
implosion. To ignite, pR and T; must be larger than indicated by the blue curve. Quantities shown are
“no-a’, i.e. the expected value neglecting the effects of alpha heating; in an igniting target, the fusion
reactions will additionally heat the plasma. For more information see Reference [15].

fusion. A sphere of cryogenic DT-ice with a density of approximately 0.225 g/cc would require a
radius on the order of 10 cm to burn a substantial fraction of the fuel. Such a target would contain
approximately a kilogram of DT-ice, and total nuclear yield would be on the order of 100 kilotons
of TNT. Compression is required to achieve ignition with controllable fusion power output.

Recent work has demonstrated that the Lawson criterion for ICF can equivalently be written
as a function of the areal density and temperature, as expected based on Eqn. 1.6:

—ay 18
_anog f TOTH
xip = (pRigy ) (—4 1 ) ) (1.7)

where x1p is unity for marginal 1D-ignition. '® This formulation can be corrected to account for 3-
dimensional effects by incorporating the ratio of the observed nuclear yield to the 1D-simulated yield
(“Yield-over-clean” or YOC = Yobs/Y1D): X3p = xapY OC*, where p =~ 1. Based on Eqn. 1.7,
the marginal ignition condition is described by a power law in the range T; = 3-7 keV: pR =
(T;/ 4.4)7%2, as shown in Figure 1.3. The areal density and temperature are therefore the primary
metrics for the performance of ICF implosions. Areal density is closely related to the compression
of the fuel: to zeroth order, spherical compression will increase the density proportionally to R3,
such that pR o« R~2. Importantly, both the areal density and the temperature can be inferred using
nuclear diagnostic techniques. 16,17 Measurements of the ion temperature from nuclear diagnostics
are used extensively in this thesis, and will be discussed in detail in Sec. 1.3.
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Laser Inertial Confinement Fusion

A method for producing the required compression of the fusion fuel using lasers was first proposed
openly by Nuckolls and colleagues in a seminal paper in 1972.'8 However the concept of achieving
controlled thermonuclear fusion through compression of the fuel with an intense power source dates
back to classified research during the late 1950s. Following the advent of the laser in 1960, several
researchers proposed the use of lasers as a driver for fuel compression, and as a consequence laser-
plasma interaction experiments and theory developed around the world throughout the decade.
The concept of laser-driven ICF was declassified in the United States in 1971,! shortly before the
Nuckolls paper was published. Nuckolls’ paper identifies and addresses several important areas of
research for laser-driven ICF, which are discussed in this section.

Compression of the fuel is of primary importance, for reasons already discussed. Since a high
density (and a high pR) is required, it is valuable to compress the fuel while maintaining as low an
entropy as possible. The quantum mechanical Fermi exclusion principle determines the maximum
electron density that can be obtained for a given pressure to be

3
20Pm, (m\3]5 P \%® 0 3
Ne,degen = {T (g) ] = (m) 9.52 X 10°* cm ™. (1.8)

Achieving such a Fermi-degenerate state minimizes the implosion pressure required in order to
achieve the required densities. The fuel can be initialized in a cryogenic state to minimize its initial
entropy. High pressures must then be obtained while avoiding significant heating of the fuel.

Nuckolls discusses an “optimal, isentropic compression” of the fuel that can be performed by suf-
ficiently fine-tuning the laser pulse. An isentropic compression scheme requires a detailed pressure
time-history to maintain the adiabatic relationship d(In P)/dt = vd(In p)/dt. In realistic systems,
it has proven difficult to control the drive at the required level for such an optimal compression.
Instead, a more robust experimental solution has been to compress the fuel with a series of weak
shocks, before imploding it with a strong primary drive.

A shock is a discontinuous jump in the pressure, density, and flow velocity of a fluid, which
travels faster than the speed of sound in the unshocked fluid. In Sec. 1.2.1, the jumps in pressure
and density at the shock front are derived as a function of the Mach number M, the ratio of the
shock velocity to the upstream sound speed (see Eqn. 1.24 and 1.25). The compression ratio ps/p;
and the pressure ratio P,/ P at the shock front for both isentropic and shock-compression is shown
in Figure 1.4; the subscripts 1 and 2 designate the unshocked (upstream) and shocked (downstream)
plasmas, respectively. In the limit of weak shocks (M ~ 1), the density and pressure both increase
linearly with M, and the compression is nearly isentropic, as desired. A series of weak shocks can
thus compress a spherical shell of fuel to high density while maintaining a low entropy. The current
ignition design uses a carefully tuned laser drive pulse shape to launch four weak shocks, which set
the fuel density and adiabat prior to the spherical implosion.!? Strong shocks (M > 1) increase
the density ratio across the shock front up to a limiting value (v + 1)/(y — 1) dependent on the
ratio of specific heats, 7. For an ideal gas with v = 5/3, the maximum density increase due to a
shock is 4, and further increases in the shock pressure will add heat to the fuel. Careful timing
of the weak shocks is required to prevent them merging into a single stronger shock while in the
cryogenic fuel, which would generate a higher than desired entropy in the fuel.

To achieve the highest possible pressure in the fuel, the standard laser ICF design implodes
a spherical shell of solid fusion fuel which then stagnates around a ‘hotspot’ at the center of
the implosion. The calculation of the hotspot pressure as a function of experimental parameters
is complex, and continues to be developed; however a simple kinematic argument explains the
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Figure 1.4. Density ratio (p2/p1) as a function of pressure ratio (P;/P) for compression by a shock (black
line), assuming a ratio of specific heats ¥ = 5/3 (as for an ideal gas). The Mach number M of the shock
is labeled at several points (black x). In the limit of weak shocks (M ~ 1), the shock compression ratio
approaches isentropic compression (red dashed), whereas in the limit of strong shocks (M > 1), the ratio
approaches a limit of (v + 1)/(y — 1) = 4 (grey dashed). In laser ICF, a series of weak shocks are used to
compress the fuel to attain maximum density with minimum pressure.

enhancement of pressure by the implosion process. The laser does not directly push the shell
material, but rather ablates the outer layers of the shell; the ablation pressure then drives the
implosion. Consider a shell with initial mass My and initial radius Ro driven to implode spherically
by a constant pressure P,,. The kinetic energy absorbed by the shell material is approximately
given by Ex ~ Puu(47R3/3)(1 — (R'/Ro)?). Here, R' is the radius of the shell at the time when
the drive stops. Part of this energy is lost to the ablated mass. The remaining kinetic energy
of the imploding shell Eg s is assumed to scale as the absorbed kinetic energy multiplied by the
fraction of remaining mass, [ = Msh/Mg.b The imploding shell with remaining mass My, then
compresses the central gas adiabatically, resulting in a stagnated hotspot pressure of PysVys =~
Ek sh (neglecting the initial hotspot pressure). Combining these relations provides a lower bound
on the hotspot pressure:

Pus 2 Pt (CR)® fr [1 = (R'/Ro)’] (19)

where the convergence ratio CR = Ro/Rps is defined in terms of the hotspot radius Rys =
(3Vus/ 47)'/3. While the fraction of mass remaining is typically in the range 0.2 to 0.5, depending
on the experimental design, and the final geometric term is always less than 1, typical ICF designs
can feature convergence ratios of ~30 or more. Thus, with an ablation pressure on the order of 100
Mbar, a hotspot pressure on the order of hundreds of Gbar can be obtained.

Let us consider more specifically the hotspot pressure produced by the imploding shell. When
the spherical shock rebounds, re-transits the fuel, and encounters the remaining mass of the shell,
the incipient hotspot already has a certain pressure and volume, Py and Vj. The energy contained

bThis condition provides a lower bound on the shell kinetic energy, since it assumes the entire shell is accelerated
before the ablated mass vanishes. To calculate the actual energy absorbed by the imploding shell requires integrating
the rocket equation in spherical geometry.
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in the radially-converging mass at peak velocity is transferred into compressing the fuel, and energy
balance dictates that the maximum compression occurs when PrazVinaz = PoVo+ Ek sp. Assuming
the compression occurs isentropically such that PV is constant, the final pressure and volume are
calculated to be as follows:

%Mshv?m ‘YJ__I
= 142 mP :
Pma:z PO + -POVO } (1 10)

1
1 2 e
EMshU’me> v . (111)

Vmax =W (1 + PO‘/O
Since v = 5/3 in an ideal gas, the exponent on the pressure equation is 5/2, while the exponent
on the volume equation is —3/2. For large compressions, the initial hotspot energy must be small
compared to the energy in the inflowing shell. In this regime the maximun pressure scales with the
initial hotspot pressure to the —3/2 power. To achieve a high hotspot pressure at peak compression
it is therefore important to minimize the adiabat of the hotspot as well as that of the main fuel.

The symmetry of the implosion is also critical to obtaining high pressures in the hotspot. Both
low mode-number and high mode-number asymmetries in the implosion velocity and radius have
detrimental impacts on the performance of the implosion and must be sufficiently controlled.© The
radial implosion aggravates these detrimental effects, as asymmetry must be controlled to much
better than the scale of the final fuel assembly, which is a factor of ~ 30 smaller than the initial
capsule radius. Furthermore, the Rayleigh-Taylor (RT) instability drives the exponential growth
of initial perturbation seeds?® in any region with oppositely directed gradients of pressure and
density: 1!

dp dP

During the ablation and acceleration phase the ablation front is susceptible to RT instability, as
well as to the Richtmyer-Meshkov (RM) 2122 and Kelvin-Helmholtz (KH) instabilities. 23 Sufficient
growth of perturbations early in the implosion can violate the integrity of the shell, reducing the
effectiveness of compression and introducing jets of ablator material into the fuel. During the
deceleration and stagnation phase, the fuel-shell interface is also vulnerable to RT growth, seeded
by the perturbations that developed during the acceleration phase of the implosion.

Asymmetries in the implosion velocity or radius result in several negative consequences for the
implosion, as illustrated in Figure 1.5. Asymmetries with low mode numbers (¢ < 5) can result
in non-stagnated fuel velocity at peak compression, reducing the peak pressure as compared to an
ideal implosion in which all of the available kinetic energy is converted to thermal energy. Sufficient
growth of mid-range mode-numbers (4 < ¢ < 20) can introduce ‘fingers’ of cold fuel or ablator mass
penetrating the hotspot, reducing the effective volume and pR of the hotspot and inhibiting nuclear
performance. High mode numbers (¢ > 10) lead to the introduction of atomic mix between the
hotspot and the ablator, which cools the hotspot by increased radiative loss and dilutes the fuel.

Two main approaches to laser ICF have different merits in terms of asymmetry control, as
illustrated in Figure 1.6. In direct-drive ICF (Fig. 1.6a), the lasers directly irradiate the target.
Assuming a large number of lasers positioned with spherical symmetry around the target, this
approach can result in very good low-mode symmetry. However the overlap of the laser spots on

“Asymmetry is often characterized by the mode number of Legendre polynomials, with 2 mode modifying the
radius by Pe(cosf). The conventional terminology in spherical coordinates associates “P modes” (e.g. P2, P4) with
the polar angle § and “M modes” with the azimuthal angle ¢.
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a)

Figure 1.5. Illustration of the possible effects of a) low-mode (¢ = 2), b) mid-mode (¢ = 8) and c) high-mode
(¢ =~ 40) implosion asymmetries on the fuel assembly (blue) and hotspot (orange). Low-mode asymmetries
can result in non-stagnated fuel velocity (arrows). Medium modes introduce fingers of cold fuel into the
hotspot, reducing the effective hotspot volume (black dashed circle). High modes can lead to turbulent
mixing of ablator material (green) into the hotspot, diluting and radiatively cooling it.

the target inherently introduces high-mode asymmetries, with a characteristic mode set by the
number and geometry of the laser beams. In contrast, indirect-drive ICF (Fig. 1.6b) uses the lasers
to illuminate the inside of a secondary target made of high-Z elements, referred to as a ‘hohlraum’
(German for cavity, or hollow space). The hohlraum converts the laser energy to a blackbody x-ray
radiation source, which drives the ablation and implosion of the target. This conversion smooths
out high-mode asymmetries in the drive, as the black-body x-ray radiation is isotropic. Moreover,
the indirect-drive x-rays deposit their energy deeper into the ablating plasma than the direct-drive
UV laser light, due to the higher-frequency of the driving photons. This deeper penetration reduces
the thickness of the RT-unstable layer in the ablation front. However the hohlraum’s cylindrical
symmetry, as well as laser-plasma interactions (LPT) at the laser entrance hole (LEH) through which
all the lasers must cross, can distort the low-mode symmetry of the x-ray drive. As a consequence,
the laser power balance history must be carefully tuned to achieve a spherical drive throughout
the implosion, avoiding mode 2 perturbations such as prolate (‘sausaged’) and oblate (‘pancaked’)
shapes, as well as higher mode pem;urbations.d

The targets for ICF experiments are also optimized for control of asymmetries. During the
acceleration phase, the rate of mass ablation has a stabilizing effect on RT instability growth.
The choice of an ablator with a high ablation velocity, such as beryllium or high-density carbon,
can reduce the rate of instability growth during the acceleration phase. Developing the ability to
fabricate targets from these more exotic materials has itself required significant amount of research
and development. Target manufacturing has developed a high level of precision, to reduce or
eliminate as much as possible any surface perturbations that act as seeds for instability growth.
Much of the target development for the ICF program in the United States is contracted from
General Atomics, who have also provided the targets used in this thesis. 24

A hydrodynamic simulation of an ignition implosion is presented in Figure 1.7. This simulation
illustrates several of the processes described so far, including shock compression of the DT-ice, shock

dIndirect- and direct-drive each have additional benefits and disadvantages related to drive efficiency. The deeper
penetration of the x-rays increases the efficiency of the mass ablation by x-ray drive relative to UV laser light. However
the added conversion step from UV to x-rays reduces the total efficiency of the drive when comparing kinetic energy
of the implosion to the initial laser energy. The physics of mass ablation, x-ray drive and laser-plasma interaction
are beyond the scope of this thesis and will not be described herein. Chapters 7, 9, and 11 of Reference [11] provide
an excellent discussion of these topics.
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Figure 1.6. Cartoons of the two main approaches to laser ICF: a) direct-drive and b) indirect-drive. In
direct-drive experiments, the lasers (magenta) directly illuminate the capsule, ablating the outer shell layer
(‘ablator’, green) to implode the solid fuel-ice layer (blue) and fuel-vapor core (light blue). Direct-drive can
achieve high efficiency of laser energy coupling to the implosion and good low-mode symmetry at the cost
of mid- and high-mode asymmetry. In indirect-drive experiments, the lasers instead illuminate the inside of
a cavity made of high-Z material, often gold or uranium, called the hohlraum (orange). The high-Z plasma
generates isotropic black-body x-ray radiation (red), which in turn drives the capsule. Indirect-drive achieves
very good high-mode uniformity and reduces ablation-phase RT instability growth at the cost of significantly
reduced energy coupling to the target and increased difficulty achieving low mode drive symmetry.

coalescence inside the DT-vapor, acceleration of the fuel, shock rebound, onset of deceleration, final
compression and hotspot formation, and ignition. Some of the physics underlying the 1D-radiation
hydrodynamic simulations used to model ICF implosions is described in Section 1.2.

1.1.3 Shock-driven implosions

As introduced in Section 1.1.2, ICF implosions typically generate two periods of nuclear production.
The shock bang occurs just after the shock front reaches the center of the implosion and rebounds.
In the ICF ignition platform shown in Figure 1.7, four shocks are launched by the laser to shock-
compress the cryogenic fuel, and these four shocks coalesce into a single shock just inside the ice
layer. However more generally, a sufficiently strong laser drive will generate a shock in spherical
implosions. The spherical convergence amplifies the strength of the incoming shock as it approaches
the center, such that it is typically a strong shock with a Mach number M > 1. The rebounding
shock encounters an inflowing, shocked plasma created by the first passage of the shock. The
combination of initial shock, spherical convergence, and rebound shock can generate densities and
temperatures sufficiently high for fusion to occur.

Consider a simplified ICF target consisting only of a spherical shell with thickness w and initial
radius Ry, which is filled with a fuel gas with initial mass density pg. The volume at maximum
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Figure 1.7. A Lagrangian plot from a 1D-hydrodynamic simulated “Rev 57 ignition implosion designed
for the NIF. The Rev 5 design is described in Reference [19]. Gradients in log P are shown as a function of
radius and time, depicting the trajectory of shocks and the gas/fuel interface. Four weak shocks compress
the DT-ice layer before the main laser impulse drives radial implosion. (A fifth shock is also launched at
some point during the main drive.) The shocks merge in the DT-gas into a strong shock with Mach number
M ~ 10-50. The combined shock rebounds at the center of the implosion, initiating a brief period of nuclear
production (‘shock-flash’) and setting the initial hotspot adiabat. The rebounding shock then interacts with
the imploding dense fuel mass, initiating shell deceleration and culminating in peak compression and peak
nuclear production (‘compression-burn’). Hydrodynamic simulation techniques are discussed in Section 1.2.
Simulation and plot courtesy of H. Robey, LLNL.

compression derived in Equation 1.11 indicates that the further compression of the fuel by the shell
depends on the condition M, Shvfmp/ 2 > PyVp, which means that the kinetic energy contained in the
inflowing shell is substantially larger than the energy already contained in the hotspot. If this is
true, the shock bang is followed by the deceleration of the inflowing shell, which causes an increase
in the hotspot pressure and an associated period of nuclear production called compression burn.
However if the opposite is true (Ek sn < Engp), no additional compression (and no compression
burn) occurs. In this scenario, peak pressure occurs when the rebounding shock strikes the fuel-shell
interface, and is immediately followed by rarefaction of the fuel as the rebounding shock continues
into the shell plasma. Such an implosion is called a shock-driven implosion.

One way to create a shock-driven implosion is to use a thin shell, such that the entire shell
is ablated prior to the deceleration phase. The ablating shell will compress the material behind
the shock, increasing the plasma density and therefore the shock yield. Figure 1.8 presents a 1D-
radiation hydrodynamic simulation of a thin-shell implosion, generated using the code HYADES. %
Because the thin shell has little inertia, its acceleration is rapid enough that it continuously catches
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Figure 1.8. Lagrangian plot of a shock-driven implosion simulated using the 1D-radiation hydrodynamic
code HYADES. The laser in the simulation was 14.6 kJ delivered in a 0.6 ns square pulse with a peak laser
power of 23 TW and a laser absorption fraction of 57%. Trajectories of shell (blue) and fuel (red) zones
are shown by lines. Strong shocks appear clearly in the local gradient in log pressure (grey scale). In this
simulation, the shell burns through at ~0.32 ns (the time when the maximum shell density is lower than
the maximum fuel density). Shortly thereafter, the shock breaks away from the fuel-shell interface. Because
the shell has burned through, the imploding shell lacks sufficient mass to further compress the hotspot after
reshock, and the plasma begins to rarefy.

up with the shock, sweeping up a thin layer of high-pressure fuel gas. The shock does not ‘escape’
from the imploding shell until halfway through the implosion, approximately when the shell runs
out of material or burns through. In the example plotted in Figure 1.8, the shell burns through at
approximately 0.32 ns. After burn-through, the density of the remaining shell plasma is reduced
while continuing to match pressure with the adjacent fuel plasma. Once the temperature equalizes
across the fuel-shell interface, both plasmas will be directly heated by the laser as long as it continues
to deliver power.

Shock-driven ICF targets are useful for studies of ICF-relevant physics for several reasons.
Firstly, thin-shell targets are relatively cheap and easy to manufacture compared to the more
complex ignition designs. Secondly, shock-driven targets behave in a very ‘1D’ manner: they are
highly insensitive to asymmetries and instability growth.?® Ablation front instabilities are limited
by the high ablation velocity, and compression-phase instabilities are eliminated entirely. Thirdly,
plasma ion temperatures on the order of 10 keV can be produced in the shock flash, generating
substantial fusion yield for diagnosis. High yields have made shock-driven implosions valuable as a
source of monoenergetic fusion particles for both diagnostic development 2712829 and physics studies
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using charged particle radiography. 337 Finally and most importantly, shock-driven plasmas can be
made to mimic the state of the ICF ignition design plasma prior to deceleration and compression,
by selecting appropriate gas fill. An initial shock with a Mach number of M ~ 10 — 50 is driven
in both cases. Comparison of Figures 1.7 and 1.8 shows that in both cases the single strong shock
dominates the evolution of the central plasma until the reshock of the fuel-shell interface, after
which point the shock-driven implosion simply falls apart. From a diagnosis standpoint, shock-
driven plasmas provide a means of studying the physics relevant to the incipient hotspot plasma
of an ICF target without having to contend with the much larger yields of nuclear particles and
x-rays produced by compression burn.

In summary, shock-driven targets generally provide a means of studying the physics of plasmas
with ~1-10 mg/cc densities and ~1-10 keV temperatures. Several shock-driven implosions are
used in Chapter 2 as sources of monoenergetic fusion products for the development and calibration
of new diagnostics and diagnostic methods. In Chapter 3, implosions such as those described here
are used to study kinetic admixture of the fuel and shell in experiments with initially separated
fusion fuels. Chapter 4 uses shock-driven implosions to study the plasma kinetic effects of species
separation and thermal decoupling in multi-species ICF fuels.

A note on terminology: ‘shock-driven’ and ‘exploding pushers’

Shock-driven implosions have a long history in the context of ICF. In experiments as early as the
1970s, thin-shell glass targets were volumetrically heated by laser-generated electrons or x-rays,
causing the glass to explode in all directions. The inward-directed portion of the SiO2 plasma
produced by these exploding pushers would drive an implosion of the fuel contained within. 38
Exploding pushers were characterized by a fuel convergence ratio of 3 to 4 and insensitivity to
asymmetry or instability growth, and were the first targets to produce thermonuclear neutrons. 3°

Shock-driven targets such as those described above and used in this thesis have frequently been
referred to as ‘exploding pushers,’ as the targets appear identical to historical exploding pushers.
This designation is misleading, however, as the physics of the shock-driven implosions used here are
quite different. Ablation of the capsule wall drives the capsule implosion, but the capsule walls are
sufficiently thin to burn through prior to the reshock of the fuel-shell interface and no subsequent
compression occurs. Throughout this work and related papers the term ‘exploding pushers’ has
been avoided in reference to shock-driven targets wherever possible. Notable exceptions include
the polar direct-drive exploding pusher (ExplPush) and indirect-drive exploding pusher (IDEP)
campaigns on the NIF, for which the term is used in the official campaign names.

1.1.4 ICF facilities

To experimentally achieve the conditions described in Section 1.1 has required the creation and
development of high-powered laser technology to produce a drive with sufficient energy, symme-
try, and repeatability. This section will provide a brief description of the history and status of
experimental facilities for ICF research. The research contained in this thesis has been performed
primarily on two of these facilities: the OMEGA laser system at the Laboratory for Laser Energet-
ics (LLE) in Rochester, New York, and the National Ignition Facility (NIF) at Lawrence Livermore
National Laboratory (LLNL) in Livermore, California. This section will therefore focus on the
capabilities of these two facilities. For a more detailed background and history of experimental
ICF, References [39] and [40] are highly recommended.
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Figure 1.9. Schematic drawings of the laser facilities at the Laboratory for Laser Energetics (LLE) at the
University of Rochester in Rochester, NY. a) The 60-beamm OMEGA laser delivers 30 kJ of 351 nm laser
light in approximately 1 ns. OMEGA is the primary facility for direct-drive ICF research, and has also been
instrumental in developing indirect-drive ICF as well as HED physics research since 1995. Significant control
over pulse shaping, energy, focusing, and pointing is available, as well as an extensive suite of diagnostics.
b) The OMEGA-ED laser offers high-intensity and short-pulse capability. Four long-pulse beams can deliver
approximately 4-6 kJ in 1 ns. Two of these beams can be operated in short-pulse mode, delivering 750 J in
10 ps. The two systems may be fired simultaneously in ‘joint shot’ mode, in which one EP beam is delivered
to the OMEGA target chamber. (Images from http://www.1lle.rochester.edu/omega_facility)

The OMEGA laser

The OMEGA laser was first activated in 1980 as a 24-beam Nd:phosphate-glass laser system,
capable of outputting 12 TW of 1054 nm light (‘1w’) in 50 ps and over 1.75 kJ total.*! A 24-beam
system was chosen to obtain geometric illumination uniformity of +10% for a spherical target. By
1986, the system was upgraded to deliver 4 kJ of 1w light in 1 ns or 2.5 kJ of frequency-converted
351 nm (‘3w’) light in 0.7 ns.*? As discussed briefly in Section 1.1, higher frequency light is absorbed
more efficiently and closer to the ablation front, and is thus beneficial for improving absorption
efficiency and reducing instability growth in laser-driven ICF applications.

Improved drive uniformity and increased total laser power were identified as the primary up-
grades required to attain a goal of compressing a cryogenic DT-filled target to 200x liquid DT
density. Two technologies that trade reduced beam coherence for improved uniformity are dis-
tributed phase plates (DPP)** and beam smoothing by spectral dispersion (SSD),** which were
developed by LLE and implemented on the 24 OMEGA beams in 1987 and 1989, respectively. Im-
provement of the total drive energy to the 30 kJ which was predicted to be necessary to meet the
compression goal required a full system upgrade.? To that end, the 24-beam OMEGA laser was
decommissioned in December 1992 to begin construction of an upgraded design. The first target
shot of the 60-beam OMEGA upgrade was completed in April of 1995.4

The modern 60-beam OMEGA system, shown in Figure 1.9a), is capable of delivering 30 kJ of
UV (3w) light to a target in 0.75 ns. This capability has been the primary resource for the study
of direct-drive laser ICF. Since its inception, in excess of 20000 target shots have been performed
at the OMEGA facility. OMEGA began direct-drive implosions of cryogenic targets with DT-ice
layers in 2006, and by 2008 had demonstrated a compressed fuel density of over 500x the density
of liquid deuterium. OMEGA held the record for ICF neutron production (~ 10'#) until the NIF
began cryogenic layered implosions in 2010. Although 30 kJ is insufficient to reach ignition using
direct-drive, the cryogenic program on OMEGA aims to demonstrate hydrodynamically-equivalent
performance to a NIF-scale 1.8 MJ igniting direct-drive implosion. 46

A second laser facility, OMEGA-EP, shown in Figure 1.9b), was constructed side-by-side with
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the 60-beam OMEGA system and completed in 2008. OMEGA-EP is capable of delivering four
high-intensity beams to the EP target chamber, either in long-pulse (~1 ns) or short-pulse (~10 ps)
mode. Alternatively the system can perform a ‘joint shot’ with the 60-beamn OMEGA system,
delivering one high-intensity beam to the OMEGA target chamber for short-pulse x-ray backlighting
or studies of fast ignition, an alternate ignition approach.

Since 1996, experimental time on the OMEGA facility has been granted to HED physics re-
searchers under the National Laser Users Facility (NLUF) program, funded by the Office of Inertial
Fusion of the Department of Energy. This source of experimental time has fueled research in ICF
and in related fields of fundamental science in high-energy-density regimes, as well as providing
most of the experiments used in this thesis. OMEGA and OMEGA-EP provide flexibility of ex-
perimental design by allowing control over the timing, power, pointing, and shaping of individual
beams. This flexibility has allowed the OMEGA facility to play a key role in the development of
indirect-drive studies in preparation for experiments on the NIF; the exploration of alternate ig-
nition designs, such as fast ignition, shock ignition, polar-direct-drive, and magneto-inertial fusion
designs; the measurement of material equations-of-state in extreme pressure and density regimes;
the study of astrophysical phenomena such as stellar- and big-bang-nucleosynthesis, plasma shocks
and magnetic reconnection; and many more.

The system is designed to support a large and growing number of diagnostics, and to provide a
unified platform for diagnostic development. Ten-inch manipulators (TIMs) provide a standardized
interface for diagnostics fielded in the target chamber. Six TIMs in the OMEGA target chamber
are positioned at various angles around the target and allow control over diagnostic positioning as
well as shot-by-shot access to detectors as necessary. Many of the diagnostic techniques used in this
thesis are discussed in Section 1.3. Several new diagnostics and diagnostic techniques have been
developed using OMEGA experiments as part of this thesis: this work is discussed in Chapter 2.

An excellent summary of the history of the Laboratory for Laser Energetics from 1970 through
2010 is available in Reference [40].

The National Ignition Facility

Research in indirect-drive ICF was grounded in experiments and calculations of radiation (x-ray)
driven implosions related to nuclear weapons tests. The conversion of laser light into a broad-band
radiation source decouples to some extent the driver (e.g. the laser) from the implosion. Thus in
the 1970’s and 80’s, data from underground testing could be directly applied to understanding laser-
driven ICF (and heavy-ion driven ICF, when sufficiently intense ion beams become available). The
rapid development of high-powered lasers produced a series of laser facilities during this time period,
culminating in the ten-beam, 40 kJ Nova laser commissioned at LLNL in 1985. A wide variety
of increasingly complex hohlraum and capsule designs were also investigated on these machines
to evaluate the behavior and key parameters of indirect-drive ICF: conversion of laser light to
thermal radiation, hydrodynamic instability growth and mix, and the production of energetic (‘hot’)
electrons which can preheat the fuel and impede compression. These developments in experiment
and theory indicated that marginal ignition and small energy gains would be accessible with a ~
1-2 MJ laser, driving a hohlraum to 300 eV radiation temperature with implosion velocities of
~ 4 x 107 cm/sec. The Department of Energy commissioned a conceptual design report in 1993 for
the National Ignition Facility (NIF), a 2.0 MJ indirect-drive laser facility intended to demonstrate
laboratory ignition of an indirect-drive ICF implosion.

The majority of indirect-drive research described above was carried out at Lawrence Livermore
National Laboratory (LLNL) and Los Alamos National Laboratory (LANL) in a classified setting.
Declassification of this work in 1994 led to John Lindl’s comprehensive review paper of indirect-drive
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Figure 1.10. A schematic drawing of the National Ignition Facility (NIF) at Lawrence Livermore National
Laboratory (LLNL). The NIF can deliver 2.0 MJ in 192 beams to the target chamber. High-contrast and
high-precision pulse-shaping have been demonstrated, a necessary element to reach the NIF design goal of
indirect-drive ICF ignition. (Image from https://lasers.1llnl.gov/about/what-is-nif)

ICF (Reference [47]) and the subsequent book (Reference [39]), which also provided a description
of the expected performance of the proposed NIF, shown in Figure 1.10. Construction of the NIF
began at LLNL in 1997 and was completed in 2009, followed in 2010 by the first laser shot in excess
of 1 MJ as well as the first integrated (i.e. including a cryogenic fuel layer) implosion.

The NIF is a 192-beam, 351 nm (frequency tripled) Nd:glass laser system. The beamlines
are arranged for indirect-drive with a cylindrically-symmetric hohlraum oriented along the vertical
axis. Ninety-six beamlines in each hemisphere are grouped into 24 ‘quads’ with four beams each,
which in turn enter the target chamber in four azimuthally-symmetric ‘cones’ at 23.5°, 30°, 44.5°,
and 50° from the axis. The ‘inner’ cones (23.5°, 30°) are composed of four quads each, while the
‘outer’ cones (44.5°, 50°) are composed of eight quads each. This arrangement does not allow a true
spherically-symmetric drive; however the beams can be individually repointed for non-symmetric
‘Polar Direct Drive’ (PDD) implosions. The target chamber has been designed such that spherically
symmetric direct-drive is possible by reconfiguring 24 quads, should this arrangement be of interest
in the future.

To date, the facility has demonstrated the capability of delivering 500 TW of laser power and
1.9 MJ of laser energy to a target. From 2010 to 2013, a series of implosions performed as part of the
National Ignition Campaign (NIC) demonstrated orders of magnitude improvement in implosion
performance, although ignition was not obtained. The parameter ITFX (Ignition Threshold Factor
— eXperimental) was devised as an experimentally observable analog to the ICF Lawson criterion

(Equation 1.7) based only on the measured nuclear yield and the pR, and is defined as follows:**
Yiz—15 mev') [ DSR\*?
ITFX = . .1
( 3¢15 0.073 -18)

Here the nuclear yield Yi3_15 mev is defined as the measured number of neutrons in the energy
range 13-15 MeV, and the down-scattered ratio (DSR) is the ratio of the number of neutrons
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scattered into the energy range 10-12 MeV to Yi3_15 Mev- DSR scales approximately linearly with
the fuel pR: DSR ~ pR/(21 g/cm?), and is the fundamental measured quantity used to infer pR in
experiments. ITFX is defined such that an implosion with ITFX equal to unity has a 50% chance
of igniting. An in-depth comparison of ITFX, the generalized Lawson criterion, and other proposed
metrics for ICF is available in Reference [49].

From the first layered implosion (NIF shot N100929, ITFX = 0.0014)° to the best-performing
NIC implosion (N120321, ITFX = 0.1), the ITFX increased by a factor of approximately 70. Sub-
sequent ‘high-foot’ experiments with increased fuel adiabat (and therefore reduced hydrodynamic
instability growth) have reached ITFX ~ 0.4 and demonstrated more energy produced by fusion
than was delivered to the fuel by the implosion.®® Future work aims to demonstrate significant
alpha heating and burn of the compressed fuel, through evolution of the successful implosion de-
signs and better understanding and control of failure modes such as mix, implosion asymmetry,
and unstagnated fuel flows.

The NIF’s versatility and access to high intensities and high energies create opportunities for
studying new regimes of fundamental physics. For example, experiments have demonstrated ramp
compression of materials to 50 Mbar, for equation-of-state measurements comparable to the centers
of gas giant planets.?! NIF also allows studies of astrophysically-relevant plasmas such as colli-
sionless shocks, nuclear science relevant to nucleosynthesis, and many more fundamental physics
experiments. The introduction of petawatt, picosecond beams with the commissioning of NIF ARC
in 2015 will enable many unique experiments, including Compton backlighting of high-density im-
ploded capsules and fast ignition.

Understanding of the physics relevant to the HED plasmas produced by indirect-drive ICF
depends on the design and implementation of cutting-edge diagnostic instruments. The design
and implementation of a CVD-diamond high-voltage diode based nuclear bang-time diagnostic, as
well as the upgrade of this diagnostic to measure shock- and compression-bang time on gas-filled
hohlraum implosions, constitute a major component of this thesis and a significant contribution
to ICF and HED science. The design, analysis methodology, and results of these diagnostics are
described in Chapter 2. Development of a novel approach to interpreting secondary nuclear yield
data from Ds-filled implosions to obtain information about fuel pR, electron temperature, and mix
has also been performed, and is described in Appendix D.

For more information on the current status of the NIF and the results of the ignition campaign,
see Reference [52].

1.2 Hydrodynamics and Implosion Modeling

ICF implosions produce complex and rapidly evolving plasmas, featuring strong gradients in pres-
sure, density and temperature. While certain aspects of these phenomena are accessible to analytical
calculation, experiments are often too complicated to design or interpret by hand. For this reason
physics simulations play a key role in the study of ICF. For the most part, these simulations follow
an average-ion hydrodynamic framework, approximating the plasma as a fluid composed of one
type of ion coupled to a fluid of electrons and evolving based on an equation of state.

The main results of this thesis explore experimental scenarios relevant to ICF in which these
approximations break down. Hydrodynamic theory and its implementation in hydrodynamic sim-
ulations are briefly described in Section 1.2.1. Section 1.2.2 presents several ways in which the

®NIF shot numbers take the format NYYMMDD-00X-999, in which the first 6 digits after the N are set by the
year, month, and date of the shot; the X is set by the order of this shot in that shot day sequence; and the 999
indicates a system shot, rather than a test. If unambiguous, the middle and last group of digits are removed.
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approximations of hydrodynamics have been shown to break down in an ICF context, which will
become important in subsequent chapters. In particular, the additional physics of interest discussed
here will include ion diffusion and Knudsen-layer ion loss. An additional kinetic model regarding
ion thermal decoupling was developed as part of this thesis, and is discussed in Chapter 4.

1.2.1 Hydrodynamic theory

Plasmas are gases of ions and electrons with sufficient energy to avoid recombination. A full dynam-
ical treatment of a plasma would require knowing and calculating the sum total of electromagnetic,
radiative, and collisional forces acting on all of the component particles — an incomprehensibly
complex problem for the milligram-scale plasmas in an ICF implosion. The plasmas may instead
be approximated as a fluid, as long as several limiting conditions are met. The mean-free-path of
ions \; must be substantially shorter than the gradient scale lengths, and the collision rate of ions
v;; must be substantially faster than the inverse of dynamical timescales. These conditions may be
written as:

F OF /ot
/\l<<ﬁ;<<L, v > /

for plasma conditions F' (e.g. pressure, density, etc.), plasma size L, and plasma timescale 7. The
two conditions in Equation 1.14 are related, as the mean-free-path is inversely proportional to
the collision frequency, and is often defined simply as Ay = v, j/Vjr. The mean-free-path is more
accurately calculated in an analogous way to the collision frequency, from the average rate of change
in the momentum density of two colliding particle distributions. This calculation is presented in
Appendix A.1 and results in the following expressions:
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Here the indexes (j,k) refer to colliding species with charge eZ;; and mass mjk = Ajrmp, and
the reduced mass m, = (m;ms)/(m; + mg). In multi-species plasmas, a total collision frequency
for a single species can be defined as a sum over collision rates with all species: v; = >, vj).
The total mean-free-path is instead defined as an inverse sum: /\j“l = Ok /\jk)_l. The mass
terms indicate that the ion-electron collision rate v;, is much slower than the ion-ion collision rate
(Vie S Virn/me/m; = v;[43), whereas the electron-ion collision rate ve; is much faster (ve; >
Viirn/mi/me = 43v;). The ions will drag the electrons around without losing or gaining significant
momentum from them.

The thermalization rate is calculated as the collision rate for energy transfer, rather than mo-
mentum transfer. This rate differs from the collision rate for momentum transfer by a factor of
Vikth = Vjk2m;/(m; + mg). This factor is unity for collisions between particles with identical
masses, but scales as the mass ratio when m; <« my. Thus, while electrons lose their momentum
to ions rapidly compared to the ion-ion collision rate, they retain their energy for much longer
timescales. As a consequence, the electron temperature may not thermalize to the ion temperature
during timescales of interest. This is especially true in the ICF context where the electrons absorb
the energy from the lasers via inverse bremsstrahlung, and carry this energy to the ablation front
where it is transferred to the ablating ions. To account for this, it is necessary to include separate
electron and ion temperatures in the fluid theory used for ICF simulations.

If the conditions in Equation 1.14 are satisfied, then the individual particle dynamics do not
matter on the experimental time- and length-scales, and the plasma behaves as a fluid with density
p, pressure p, and internal energy e. Under these conditions, the conservation of mass, momentum,

> 771 (1.14)
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and energy can be written generally as follows:

Dy
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Dv 1
=z 1.17
i pr, (1.17)
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where D/Dt = (8/0t + U - V) is the convective derivative, describing the total change of a local
quantity in its reference frame; ¢ is heat current; and P is external energy sources. In these
equations, the plasma properties are shown on the left and source terms are shown on the right.

To solve these equations, ¢ and P must be given in terms of the dynamical variables, and
the relationship between pressure, density and temperature (‘equation of state’ or EOS) must be
determined. In the limit of local heat conduction, the heat flux is given by ¢= —x(p, T)VT, where
X is the heat conductivity. Often the Spitzer form of heat conductivity is used, though in practice
a ‘flux limiter’ is required to prevent unphysical heat conduction at strong gradients. In radiation-
hydrodynamic simulations of ICF implosions, the energy source P can be calculated based on the
absorption of laser light into the plasma via inverse bremsstrahlung. Such calculations have required
detailed ray-tracing of the laser vector as it traverses the plasma and is bent by gradients in the
local index of refraction. Finally, for fully ionized classical plasmas the ideal EOS (p = nT) may
be used. However for compounds, high-density plasmas, warm-dense matter, and other complex
states, an EOS lookup table based on a combination of theory and experimental measurements is
often used.

Notably, the momentum equation as presented (Eqn. 1.17) lacks any force terms related to elec-
tromagnetism. This negligence of electromagnetic effects is common to most of the hydrodynamic
codes used in ICF simulations today. Intuitively, electric and magnetic fields may be expected
to play a significant role in the evolution of a plasma, since plasmas are composed of charged
particles, conduct currents and transmit electromagnetic waves. In fact, experiments have demon-
strated large electric fields at shock fronts,33 large magnetic fields (produced by laser-produced
plasmas) in hohlraums,3* and magnetic fields around ablative RT instability spikes,®3 all scenarios
which are highly relevant to ICF. The willingness to ignore electric fields probably arises from the
fact that electron plasma frequencies are generally greatly in excess of 10!3 Hz [i.e. (0.1 ps)™}]
in ICF scenarios, which is orders of magnitude larger than dynamical timescales. This fact leads
to expectation that electric fields are rapidly eliminated and quasineutrality of the plasma is a
good assumption. Ignoring magnetic effects is likely a consequence of the fact that they cannot be
modeled in 1D simulations. Since magnetic forces always accelerate perpendicular to the velocity
(according to the Lorentz force: Fp o ¥ x E), they require at least two dimensions to operate.
Magnetic forces simply cannot be captured in a spherically-symmetric scenario. Estimates of the
plasma 3, defined as the ratio of plasma pressure to magnetic pressure, evaluate how important the
magnetic effects are to the evolution of the plasma. While in the study of RT-induced magnetic
fields, 53 3 was estimated to be much greater than 1 during the early stages observed and magnetic
evolution did not significantly impact the hydrodynamic evolution, a study of laser-plasma produc-
tion from a solid foil®* determined that 3 ~ 1 and magnetic terms should be significant in their
evolution. Two-dimensional simulations could capture some of the magnetic dynamics: for exam-
ple, azimuthal magnetic fields and perpendicular currents could drive radial acceleration; however
magnetic forces are fundamentally a 3D effect. Some recent work includes magnetohydrodynamic
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Figure 1.11. Cartoon of the Eulerian and Lagrangian formulations used in hydrodynamic simulations. The
initial conditions include a grid (or mesh) defining the spatial coordinates and a description of the material
properties at a number of points. The hydrodynamic equations describe the time evolution of these material
properties. In the Eulerian framework (top right), the spatial grid does not change with time, and the mass
elements move in relationship to the grid. The Eulerian framework has no mesh distortion, but interfaces
between different materials are difficult to follow. In the Lagrangian framework (bottom right), the spatial
grid is comoving with each mass unit, and mass does not flow across the grid boundaries. The Lagrangian
framework intrinsically tracks interfaces, but in multiple dimensions the mesh can become severely distorted
over time, requiring rezoning.

effects in multi-dimensional ICF simulations, for example using the 2D-DRACO code to explain
radiography results demonstrating magnetic fields around the target stalk.5

The formulation in Eqns. 1.16-1.18 is referred to as the Lagrange representation. The use of
the convective derivative throughout simplifies calculations of the change in the properties of a
fundamental ‘mass element.’ In this formulation, position and velocity are treated as properties
of a mass element, along with pressure, density, and temperature. Many radiation-hydrodynamic
simulations use a Lagrangian framework, which to zeroth order is the simplest frame of reference
in which to treat conservation of momentum and plasma composition. Lagrangian simulations also
natively track the boundaries between different materials, such as the fuel and shell of an ICF
implosion. The alternate definition, in which the reference frame is fixed in space and composition
changes, is referred to as the Eulerian representation. The Eulerian formulation has an advantage
in multi-dimensional simulations, as rotations of the fluid, which are allowed in more than one
dimension, can evolve highly complex mass-element boundaries that become difficult for the La-
grangian framework to track. Figure 1.11 presents a comparison of the evolution of the simulation
grid and materials under these two frameworks. In practice, an ‘arbitrary Lagrangian-Eulerian’
(ALE) framework is employed in modern multi-dimensional codes, in which both the grid and the
material nodes may be transformed to obtain some of the computational benefits of both the Eule-
rian and Lagrangian formulations. The details of hydrodynamic simulation algorithms are beyond
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Table 1.1. A summary of modern hydrodynamic simulation codes in common use in the fields of ICF and
HEDP. All listed codes include planar, cylindrical, and spherical geometry, and simulate coupled ion and
electron fluids and radiation fields; fluids have independent temperatures but not necessarily independent
momentum transport. Reference numbers are provided in the Name column for more information, where
available.

Name Dimensions Formulation Additional Physics
HYADES? 1D Lagrangian -

LILAC (LLE) 1D Lagrangian 3D ray-tracing, CBET
DRACO (LLE)®” 2D,3D Eulerian or ALE 3D ray-tracing, MHD
LASNEX (LLNL) 1D,2D Lagrangian diffusion

ARES (LLNL) 1D Lagrangian -

HYDRA (LLNL)% 2D,3D ALE 3D ray-tracing, CBET, resistive MHD

the scope of this work, but information on the mathematical basis of ALE simulations may be
found in Reference [56]. A summary of some modern hydrodynamic simulation codes used in ICF
and their physical bases is presented in Table 1.1.

Hydrodynamic shocks

The presence of shocks in ICF implosions has been introduced previously, both for the compression
of cryogenic fusion fuel in Sec. 1.1.2 and the discussion of shock-driven implosions in Sec. 1.1.3. A
shock occurs in a fluid wherever a discontinuity in the pressure and density is allowed to propagate.
The equations governing the properties of a hydrodynamic shock can be derived by establishing
such a discontinuity, and enforcing the continuity equations (1.16-1.18) across the boundary. This
exercise produces the Rankine-Hugoniot jump conditions, written here in the frame-of-reference of
the shock: !

pluy = pauy, (1.19)
p1u} + p1 = pauj + p2, (1.20)
o2 u2
p1u1 (61 + ?1 + %) = pauz (62 + 72 + f;—z) ; (1.21)

where p is density, u is fluid velocity, p is pressure, e is internal energy, and subscript 1 (2) indicates
the fluid upstream (downstream) of the shock. These equations can be closed by assuming an ideal
gas, for which e = P/[p(y—1)]. This leaves three equations in six unknowns (density, pressure, and
fluid velocity on either side of the shock). Typically the fluid velocities are not of interest and are
eliminated from the equations, resulting in the following two, equivalent representations: !

pz_pO+)+ (-1

- GFDFEG-D) (122
m 20+D-(-1 )

p (PFD) -2 (y-1)

These equations describe the jump in density at the shock front in terms of the jump in pressure,
or vice versa, and were used to plot the curve shown in Fig. 1.4.
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The strength of the shock is most readily described in terms of the shock speed. Equations 1.19-
1.21 are written in the frame-of-reference of the shock, but in the lab frame of an ICF implosion,
u1 = 0. Transforming into this reference frame, the shock speed ugz, can then be calculated as a
function of the pressure or density jump at the shock front. In practice, the dimensionless Mach
number M defined as the ratio of the shock speed to the upstream sound speed (c¢; = \/vp1/p1)
is a valuable metric of shock strength. The jump equations can then be rewritten in terms of the
Mach number:

p2_ (y+1)M?
. (y-1)M24+2
p2 _ 2yM? - (v - 1)
I (y+1)

(1.24)

(1.25)

This form makes clear the behavior of the density and pressure jump in the limits of small and
large Mach number. For strong shocks (M >> 1), the pressure continues to increase as M2, while
the density approaches a limiting value, (v + 1)/(y — 1), which equals 4 for an ideal gas. For weak
shocks (M = 1), both the density and pressure jumps approach unity, as expected.

The equations presented above follow from the hydrodynamic equations, but only describe the
fluid on either side of the shock. The structure of the shock itself is not treated directly. Shock
structure is set on the scale of the mean-free-path of the shocked (downstream) ions. This is because
the processes that compress the upstream fluid must happen on the length-scale of collisions between
high-density and low-density ions. The structure of plasma shocks was first studied by Jaffrin and
Probstein,®® who predicted the shock width was a few times the ion mean-free-path \;; based
on fluid theory. Subsequent theory and kinetic simulations have demonstrated that the kinetic
streaming of ions into the low-density gas plays a strong role in the structure of shock front.%®
Kinetic simulations show that the shock front width in a plasma is on the order of \;;\/m;/m, ~
40 to 60 times the ion mean-free-path.5!

The shock-front structure is also made more complex by the electron fluid. Electrons in the
shocked plasma are effectively free to stream into the unshocked plasma, because their mean-
free-path is longer than that of the ions. The excess electron density in front of the ion shock
establishes an electric field, which provides a restoring force. The electric potential jump at the
shock front due to this effect has been shown to scale with the shocked electron temperature as
Adg, ~ (T./e)In(p2/p1).%% This effect has been used to explain the strong (~ 10° V/m) electric
fields that have been observed at shock fronts in ICF implosions. %3

Because of the strong gradients at a shock front, a shock in a multiple-ion species plasma
may also be expected to produce separation of ion species. Such ion species separation occurs via
diffusive mechanisms, which will be discussed next.

1.2.2 Relevant extensions of hydrodynamic theory

In Section 1.2.1 the basic underlying formulation of hydrodynamics was presented. Kinetic ex-
tensions of hydrodynamic theory have been developed to address situations in which the ion-ion
mean-free-path approaches the dynamic scale lengths of the experiment. This section presents two
such extensions, ion diffusion and Knudsen-layer ion loss, which are relevant to the experiments
discussed in this thesis because they affect the plasma composition and the fusion reactivity.
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Ion diffusion

Ton diffusion describes the process through which the kinetic motion of individual particles trans-
ports them relative to the bulk flow of the surrounding plasma. In a collisional plasma, the scale
length for directional particle travel before the path is randomized by scattering is the mean-free-
path ); as defined in Equation 1.15 and Appendix A.1l. Ion diffusion can be modeled as a random
walk with a step length )\;. Random walks are a well-known statistical problem for which the
average distance of a walker from the starting point scales as ¢ M/N for a step-size A and N
total steps. Since the average collision time is also known (7; = 1/[1), the diffusion length may
also be written as a function of time: o & A;1/t/7;. This discrete formulation is equivalent to the
continuum expressions referred to as Fick’s Laws:

-

J; = —DVn,, (1.26)
on; 9
L = DV™n, (1.27)

where n; is the density of species i, and J; is the diffusive flux of species i in units of cm~2 s~1.
Intultlvely, the diffusion flux indicates the rate at which the diffusing quantity n; moves, such that
J = nivgif for some diffusion speed vg;;. The diffusion coefficient D has units of cm2/s and in
plasmas is calculated from Fokker-Planck kinetic theory. A formula for D is given in Reference [64]

as follows:
A2 N

where Ap. is the Debye length, wpe = (47ne? /me)l/ 2 is the electron plasma frequency, Np, =

(47/3)neA3,, is the number of electrons in a Debye sphere (the ‘plasma parameter’), and In A is the
Coulomb logarithm.

While in a uniform plasma individual particles are identical, diffusion governs the admixture
and transport of non-uniform distributions of ions relative to the bulk flow. Typically, diffusion
relaxes a concentration gradient toward uniformity: for example, in an ICF implosion, the initially
sharp boundary between the fuel and the shell will mix via ion diffusion. However, strong gradients
in pressure, electric potential, and temperature can also create and increase gradients in ion species
fraction in a plasma with multiple ion species.f This process, sometimes referred to as ‘species
separation,’ is also a diffusively-driven process, and is often distinguished by what type of gradient
is causing the separation: barodiffusion for pressure gradients, electrodiffusion for electric-field
gradients, and thermodiffusion for temperature gradients. The mass flux due to ion diffusion in a
plasma composed of two ion species (1 and 2, where by convention 1 is the lighter ion species) can
be generally written as follows (adapted from Reference [65]):

i1 = —pD (Vc—}- k,V log p; + KV log T; + kgf)wogTe) = ;. (1.29)

Here the diffusive mass-flux for the light-ion species i; is written in terms of gradients in the
light-ion mass concentration ¢ = p1/p, the ion pressure p;, the electric potential ®, and the ion
and electron temperatures T; .. The coefficients k,, kg, kg,f) and k:g,? ) are generally functions of the

fMore generally, each of these terms has an impact on the local chemical potential of the plasma. Diffusive mass
flux arises from the relaxation of chemical potential gradients.
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ion mass concentration as well as the ion masses and charges. In addition, the thermodiffusion
coeflicients depend on the detailed physics of collisions that must be calculated kinetically. The
derivation of these coefficients is the subject of Reference [65] and several preceding works. 64:66:67

The formulation of ion diffusion in Equation 1.29 is explicit and predictive, but is only valid
for diffusion in a two-species plasma. The conservation of mass flux in the comoving frame implied
by the condition 4; + i3 = 0 can be directly extended to three species.® However there is not an
obviously self-consistent way to mathematically extend the diffusion coefficients to more than two
species. Both the thermal force between two species and the dynamic friction between two species
are affected by the presence of additional species. A more general, n-species formulation would
have to be fully derived from the individual momentum equations, which has not been done.%3

Given a formula for the ion diffusion mass flux such as Equation 1.29, it can be discretized and
incorporated in a hydrodynamic simulation to redistribute ion species density. In the Lagrangian
formulation where units of mass are followed, the expected mass flux at each zone boundary can be
calculated by evaluating the gradients and coefficients at the boundary. The mass flux into and out
of each zone is then adjusted prior to the next timestep. Ion diffusion models have been incorporated
into some of the codes listed in Table 1.1, including ARES and LASNEX. The form presented in
Equation 1.29 is relatively new, and has not at the time of this writing been incorporated into
hydrodynamic simulations. Comparable formulations similar to those developed by Zel’dovich and
Raizer® and Landau and Lifshitz’® have been incorporated into the simulations.”’ As has been
noted, such formulations are only technically applicable for the number of species for which they
are derived, although in the interest of generality they have been applied to whatever species are
simulated. A flux-limited version has been developed as one of several approximate or “reduced” ion
kinetic (RIK) models in hydrodynamic simulations by Nels Hoffman. ”? This diffusion model includes
a scalar multiplier to provide arbitrary control over the magnitude of the effect in simulations, as
the discussion over appropriate diffusion coeflicients is an area of active development.

In multi-dimensional simulations, the plasma must be occasionally rezoned to prevent complex
distortion of the mesh. Rezoning algorithms average the material from multiple zones into a new
zone with simpler geometry. Near an interface, rezoning can cause artificial ‘diffusion’ by mixing
various ion species. This diffusion is entirely numerical in nature and is not based on any physical
formulation. Users should be cautious not to ascribe undue physical significance to these effects.

Knudsen-layer ion loss

Assuming the scale size of an ICF experiment is given by L, ions within a mean free path \; of
the boundary may be expected to escape the experiment. This effect is quantified by the Knudsen
number Ny = (A\;/L), named after Danish physicist Martin Knudsen who studied the vapor layer
that develops near a liquid/gas boundary.

Even in plasmas with small Knudsen numbers N < 1, ion loss can be expected to play an
important role. The thermal mean-free-path, which is described in Eqn. 1.15, increases with the
temperature squared. While that formula is averaged over the thermal distribution, more generally
the mean-free-path of an individual particle also scales with the particle’s energy squared:

M(©) = M (Ty) (F)z (1.30)

Thermal distributions are characterized by a Maxwell-Boltzmann distribution of the plasma

EThis condition derives from the distinction between diffusive mass flux and flow velocity. Diffusion is defined in
the comoving frame; any total mass flux is captured in the fluid dynamics.
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Figure 1.12. The ion distribution (blue) as a function of ion kinetic energy in a plasma with an ion temper-
ature of 4 keV, a density of 3x 10?2 em 3, and a scale length L ~ 100 pm. The standard Maxwell-Boltzmann
thermal distribution (solid) is modified by the effect of Knudsen-layer tail-ion loss (dashed, following Ref-
erence [73]). Although L is much longer than the thermal ion-ion mean-free-paths (Aiith ~ 4 pm), the
mean-free-path A;; increases with the ion energy squared so higher energy ions can more readily escape. The
distribution function is multiplied by the D3He-fusion cross section (red) to obtain the distribution of fusing
ions, known as the Gamow peak (cyan). For the thermal distribution, the largest number of fusion reactions
occur at a 26 keV center-of-mass energy (6.5xT;). The modified tail-ion loss distribution has a dramatically
reduced area under the Gamow peak (cyan dashed), which reduces the effective fusion reactivity by a factor
of 10, and moves the Gamow peak maximum energy to 19 keV (4.75 xT;).

ions. The particle distribution is described as follows:

m \3/2 mu?
flo,n,T)=n (m) exp (#ﬁ)dsv. (1.31)

The implication of Eqns. 1.30 and 1.31 is that the mean-free-path of the bulk ions may be small
enough that they are collisionally confined, while the ions on the high-energy tail of the Maxwellian
distribution are comparable to the plasma scale lengths. This effect, referred to as Knudsen layer
ion loss, can lead to the loss of tail ions and the distortion or truncation of the local Maxwellian
distribution.

The loss of tail ions from the fuel is not necessarily a significant mechanism for energy or mass
loss from the local plasma over short timescales and for small Knudsen numbers. However this
distortion can have a disproportionate impact on the fusion reactivity of the plasma. As discussed
in Section 1.1.1, the rapid increase in the fusion cross-section with the collisional center-of-mass
energy implies that the mean energy of fusing particles in a thermal plasma (e.g. the Gamow peak
energy, €¢) is normally several times the plasma ion temperature. The loss of tail ions thus directly
inhibits the fusion reactivity of the plasma even for plasmas with small Ni. A representative
calculation of this effect in a shock-driven D3*He plasma is shown in Figure 1.12.

This effect was identified by A.G. Petschek and D.B. Henderson in the 1970s™ and the im-
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Figure 1.13. Effective D-T fusion reactivity relative to its canonical value as a function of ion temperature
and Knudsen number (Ng = A;/L). lons with energy several times the thermal energy dominate fusion pro-
cesses. Because the mean-free-path of ions scales with their energy squared, substantial reactivity reduction
can occur for Knudsen numbers on the order of a few percent. Figure adapted from Reference [73].

pact of Knudsen number on the effective fusion reactivity was quantified recently by Kim Molvig
and colleagues. ™ A modified Knudsen number-dependent distribution function was derived for a
spherical geometry. As shown in Figure 1.13, at temperatures of relevance to fusion even Knudsen
numbers as low as N = 0.01 can have a significant impact on the reactivity. This effect has been
incorporated into hydrodynamic simulations by Nels Hoffman as one of a set of approximate or
“reduced” ion kinetic models (RIK). The RIK simulations are applied to model the experiments
in this thesis.

Both ion diffusion and Knudsen-layer ion loss occur when the ion-ion mean free path A; is
smaller than but approaching the scale size of the experiment. In this sense they are transitional
kinetic effects, evident in plasmas where the bulk behaves hydrodynamically. If the collision time
(the inverse of the collision rate described in Eqn. 1.15) is long relative to dynamical timescales,
the plasma becomes fully kinetic. In this regime, the hydrodynamic equations do not adequately
describe even the bulk plasma evolution. One such fully kinetic effect is ion thermal decoupling,
which was developed as part of this thesis and is discussed in Chapter 4. Several fully kinetic
codes are beginning to be applied to ICF-relevant conditions; these simulations solve the Vlasov-
Fokker-Planck equation to evaluate the particle distributions directly "7 or use a particle-in-cell
(PIC) approach.5! Initial results are promising, however the computationally intensive nature of
such simulations has limited the scope of their application.
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1.3 Diagnostic Techniques for ICF and HED Plasmas

The experiments and diagnostics developed and presented in this thesis build upon previous work
in the fields of HED plasma physics and ICF. This section describes several of the diagnostics used
in this work, and presents their history and operational principles. The diagnostics and techniques
presented here will be used throughout this thesis, and form the basis for the new diagnostic
developments which are presented in Chapter 2.

Several nuclear diagnostics recording both neutrons and charged particles have been instrumen-
tal in successfully performing the experimental work described in this thesis. The fusion reactions
listed in Equation 1.2 produce nearly monoenergetic charged and neutral particles, many of which
escape the experiment. Measurements of these particles can provide valuable information about
both the plasma that generated them and the environments they encountered on their way to the
detector.

This section begins by discussing what information can be obtained from nuclear spectra, and
then describes specific diagnostic techniques to obtain these spectra and histories. Most of the
charged particle diagnostics discussed here are based on the solid-state nuclear track detector CR-
39. The properties of CR-39 are discussed first, followed by its application in the Charged Particle
Spectrometers (CPS1 and CPS2) at OMEGA, the Wedge Range-Filters (WRF) at OMEGA and
the NIF, and the Proton Core Imaging System (PCIS) at OMEGA. Next the information contained
in time-resolved measurements of nuclear emission are discussed. Scintillator-based nuclear spectral
and timing diagnostics are described, including the neutron Time-of-Flight (nTOF) diagnostics at
OMEGA and NIF and the neutron- and proton-temporal diagnostics (NTD and PTD) at OMEGA.
Lastly, the use of chemical vapor deposition (CVD) diamond wafers as a high-voltage diode for
measurements of ionizing radiation are introduced, as this technology forms the basis for the particle
Time-of-Flight (PTOF) diagnostic described in Chapter 2.

1.3.1 Information contained in the fusion-product spectra

The fusion reactions presented in Equation 1.2 indicate the nominal kinetic energies of the fusion
products, which depend on the Q values of the reactions and the relative masses of the prod-
ucts. More specifically, these values are calculated using the energy and momentum balance of
the reaction: for the fusion of two particles (1,2) generating two products (3,4), the energy of
one of the products in the center-of-mass frame is given by E5 = (Q + K)ms/(m3 + my4), where
K = mr,12”$,12 /2 is the kinetic energy of the reactants in the center-of-mass frame. The relative
velocity is ¢y;; = (U; — ¥j;), and primes designate the center-of-mass frame. However the energy
observed by the diagnostic instruments must be calculated in the lab frame. Assuming the reac-
tion’s center-of-mass velocity is given by Veou, the total velocity of the product in the lab frame
is o3 = Voon + ¥, my4/(m3 + my4). Neglecting relativistic effects, the energy of this product in the
lab frame is then:

1 1
E3 = =mgv3 = =mgVéoum +

5 (Q+K) 5. (1.32)

my 2mgzmy
——(Q+ K)+ V( cosf | ————
2 ms + my @ ) com m3 + my

The angle between the center-of-mass velocity and the relative particle velocity has been defined
such that Veoour -9 = Voomvr cos 8. In plasmas, the reactant particles will have energy a few times
the thermal energy, and K < 100 keV which is negligible compared to ¢ ~ 10 MeV. Similarly,

the thermal average center-of-mass energy represented by the first term on the right-hand side
is typically negligible. However the final term represents a non-negligible correction to observed
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energy. An approximate simplified formula is as follows:

E3 =~ ﬂn—‘—l——l—VCoMCOSa[

(1.33)
mg + my

2Qmgzmy 3
m3 + M4] ’

To determine the observed fusion spectra, the formula in Equation 1.32 must be averaged over
the distributions of fusing particles. In thermal plasmas the angular term has no preferred direction
and the energy of individual products can be either boosted or reduced by this correction. The
net result is a broadening of the total spectrum, sometimes referred to as Doppler broadening.
The amount of spectral broadening was first calculated by H. Brysk in Reference [17]. By taking
the 2nd spectral moment of Equation 1.32, Brysk demonstrated that the spectral distribution is
approximately a Gaussian in energy space with width ¢% = 2m3T;(Ej3)/(m3 + my). Here, T} is the
ion temperature of the fusing plasma, and (E3) is the mean product energy in the lab frame (to
first order, (E3) =~ Qmy/(mg + my)).

By measuring the fusion spectra, we can therefore learn about not only the nuclear yield, but
also the ion temperature of the fusing plasma. For a sense of scale, consider the D-D reaction, which
produces a neutron and a 3He ion and has Q = 3.27 MeV. The mean neutron energy is 2.45 MeV,
and the thermal broadening of the spectral peak is ¢ ~ /T;/keV x 35 keV. This translates into
spectral full-width at half maximum (FWHM = 0,/81n(2)) of FWHM = /T;/keV x 82 keV.
Spectral widths on this scale can be measured with existing technology, which is described below.
Relativistic corrections to the mean energy, spectral width, and spectral skew of the fusion products
was calculated by L. Ballabio, et al. in Reference [77], which is used for measurements of the ion
temperature throughout this work.

As fusion products leave the implosion, scattering and interaction with electromagnetic fields
change their energy. Charged particles in particular are susceptible to ranging in plasmas, as
they lose energy to Coulomb collisions with other charged particles. Energy straggling from these
collisions will broaden the spectrum if the particles are downshifted by a significant fraction of their
birth energy. In many experiments, evolution of the pR with time also introduces a time-dependent
downshift that tends to dominate the thermal broadening of the spectrum. Since the birth energy
is known a priori to high accuracy,® the energy downshift of fusion products can be used to infer
the areal density (pR) of the implosion. This approach has been used on both OMEGA and NIF
for measurements of the total areal density at bang-time, ®" and is viable up to areal densities of
~ 300 mg/cm?.

Neutrons interact much less strongly than charged particles since they only scatter via nuclear
interactions. In general, most neutrons will escape an ICF implosion without scattering. However in
high-areal density implosions, measurements of the downscattered neutron spectrum can provide
information on the areal density of the implosion at burn. The fuel and the ablator materials
have different characteristic cross-sections for neutron scattering as a function of angle, and so
information about both features may be obtained. This principle has been implemented on both
OMEGA and the NIF using the Magnetic Recoil Spectrometer (MRS). 6

Shock-driven implosions have little areal density at peak compression (pR < 1 mg/cc), and so
energy downshifts in these implosions are often negligible. Due to capsule charging, upshifts of the
emitted fusion products on the order of ~0.5 MeV are often observed if bang-time occurs while the
laser is still on.®® In charged particle radiography experiments, fusion products from a shock-driven
backlighter transit a plasma of interest and are recorded. The energy downshift in the plasma of

" A small upshift in the birth energy (~ 10’s of keV) is also produced by the thermal kinetic energy of the plasma,
which is represented by the terms including K and V24, in Equation 1.32. Ballabio, et al. characterizes this upshift
in Reference [77], and it is included in all spectral modeling in this thesis.
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Figure 1.14. Schematic of charged particle detection using the solid-state nuclear track detector CR-39.
Incident charged particles leave trails of broken chemical bonds in the plastic. When etched in 6-molar
sodium hydroxide (NaOH), the etch rate along the trails (V;) is faster than the bulk etch rate of the plastic
(V3), forming conical pits with central angle set by sinfl =V}, /V:. The diameter of these tracks depends on
the bulk etch rate and the bulk-to-track etch rate ratio, as described in Equation 1.34. Since the etch rate
ratio is a function of particle stopping power, the track diameter is a function of incident particle energy for
a given species of charged particle. Particles that transit the CR-39 can form tracks on both sides.

interest may then be measured.

Certain of the fusion reactions in Equation 1.2 produce high-energy particles that are themselves
fusion reactants. In particular, the D-D fusion reaction produces both a 1.01 MeV triton and an
0.82 MeV helium-3 ion. As these particles transit and slow down in the deuterium fuel, they
have an opportunity to undergo fusion with field deuterons. These are referred to as secondary
fusion reactions, and will be discussed in more detail in Appendix D where an analysis method
for determining fuel pR, T., and/or mix using multiple secondary yields is developed. In brief,
the number of secondary reactions scales with the primary fusion yield and the areal density of
deuterium in the implosion. If the plasma is dense enough that the reactants are ranged out, then
the secondary yield saturates at a value dependent on the stopping power of the plasma. The
center-of-mass velocity of secondary reactions is much higher than that of thermal reactions, so the
typical spectrum of secondary products is several MeV wide. 8l

1.3.2 Detecting charged particles with CR-39

CR-39 is a transparent, rigid plastic used extensively as a solid-state nuclear track detector for
charged particle measurements in ICF and HED experiments. The chemical structure of CR-39 is
C207Hig, with a density of 1.30 g/cm®. CR-39 is typically manufactured in sheets of either 1 or
1.5 mm thick and laser cut to appropriate shapes for a variety of applications. The CR-39 used in
this work was manufactured by Track Analysis Systems, Yiti] 52

A schematic of the method of detecting charged particles using CR-39 is shown in Figure 1.14.
When charged particles with energy on the order of MeV strike the CR-39, they slow and stop in the
plastic primarily through collisions with electrons. These collisions break chemical bonds along the
path of the incident particle. Liberated electrons can cascade and deposit the released energy more
broadly. When exposed to sodium hydroxide (NaOH), the bulk of the plastic is removed slowly, but
the trails of broken chemical bonds are removed much more rapidly.* This combination generates
conical pits or ‘tracks’ where the energetic charged particle was incident, with diameters on the
order of 10 microns, which are readily visible under a microscope.

The diameter of the resulting track depends sensitively on the track- and bulk-etch rates of the
plastic (V; and V}, respectively), and on the amount of time for which it was etched. Assuming



54 Chapter 1 Introduction

normally incident particles, the diameter of a track may be estimated as:3*

[Vi/Vs — 1
D =2Vpty| ——. 1.34
Vv T (1.34)

The track-to-bulk etch-rate ratio V = V;/Vj, depends on the stopping power of the particle in the
plastic. In principle this means that the track etch rate changes along the path of a single track.
In practice, the range of high-energy particles in the CR-39 is often much larger than the amount
of plastic removed by standard etching (~ 10 um), so changes in the stopping power are ignored.
An empirical formula for the scaling of etch rate ratio with stopping power is as follows:

_ Vi _ dE/da:elec "
V== ltk ([kev/um]) , (1.35)

where k and n are free parameters and the electronic stopping power dE/dxeec is evaluated at the
surface in units of keV/um. Typically k = 0.002 and n = 1.9 are good values for CR-39 etched in
6-molar NaOH at 80° Celsius, as has been done for all data in this thesis.®3

The implication of Equations 1.34 and 1.35 is that both different particle species and different
particle energies can be distinguished by track diameter. The variation of track diameter with
energy is captured in a diameter-vs-energy or “D vs E” curve, which has been calibrated for protons
in the range 1-9 MeV.%0 This curve allows direct spectroscopy of particles observed using CR-39,
although the accuracy of this technique is limited due to piece-to-piece variation, changes in the
calibration due to environmental effects such as exposure to vacuum for long periods of time,3¢ or
exposure to x-rays.8” Instead, CR-39 is typically used as the detector component in spectrometer
instruments which analyze the energy of incident particles using other means.

CR-39 has several additional benefits for its use as a nuclear track detector in ICF applications.
It is 100% quantum efficient for the detection of protons in the energy range 0.5-5 MeV, and
for other charged particles in a comparable energy range. This makes it an exceptional image
plate for charged particle radiography and fusion burn profile imaging diagnostics. CR-39 is also
sensitive to neutrons, with an efficiency of 1 x 10~ and 6 x 1075 for DD-neutrons and DT-neutrons,
respectively. 8 Moreover, CR-39 is relatively cheap to obtain and easy to handle, being insensitive
to light and most solvents.

Because of the 100% quantum efficiency of CR-39 to charged particles, the dynamic range of a
CR-39 detector is limited on the upper end by the overlap of charged particle tracks. The fraction
of overlapping tracks x is approximately equal to four times the track density n multiplied by the
average track area a,%? implying that 10% of tracks are overlapped when 7 = x/4a = 0.025/a.
Measurable tracks typically must have a diameter greater than approximately 2 pm, with 10 um
being preferred, so track overlap becomes a danger for fluences in excess of 3 x 10% tracks/cm? and
unavoidable for fluences in excess of 8 x 10° tracks/cm?. In such situations, careful processing of
the data with low etch times is required to avoid data loss. Simulation® and experimental 290
studies have explored several methods of significantly increasing the dynamic range of CR-39 based
detectors.

1.3.3 Charged particle spectrometers

The charged particle spectrometers used in this thesis were first implemented on OMEGA, and
are described in Reference [27]. Two different technologies for high-resolution charged particle
spectroscopy are used: magnetic deflection and range filtering.
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The Charged Particle Spectrometers (CPS1 and 2) installed on OMEGA use a dipole magnetic
field to deflect particles onto an array of CR-39, as shown schematically in Figure 1.15. The radius
of curvature of the particles in the dipole field is derived from the Lorentz force as Rgyro = p/qB o
VAE/ZB, for a particle with momentum p, charge ¢ = Ze, mass A and magnetic field B.I Each
location in the detection plane corresponds to a particular Rgy., and thus to a particular energy for
a particle with given mass and charge. Particles with equal values of (AE /Z?) will be deflected to
the same location: for example, protons (A=1, Z=1) and alpha particles (4,2) will both be deflected
to the same location for the same incident energy, while deuterons (2,1) at that same location will
have half the energy. The different sizes of tracks produced by these particles in CR-39 can be used
to distinguish between them. Another commonly used technique to distinguish between incident
species is filtering of the CR-39 to transmit only the lighter, more penetrating particles.

The effective sensitivity of the CPS instruments to charged particles is set by the size of the
entrance apertures to the magnets. Both CPSs use a rectangular aperture that is 15 mm long
in the direction perpendicular to the bending plane. Parallel to the bending plane, apertures
can be selected with a width from 0.1 to 10 mm to vary the single-shot dynamic range of the CPS
instruments. CPS1 holds the aperture outside the target chamber wall, 235 cm from target chamber
center (TCC), and records between 2 x 1078 and 2 x 1078 of the particles produced, depending
on the aperture size. The CPS2 aperture is inserted to 100 cm from TCC and transmits a larger
fraction of the particles produced (between 1075 and 1077). Increasing the aperture width allows
more particles to be detected, but also increases the instrumental line broadening of the system.
The magneto-optical properties of the magnet were designed to focus 3 MeV protons generated at
TCC onto the detector plane; other detected particles are not perfectly focused on the detectors
and are recorded with an instrumental broadening dependent on the aperture width. The effect of
this broadening on a measured Gaussian signal was calculated to facilitate more accurate spectral
line-width measurements using CPS data: this analysis and its results are presented in Appendix B.
For more information on the CPS systems, see References [85, 27].

The Magnetic Recoil Spectrometer (MRS), which is primarily a neutron spectrometer,”! can
also be used as a sensitive charged particle spectrometer if the neutron scattering foil is removed
so that particles can directly enter the magnet aperture. This system has a comparatively high
efficiency due to a large magnet aperture (22 cm?, efficiency ~ 3 x 1073) and combined with its
focusing properties an energy resolution of about ~ 0.15 MeV is obtained for 14.7 MeV protons.

The Wedge-Range-Filter (WRF) compact proton spectrometers use ranging in a solid filter

Including the relativistic momentum, the gyro-radius is found to scale proportionally to Rgyro
VAE(1 + E/2mc?)/ZB. The correction term is never larger than 0.4% for the particles studied here.



56 Chapter 1 Introduction

a) Incident protons
Al “wedge” filter ‘ Losvvp:?:w
KXTITIII1 1 AN ittt
; Front view
d of etched
Il CR-39
% —

v

Figure 1.16. a) Conceptual design of the compact Wedge-Range-Filter (WRF) proton spectrometers.
Protons are ranged through a wedge-shaped aluminum filter before being detected by a CR-39 detector.
The fraction of the incident proton spectrum that penetrates the filter varies with filter thickness (t) as
a function of the position (x). The energy and fluence of detected particles on the CR-39 can then be
analyzed as a function of location and be used to reconstruct the incident proton spectrum. Figure taken
from Reference [27]. b) A photograph of a WRF assembly as fielded on OMEGA. The diameter of the
circular assembly is 5 cm.

rather than magnetic fields to evaluate the proton spectrum, as depicted in Figure 1.16. An
incident proton spectrum transits a wedge-shaped filter made of aluminum or zirconium. The
transmitted proton spectrum varies as a function of location and is measured by a piece of CR-39.
The incident spectrum can be reconstructed using the observed particle fluences and track diameters
as a function of location on the CR-39, and the WRF response function. Each WRF is individually
calibrated by exposure to protons of known energy and line-width on the MIT Linear Electrostatic
Ton Accelerator (LEIA)% to determine its characteristic thickness and slope. Currently, protons
in the range 4 to 20 MeV can be measured with an energy uncertainty of +£60 keV. Typical
WRFs introduce instrumental broadening of ¢ ~ 170 keV to the 14.7 MeV D*He-proton line. A
description of the analysis algorithm and recent upgrades to the precision and uncertainty of WRF
proton spectral measurements is presented in Reference [93].

Due to their compactness, many WRFs may be fielded at various positions in the target chamber
on a single implosion. On OMEGA, up to seven WRF modules may be fielded on a single TIM,
though commonly only three or one are fielded per TIM per shot. A single WRF may be inserted
to 10.5 cm from the implosion, such that the maximum collection efficiency is ~ 1073 and very
low-yield implosions may be studied. On the NIF, up to four WRF modules may be fielded on both
the (90,78) equatorial DIM and the (0,0) polar DIM. Fielding multiple modules on a single shot
reduces statistical uncertainty, protects against noisy or compromised CR-39, and allows studies of
anisotropy in the recorded proton energy.

1.3.4 Charged particle imaging

Imaging of the fusion product emission region can provide valuable, detailed information regarding
the profiles of temperature and density in the plasma during burn. Pinhole imaging of nuclear
products is practical in ICF only for implosions with very high yields. To achieve sufficiently high
image resolution, pinholes must be substantially smaller than the hotspot size, which is typically
on the order of 100 pum or smaller. This dramatically limits the collection efficiency for practical
imaging systems: a pinhole imager on OMEGA would collect on the order of only one out of ~ 108
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Figure 1.17. a) A schematic depiction of penumbral imaging of charged nuclear fusion products using the
Proton Core Imaging System (PCIS) on OMEGA. Fusion particles produced in the implosion transit the
aperture and are detected using CR-39. In the penumbra of the recorded image, the edge of the aperture
occludes progressively more of the burn region as the radius in the image plane increases. The radial profile
of the penumbral image can be analyzed to determine the profile of nuclear burn. b) An image of PCIS data
acquired on an OMEGA implosion. Light regions indicate greater proton fluence. This figure is adapted
from Reference [94]. ‘

fusion particles.

Penumbral imaging using the Proton Core Imaging System (PCIS) on OMEGA?Y provides
good spatial resolution with much better efficiency than pinhole imaging. A schematic for how the
PCIS operates is shown in Figure 1.17. Fusion particles are produced in the core of the implosion
and transit a circular aperture, which has a radius R, much larger than the hotspot radius Rps.
These particles are recorded using a piece of CR-39 located far behind the aperture. An image of
the aperture is projected onto the image plane as a circle of particles with radius R,M,, where
M, = (dcr.39 + da)/dq is the radiographic magnification of the system.) On the edge of the signal,
the burn region is partially occluded by the edge of the aperture such that larger radii in the signal
plane observe less of the burn volume. The radial profile of the penumbral part of the image in the
signal plane is therefore an integration of the surface-brightness profile of the burn in one dimension.
Analysis of the data can recreate the radial profile of the burn.

The two-dimensional surface brightness of the burn distribution can be directly reconstructed
from the penumbral image, as is discussed in Reference [94], and this method is used to study
asymmetries in the burn distribution. When imaging spherically symmetric implosions, the angular
information in the recorded image may be neglected, and the recorded image can be averaged into
a radial image lineout with improved particle statistics. In this case, a radial burn profile model
is forward-fit to the image lineout to determine the shape and size of the burn region. A standard
form for this model is provided in Reference [95] and uses a radial profile described by a family of
exponential functions:

IThe pinhole magnification of the system is related to the radiographic magnification as follows: M, = der-so/da =
M, — 1.
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Figure 1.18. Relative amplitude ver-
sus radius for the models of burn ra-
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Here, S describes the radial emission profile in units of ¥ /cm?, and B is the surface-brightness profile
produced by S when integrated along the axis of imaging, z. Both S and B are uniquely determined
by a set of three parameters: the amplitude Sy, the radius of burn rg, and the shape parameter
or ‘peakedness’ p. Values of p greater than zero correspond to radial emission profiles that are
peaked at the origin, while values of p less than zero correspond to ‘hollow’ emission profiles, which
in this formalism peak at ro. Examples of the profile shapes defined by this model are shown in
Figure 1.18. The penumbral profile is determined from the amount of surface-brightness ‘seen’ as
a function of radius in the imaging plane. The formula for the radial profile in the image plane is

aN _ P(z) 35
AR |, posrye ATMp(da + der-39)® '
Po(a, [So,70,8)) = M, Ra | B (/a7 + 2R(Re + 2)(1 - cosd) ) cosdds, (1.39)

-

where R, = RoM,/M,, and x = (R — M. R,;)/M, is the projection of R into the imaging plane.
The amplitude Sy is readily removed from all integrals, however there is no general analytical form
for the integrals in B and P as a function of the parameters ry and p. These integrals must be
evaluated numerically and fit to the data.

In practice, the radius containing 50% of the emitted yield (r50) is a more natural parameter to
describe the size of the burn region than the e-folding radius (rg). In experimental studies, best-fits
of rg and p to the data are found to be substantially covariant. In contrast, r5o is narrowly defined
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by the observed data, and is non-covariant with the peakedness p. No deep theoretical explanation
of this fact has yet been derived, but it is likely related to the fact that the measured quantity most
directly related to size of the burning region is the full-width at half maximum of dN/dR. When
reporting results from PCIS studies the shape parameters (750, p) are used.

The effective collection efficiency for penumbral imaging includes all particles in the penumbral
region of the image. In the geometry discussed above and shown in Fig. 1.17, the penumbra has an
area of approximately A, = (2rR,M;)(2RysMp), and collects on average half of the emitted yield
in this region. The collection efficiency, defined as the number of observed particles divided by the
total yield, is then fpcrs = Ap/87(da + dcr.39)? = 0.5(Mp/M,)(R.Rus/d2). For typical values on
the OMEGA PCIS (d, = 3 cm, R, = 1 mm, Ryg ~ 50 pm, M, = M, — 1 = 20), the collection
efficiency is on the order of ~ 107°, which is three orders of magnitude better than the estimate
for pinhole imaging.

Since the particles used in the imaging are charged, transient electric fields on the PCIS aperture
can have an impact on the data. The large electron and x-ray fluences from the target can charge
up the aperture prior to bang-time. The electric forces on the charged particles as they transit
the aperture deflect them slightly, producing a characteristic pattern in the center of the recorded
image, which would otherwise be uniform. This effect has been investigated numerically as part of
this thesis, and is described in Appendix C. When both DD-protons and D3He-protons are recorded
along a single PCIS line-of-sight, the difference in deflection of the two species can be used to correct
for this distortion.

1.3.5 Reaction timing measurements

The rate of nuclear production is governed by the evolution of the density and temperature profiles
of the fuel, as described by Equation 1.4. Typically in an ICF implosion, nuclear production occurs
only for a brief period around peak convergence, with a FWHM on the order of 100 ps. The
time of peak production is referred to as bang time. The nuclear bang time (or times, if both
shock- and compression-bang are recorded) provides a valuable point of reference for simulations of
the implosions, and are affected by the laser absorption and efficiency of the drive. If the reaction
history can be resolved, models of the plasma evolution during burn can be tested more specifically.

Details of calculating the bang-time from an observed nuclear source are developed in Chapter 2
in support of the particle Time-of-Flight (PTOF) diagnostic which was developed for OMEGA and
the NIF as part of this thesis. In brief, detectors positioned close to the implosion are required for
high-precision reaction history measurements, to avoid being dominated by Doppler broadening.
Figure 1.19 shows the effects of Doppler broadening on a burn-history measurement. The spectral
broadening discussed above produces a temporal broadening at a given distance from the source,
since the time-of-flight ¢t ~ d/\/2E /m. The Doppler broadening can be calculated from this formula
using error analysis, resulting in:

Doppler"“dE E = sz

where 0 poppler is the standard deviation of the particle time-of-flight to the detector and og is
the standard deviation of the particle energy. The Doppler broadening and the reaction his-
tory width (or) add in quadrature to give the total width of the neutron signal at the detector,

(1.40)

Ototal = 1/ 0% + o2 oppler” In general a good reaction history measurement will require that Doppler
broadening does not dominate the total signal width. Assuming DD-neutrons with a Gaussian spec-
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Figure 1.19. A calculation of the effects of Doppler broadening on measurements of the reaction history.
a) A neutron source is generated by the fuel, with a distribution in both time and energy. The DD-neutron
source shown here has a (Gaussian distribution with a width of op = 100 keV about a mean energy of
2.45 MeV, and a temporal Gaussian distribution with a width e = 64 ps (FWHM = 150 ps). Color
indicates neutron energy, with blue less energetic and red more energetic. b) The time-of-flight for this
source to the detector at 10 cm has a distribution dependent on energy. c¢) Incorporating the temporal and
spectral broadening, a total source function of neutrons arriving at the detector is generated. Higher-energy
neutrons (red) arrive sooner and lower-energy neutrons (blue) arrive later, introducing additional temporal
broadening. The temporal width o and the thermal width opoppier add in quadrature to give the total
broadening, ototai-

tral width o = 100 keV are measured,* to assure the temporal Doppler broadening is less than
100 ps requires that the detector be located within 10.6 cm of the target. Higher energy particles
are more forgiving, since o peppler X E-3 2 but in general close detectors are necessary. Measure-
ments neglecting reaction history and recording only the average bang-time are more robust, but
still must be close to the implosion to avoid being dominated by uncertainty in the particle energy.
Time-resolving detectors far away from the implosion are more successfully used by assuming a
bang-time and using time-of-flight to evaluate a spectrum, rather than the other way around.

Reaction history measurements require time-resolved detectors with fast response times. In
particular the rise-time of the detector response must be comparable to or faster than the desired
temporal resolution. Theoretically, the fall-time of the detector response does not need to be fast
compared to the measured source: in the limit of infinite fall-time, the detector behaves as an
integrator, and the fluence rate may be determined by taking the time derivative of the detector
signal. In practice, rapid signal fall-off is valuable for subsequent time-resolved measurements of
large and small signals, such as down-scattered DT-neutrons on the tail of the primary DT-neutron
peak. To measure an average bang-time the instrument rise-time need not be shorter than the
burn duration: a sufficiently high time-resolution of the detector signal is the only requirement.
However, accuracy can be lost if the rise-time is substantially longer than the burn duration, so a
detector with a rapid response is still desired.

Scintillators are commonly used in nuclear diagnostics for time-resolved measurements. The
incident nuclear particles deposit energy in the scintillator, which re-emits some of this energy
as light. The scintillator light is detected by a photomultiplier tube (PMT) or photodiode (PD).
The neutron time-of-flight (n'TOF) diagnostic suite at OMEGA and the NIF use liquid-xylene and
bibenzyl crystal scintillators,? with fall-times of approximately 2 ns.” The BC422 scintillator is

*This would be generated by an ion temperature of T} =~ 8.16 keV.



1.4 Thesis Overview 61

used for the neutron and proton temporal diagnostics (NTD and PTD) at OMEGA. %9 In these
instruments, the emitted light is imaged by a series of lenses onto a streak camera. BC422 nominally
has a < 20 ps rise time and 1 ns fall time, rapid enough for burn-history measurements using these
diagnostics.

Synthetic diamond wafers made using the chemical vapor deposition (CVD) technique have also
been used as photoconducting diodes for time-resolved nuclear and x-ray measurements. 100 When
bombarded with ionizing radiation, the electrons in the diamond are excited into the conduction
band. These electrons and the accompanying holes flow as a current driven by a high-voltage bias,
and are detected as a current impulse. Diamond has a large band-gap (5 eV), which improves the
rejection of background from optical radiation. The rise- and fall-time of these detectors depends on
the electrical and geometrical properties of the diamond and the bias voltage, but can be obtained
with sub-ns rise-times. More information on the properties of CVD-diamond detectors will be
presented in Chapter 2, which includes the development of a CVD-diamond based particle time-of-
flight (PTOF) bang-time detector for OMEGA and the NIF, as well as an upgrade of this diagnostic
(MagPTOF).

1.4 Thesis Overview

This introduction has presented the history and theoretical basis for ICF and HED plasma physics.
The hydrodynamic theory underpinning simulations of ICF experiments was motivated and de-
scribed in brief, including a description of shock dynamics and some proposed extensions in sce-
narios where the assumptions of hydrodynamics begin to break down and kinetic physics becomes
relevant. Experimental platforms and diagnostic instruments relevant to the work contained herein
have been described.

The remainder of this thesis presents original work in the fields of ICF and HED physics.
Except where noted, all of the work presented in the remainder of this thesis was performed by
the author during the course of his research. Chapter 2 presents several diagnostics and diagnostic
techniques developed as part of this work for use on OMEGA and the NIF. The Particle Time-of-
Flight diagnostic (PTOF), a CVD-diamond based bang-time detector, was developed on OMEGA
to measure the bang time using D3He-protons and DD-neutrons on the NIF, and has successfully
measured bang-time on over 60 NIF implosions. To measure the shock-bang time in hohlraum
implosions with large x-ray backgrounds, an upgrade (MagPTOF) was developed and is being
implemented. (A new analysis technique for the secondary fusion products was also developed,
using both secondary D3He-protons and DT-neutrons from D,-filled implosions to constrain the fuel
pR, electron temperature, and mix levels; this work is discussed in Appendix D.) Chapter 3 presents
the results of implosions of thin deuterated plastic shells filled with pure *He on the OMEGA laser
system to study kinetic mix at the fuel shell interface. These experiments produced D3He-proton
yields at levels congruent with total volumetric mixture of the fusion reactants, despite the fact that
these experiments are resistant to hydrodynamic instabilities. The results are ascribed to significant
ion diffusive mixing of the fuel and shell plasmas after shell burn-through. Chapter 4 presents the
results of D3He-gas filled shock-driven implosions on the OMEGA laser system to study kinetic
plasma dynamics in strongly-shocked plasmas. The experiments demonstrate anomalous trends in
DD- and D3He-fusion yields as well as in the burn-averaged ion temperatures for implosions with
low initial gas density. These results are ascribed to two multiple-ion kinetic effects in the plasma:
thermal decoupling and species separation of the D and 3He ions. Chapter 5 concludes with a
summary of the results presented in this thesis.
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2

Development of Nuclear Bang-Time
Diagnostics for OMEGA and the NIF

Nuclear bang-times, and more generally the nuclear reaction histories, are implosion metrics that
are commonly used to diagnose ICF experiments. The bang-times, which are defined as the times
of peak nuclear production, provide a readily observable and brief timing reference near the end
of the implosion, and are sensitive to, for example, the efficiency and evolution of the laser power
absorption. For this reason the bang-times (including the z-ray bang-time, the time of peak x-ray
self-emission from the hotspot plasma) are the most commonly referenced benchmarks to demon-
strate the validity of ICF simulations. Burn histories provide additional information on the detailed
time evolution of the plasma temperature and density during nuclear production. Nuclear bang-
times are also critical in charged-particle radiography studies, where the timing of the sample
images must be known. For these reasons, the development and improvement of timing diagnostics
is of great and continued interest in ICF and HED research. A number of nuclear bang-time and
burn-history diagnostics currently in use on OMEGA were introduced in Section 1.3.5.

The design, development, implementation, and analysis of data from a particle time-of-flight
(PTOF) bang-time detector on the NIF constitutes a major component of this thesis. This detector
is uniquely capable of measuring bang-times using various nuclear products, including DT-neutrons,
DD-neutrons, TT-neutrons, and D3He-protons. Bang-times have been measured on implosions
that produced DD-neutron yields as low as 3 x 10'® and DT-neutron yields approaching 10'5. Of
particular interest, and the primary motivation behind its implementation, is PTO¥’s ability to
record both the shock- and compression-bang times in NIF implosions with D3He-gas fill, using
D3He-protons and DD-neutrons, respectively. While several methods of recording the shock-bang
time have been attempted, only the D3He-proton measurement by PTOF has to date measured
this valuable observable.

During the operation of PTOF it was found that the x-ray background generated by gas-filled
hohlraum implosions on the NIF dominates the PTOF signal, requiring substantial shielding that
interfered with the D3He-proton measurement. An upgrade to the PTOF diagnostic to provide ro-
bust shock- and compression-bang time measurements in such gas-filled hohlraum implosions was
designed as part of this thesis. This upgrade, called MagPTOF, includes a magnet to deflect the
D3He-protons around substantial x-ray shielding and onto the detector. The proton and neutron
signals are predicted to be well-resolved in this system, and the signal-to-background ratio is ex-
pected to be increased by a factor of 1000. The MagPTOF is currently being implemented on the
NIF and is expected to be ready for shots in May of 2015.

This chapter describes the design, calibration, implementation, and data analysis procedure of
PTOF; presents the primary research results obtained using PTOF; and describes the design for
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Figure 2.1. X-ray emission spectra measured on several types of implosions at the NIF. Measurements
(points) were recorded by the FFLEX diagnostic, and the obtained spectra are fitted with one- or two-
temperature radiation model described in Equation 2.1 (solid lines).! The cnergy and temperature fits
to the spectra are as follows, in (kJ, keV): Gas-filled hohlraum N110807 (73,18) + (0.66, 105); Vacuum
hohlraum N130920 (6.1, 18.4); Polar direct-drive N131210 (2.7, 47). An estimate of the core bremsstrahlung
x-ray emission from the exploding pusher implosion N121128 (black dashed line) and a fit to the low-energy
x-ray spectrum measured by the HGXD diagnostic on the collisionless shock experiment N140729 (magenta
dotted line) are also shown for comparison. Gas-filled hohlraum implosions generate x-ray spectra that are
generally hotter and orders of magnitude more intense than other target implosions. Target information for
each of the shot types is indicated on the right. FFLEX data courtesy of Matthias Hohenberger, LLNL.

the MagPTOF upgrade. Section 2.1 presents an overview of the bang-time measurement capability
at the NIF and motivates the need for the PTOF diagnostic. Section 2.2 describes the PTOF as
implemented on both OMEGA and NIF, and Section 2.4 presents the results of calibration studies
of the PTOF detectors. Section 2.3 introduces the analysis procedure used for PTOF data, and
Section 2.5 presents several interesting results obtained to date with this diagnostic. The MagPTOF
upgrade is motivated and described in Section 2.6.

2.1 Challenges of Diagnosing Nuclear Bang Time
at the NIF

The implementation of timing diagnostic techniques at the NIF has involved a great deal of in-
genuity. Indirect-drive, which is the principal experimental configuration for the NIF, generates
more intense x-rays from the hohlraum than direct-drive, and these x-rays act as a background
for the bang-time measurements. Figure 2.1 compares the measured hot x-ray spectra from two
NIF shots, one indirect-drive with a gas-filled hohlraum, and the second polar-direct-drive. This
data was recorded by the filter-fluorescer diagnostic system (FFLEX).! The spectra are generally
modeled as a sum of thermal distributions, for which each distribution is described as:
e Z*
Iy= (6 x 10“)“7;

hv

E- exp [_ﬁ] (2.1)
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where I, is the spectral intensity in units of keV/(keV sr),® Z* = (Z2)/(Z) is the average atomic
number of the target creating the radiation field, E, is the total energy in the distribution in Joules,
and T is the temperature of the distribution. The most intense radiation fields are generated by
gas-filled hohlraums, which can output ~20 kJ of x-rays in an 18 keV exponentially decreasing
distribution. In contrast, even the most successful implosions produce less than 23 kJ carried by
DT-neutrons (equivalent to a yield of ~ 1016); typical DD-neutron (Yield ~ 10!!) and D3He-proton
(~ 108) signals from NIF implosions contain only 40 and 0.2 milliJoules of energy, respectively,
smaller than the x-ray background by a factor of a million or more. In summary, bang-time
diagnostics require excellent shielding, time-resolved signal discrimination, high sensitivity to the
species of interest relative to background, or a combination of all three.

Through the use of filters and temporal discrimination, x-ray framing cameras (such as hGXI,
GXD, and HGXD, to name a few) and streak cameras (such as DISC) have been highly successful
at imaging the x-ray emission history. The SPIDER is a streak camera-based x-ray burn-history
diagnostic that is routinely used to measure x-ray emission history with a +10 ps accuracy and
+30 ps absolute timing accuracy.? A dedicated south-pole x-ray bang-time diagnostic (SPBT)
discriminates the core emission by selecting monochromatic x-rays from the background with curved
Bragg-reflection lenses.? Since x-rays travel at the speed of light, the time history of signals are not
distorted by travel and timing diagnostics can be fielded as far from the implosion as necessary to
accommodate the equipment, as long as the signal is sufficiently bright.

Unlike x-ray signals, nuclear emission histories suffer from Doppler broadening, which requires
the diagnostics to be positioned comparatively close to the target, as discussed in Section 1.3.5.
The scintillators used in the NTD and PTD diagnostics on OMEGA are sensitive to the indirect-
drive x-ray background. Sufficient shielding to eliminate this x-ray background also blocks the
transport of charged particles to the scintillator, eliminating the possibility of a charged-particle
bang-time measurement in indirect-drive implosions. Attempts have been made to measure the
proton bang-time in OMEGA hohlraum implosions that are scaled down in size to generate a
comparable radiation temperature to that observed at the NIF. So far, this has not been successful:
the background radiation from the hohlraum nevertheless swamps the signal.

CVD-diamond detectors have been used for neutron measurements at OMEGA and the NIF, as
an alternative to scintillator/photodiode detectors. Polycrystalline diamond made by the chemical
vapor deposition (CVD) method is a photoconducting material, with a density of 3.5 g/cc and
a band-gap of 5.5 eV.? The principal of operation is depicted in Figure 2.2. A wafer of CVD
diamond is biased with a large voltage, generating a planar electric field within the material.
Incident energetic particles or photons excite electrons into the conduction band, either directly by
collisions (charged particles), photoabsorption and scattering (photons), or indirectly by nuclear
scattering (neutrons). Each excited electron also leaves a ‘hole’ in the valence band, which can move
as a virtual positive electron. The population of excited electrons falls off exponentially with time;
the timescale is defined as the carrier lifetime 7 ~ 1 ns. While excited, the electron and hole are
exposed to the bias voltage and flow through the diamond as a current with a voltage-dependent
velocity v = u(E)E, where the mobility  is on the order of 1000 cm?/V sec and E is the electric
field. (This scaling typically holds up to a saturation velocity.) Electrons and holes that escape the
detector into the circuit produce a time-dependent current impulse, which can be measured using
a fast oscilloscope.

CVD-diamond detectors have been studied since the early 1990’s,> and made rapid progress
in terms of improved collection depth, d = 7 E.% The average excitation energy per electron-hole
pair in CVD-diamond has been measured to be 13 eV, so each incident charged fusion particle will

2The steradian (sr) is the unit of solid angle.
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Figure 2.2. A schematic illustrating the principle of operation for CVD-diamond-based radiation and
charged-particle detectors. A CVD-diamond wafer is biased with high voltage, producing a strong electric
field in the bulk diamond. lonizing radiation is incident on a CVD-diamond wafer after transiting a filter
stack. The radiation excites electrons into the diamond’s 5.5 eV conduction band, generating electron-hole
pairs. Once excited, these charge carriers are pushed by the electric field, producing a current impulse. A
capacitor transmits the high-frequency component of the current impulse, which is then recorded by a fast
oscilloscope. The values shown for the filtering composition and thickness, wafer thickness, cable length, and
bias voltage are typical for NIF experiments. Data is shown from an OMEGA D?He-gas filled shock-driven
implosion on June 10th, 2010 (shot 58364). This data was recorded with a 1 mm thick CVD-diamond biased
at 1500 V, filtered with 100 wm Al + 100 pm Ta, and positioned 50 cm from the target.

excite a large number of carriers. CVD-diamond has a high resistivity (~ 10'? Q c¢m) producing
minimal leakage currents, and a high breakdown voltage (~ 107 V/cm) allowing very high biases
with associated improvements in sensitivity and response time. It is also radiation hard in the sense
that detectors can withstand large doses of radiation without changing properties.” Importantly,
CVD-diamond can operate in vacuum, allowing simple implementation within the target chamber.
Several CVD-diamond neutron time-of-flight (n'TOF) detectors were developed at OMEGA.® The
CVD-diamond based NTOF-4M-BT diagnostic was implemented on the NIF at 4.5 meters from the
implosion, with the goal of measuring DT-neutron bang-time.? NTOF-4M-BT had a demonstrated
timing accuracy of better than + 50 ps for DT-neutrons, and operated for yields between 10'? and
106,10 However, it was not sensitive enough to record DD-neutron or charged-particle bang-times,
and is no longer operational.

One alternative to nuclear measurements is the measurement of the high-energy nuclear gamma
rays that are produced by most fusion reactions. For example, deuterinm-tritium fusion generates
a 16.75 MeV gamma ray with a branching ratio of approximately 4 x 10~°. The Gamma Reaction
History (GRH) diagnostic measures these gamma rays using Cherenkov radiation from Compton-
scattered electrons.!! This method has very good background discrimination, since the Cherenkov
radiation mechanism selects for signals in excess of a threshold of 3.5 MeV in the GRH design.
However due to the low branching ratio and position at 6 meters from the target, this instrument
is limited to DT-fusion measurements at yields above 10!* neutrons.!? On OMEGA, the equivalent
Gas Cherenkov Detectors (GCDs) are inserted close to the implosion in TIMs and can thus collect
much larger fractions of the generated fusion gammas,'® however such a reentrant system has not
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Figure 2.3. a) Measured implosion trajectory (black points) and fit to the data with £l uncertainty
(black bar) from a 2D-radiograph of a low-adiabat surrogate NIF implosion using the ConA platform. %6
The WRF-measured proton spectra are used to infer the radius of the shell at shock-bang time (blue);
by combining these datasets, an estimate of the shock-bang time can be inferred (red). b) The inferred
(compression — shock) ABT from the combined WRF and radiography data on several low-adiabat surrogate
NIF implosions (red), plotted as a function of the “coast time” (the amount of time between when the laser
turns off and compression-bang time). The simulated values for several implosions (black circles) show a
clear discrepancy with the measured data points, providing evidence that the shock-bang time is not well
understood in low-adiabat implosions. This figure is adapted from work by Alex Zylstra.'”

been implemented on NIF. To measure the D3He-gammas (16.66 MeV, with a branching ratio of
1.25 x 10-%)* from a NIF-typical D®He shock-yield on the order of 108 protons, the current GRH
converter would have to be fielded 2 cm from the implosion, which is an impractical solution.

2.1.1 Measurements of the shock-bang time

The shock-bang time has been a particularly elusive quantity of interest since the beginning of the
NIC. As discussed in Section 1.1.2 and shown in Figure 1.7, the four weak shocks that compress
the cryogenic fuel combine into a strong shock with Mach number of M ~ 10-50 in the central
DT-vapor. The shock represents the first information about the drive that reaches the center of the
implosion. The time when the shock rebounds from the center of the implosion is a valuable metric
of shock timing that can be used to benchmark models of shock propagation in the experiment.
When the rebounding shock strikes the imploding cryogenic fuel, the deceleration phase begins and
the hotspot starts to form and compress, culminating in stagnation and peak nuclear production.
The relative timing of the shock- and compression-bang times, defined as ABT = (BTeomipr —
BThock ), is thus a sensitive metric for the physics of compression and hotspot formation. A direct
measurement of the shock-bang time and of ABT' will provide valuable new constraints on the
LD physics of the shock propagation and shell deceleration, improving the understanding of the
in-flight conditions of the fuel and shell.

Hydrodynamic simulations of ignition-scale implosions indicate that ABT is insensitive to
changes in the experimental parameters. However, experimental evidence seems to suggest that
ABT may be changing by as much as 50%, as shown in Figure 2.3. 17 As described in Section 1.3.1,
compact WRF proton spectrometers have been used to measure the proton spectrum from which
the total pR is inferred at shock-bang time in low-adiabat ignition-scale surrogate implosions filled
with D3He gas. In this analysis, a radius of the shell at shock-bang time is determined. In Ref-
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Figure 2.4. Simulated DT-neutron, x-ray, and D3He-proton emission history from NIF implosions. a)
Simulated DT-neutron emission for NIF cryogenic implosion N110608. The simulation was provided by
Doug Wilson. The shock-bang appears as a ~100 ps plateau in the DT-neutron emission rate, approximately
700 ps prior to peak emission. The contrast between the neutron emission rate at shock-bang and the peak
emission rate is 2 x 10°. b) Simulated x-ray and proton emission for NIF D?*He-gas filled surrogate implosion
N120729. The simulation was provided by Nathan Meezan. The shock-bang appears in the x-ray emission
history (black) as a ~200 ps plateau, approximately 850 ps before peak emission. The emission rate at shock-
bang is approximately 5000x lower than at peak emission. A clear spike in the D3He-proton production
is observed at shock-bang time (red). The rate of D®He proton production at shock-yield is a factor of
500 less than the peak production rate; however the increasing density of the implosion with time prevents
compression-yield protons from escaping. In the history of D3He-protons exiting the simulation (blue), the
shock-yield is the dominant feature.

erence [17], this radius is compared to the shell trajectory as measured by time-resolved x-ray
radiographs of the implosion using the ‘Convergent Ablator’ (ConA) platform %16 to infer a rough
shock-bang time. This data show that the ABT varies from 0.4 to 0.8 ns, as a function of the “coast
time,” which is the time difference between the end of the laser impulse and compression-bang time.
This variation is not reproduced in the simulations, which anticipate ABT' to be constant. Since
these shifts are not reproduced in the simulations, they suggest that the timing of the shock collapse
at the center of the implosion and of the subsequent onset of the deceleration phase are not well un-
derstood in these ignition-scale implosions. This discrepancy supports the need for an independent
measurement of the shock-bang time and ABT, to confirm the result, perform a more precise and
systematic study of this discrepancy between data and simulations, and strongly constrain models
of shock-propagation and deceleration-phase dynamics.

The shock-bang is a notoriously difficult event to diagnose using either nuclear or x-ray emission
from ignition-scale experiments on the NIF. Signatures of the shock-bang in DT-neutron, x-ray, and
D3He-proton emission history are presented in Figure 2.4, as inferred from a simulation by Doug
Wilson of a cryogenic NIF implosion N110608. At shock convergence, the DT-neutron emission rate
plateaus at 10'° ns~! for a duration of about 100 ps. This is followed by a monotonic, approximately
exponential increase in the emission rate until peak nuclear production (compression-bang time),
700 ps after shock-bang. The emission rate at shock-bang is more than five orders of magnitude
less than that at compression-bang time, making this signature exceptionally hard to diagnose.
Assuming the burn-averaged ion temperature is 5 keV, Doppler broadening of the main peak will
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overwhelm the shock-bang signal for any detector further than 40 cm from the implosion, while
closer detectors would have to contend with increased x-ray background and detector saturation
issues due to high neutron fluxes. In 2011, attempts to design a CVD-diamond-based diagnostic to
measure the neutron shock-bang signature were unsuccessful due to these challenges.

The x-ray and proton emission rates shown in Figure 2.4 were post-processed from a 1D-
HYDRA simulation by Nathan Meezan, for an ignition-surrogate NIF Symmetry Capsule (SymCap)
implosion N120729. The x-ray shock-bang signature presents similar difficulties to the DT-neutron
signature. In this simulation the shock-bang appears as a plateau in the x-ray emission history with
a duration of approximately 200 ps, before the emission ramps up to peak intensity at compression-
bang time, 850 ps later. The x-ray shock-bang intensity is a factor of 5000x less than the peak
emission intensity. While this signature is more accessible than the DT-neutron shock-bang due
to improved contrast and the lack of Doppler broadening, attempts to measure the x-ray shock-
bang time and duration using streak cameras (DISC) have been generally unsuccessful due to
background.

Unlike the DT-neutron and x-ray shock-bang signatures, the D3He-proton emission at shock-
bang forms a well-defined peak. This peak has been measured by WREF spectrometers on over 80
surrogate D3He-gas filled NIF shots since 2010.17 Importantly, although the D3He-protons gen-
erated during the shock-bang are a factor of ~ 1000 fewer than the number generated during
compression burn, the increase in pR with time prevents the compression-generated protons from
escaping the implosion. For this reason, the D3He-protons produced during the shock-burn are
the dominant proton emission feature, making the D3He-proton channel the most advantageous
signal for measuring the shock-bang time. Admittedly, this signal is measurable only in surro-
gate D3He-gas filled implosions, and cannot be directly observed in implosions with cryogenic-DT
layers. However, the surrogacy of such implosions to cryogenic implosions has been repeatedly
demonstrated, 1315 and experimental results from these studies are valuable in their own right for
studying implosion physics and testing models of the implosion dynamics.

Alternative proposals for measuring the shock-bang time have included a direct measurement of
the pressure history at the center of the target, measured by looking at the velocity of a reflective
material placed at the target center via reflectometry through a reentrant cone. This method
makes use of the velocity interferometer system for any reflector (VISAR) which has been used for
many shock-timing experiments on the NIF,% and could in principle provide the shock-convergence
time in a cryogenically layered implosion. However this type of ‘keyhole’ experiment is effectively
a one-off: the shock-bang time measurement dominates the experimental design, so shock-bang
time cannot be measured systematically for a wide-range of conditions and compared to other
observables. As such, the D3He-proton channel is by far the most promising shock-bang signature
for systematic studies of the shock-bang time and compression-shock ABT'. This measurement was
the primary motivation for the design and implementation of the PTOF diagnostic.

2.2 Design and implementation of the Particle Time-of-Flight
diagnostic

A particle time-of-flight (PTOF) diagnostic has been implemented to measure neutron and proton
bang times at both OMEGA and the NIF. This versatile diagnostic is designed to operate at
low yields, providing the only measurement of both DD-neutrons and D3He-protons in surrogate
D3He-gas filled implosions at the NIF.

The PTOF detector is a circular, synthetic diamond wafer made by the chemical vapor de-
position (CVD) technique that is biased along its axis. Incident high-energy particles excite
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Figure 2.5. The PTOF detector as fielded on the NIF. a) The PTOF detector consists of: 1. N-type
connector with biased central pin; 2. brass housing; 3. ceramic insulator; 4. 10 mm diameter CVD-diamond
wafer with electrodes (standard thickness is 200 pm); 5. grounding ring aperture (8 mm ID); 6. internal
filtering, configurable up to 1 mm thick; and 7. filter retaining ring. Optional external filtering in the
form of 1 or 2 em thick tungsten slugs can be screwed onto the outside of the brass housing. The detector
housing (all components except the diamond wafer) is identical to that used in SPBT and was designed by
A. Macphee.? b) The PTOF detector, shown here with 2 cm W external filtering, is fielded on DIM (90,78).
The mounting hardware holds the detector at a fixed position relative to the pinhole of the primary x-ray
diagnostic; depending on which snout hardware is used and the insertion depth, PTOF is held 42 to 52 cm
from target chamber center (TCC). Up to four cling-on diagnostics may be fielded on a single DIM; PTOF is
routinely fielded alongside three WRF modules. The mounting hardware was designed by NIF engineering.

electron-hole pairs in the diamond volume, a fraction of which are swept out by the bias field
as a time-dependent current and recorded on an oscilloscope as a time-dependent voltage as shown
schematically in Figure 2.2. The CVD-diamonds used are optical-quality, 200 pm thick samples
with a diameter of 10 mm. The samples were acquired from Diamond Materials, GmbH,?" and were
further processed at Lawrence Livermore National Laboratory, where electrodes were deposited on
the front and rear surfaces. The 1 pm thick, 9 mm diameter Au electrodes were deposited on
top of an intermediate 200 A Ti wetting layer. The diamonds are housed inside a brass assembly
depicted in Figure 2.5. A rear electrode pin biases the sample, which is grounded to the housing by
a ring-shaped front aperture. The aperture leaves 64% of the detector surface exposed. In front of
the aperture, the housing has room for up to 1 mm of filtering material to act as x-ray shielding,
which is held in place by a retaining ring. The outside of the housing is threaded, providing an
easy mechanism to mount the diagnostic. These threads have also been used to attach additional
x-ray shielding to the detector.

On the NIF, the PTOF diagnostic is fielded as a ‘cling-on’ diagnostic on a Diagnostic Instrument
Manipulator (DIM)?! located at (#=90, ¢=78) in the NIF chamber. The mounting hardware
positions up to four such diagnostics at a fixed location relative to the pinhole of the primary x-ray
diagnostic fielded in the DIM. Because of this arrangement, PTOF has no independent alignment
and rides along on the primary diagnostic in DIM (90,78). Depending on the particular snout
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hardware used and the insertion depth for the DIM on-shot, the PTOF detector distance to target
chamber center (TCC) is between 42 and 52 cm. The detector typically fielded side-by-side with
a compact WRF proton spectrometer, though solid radiochemistry (SRC) diagnostics have also
been designed to fit on the 4-position hardware. At 50 ¢cm from TCC, PTOF is the closest nuclear
bang-time diagnostic to the implosion. Figure 2.5 shows a snout assembly with PTOF.

The standard bias for the NIF PTOF is -250 V. This value was set by the presence of several
SMA connectors in the biased portion of the cable chain, which are generally not rated to biases
higher than ~300 V. The PTOF cable chain underwent an overhaul in the fall of 2013, during
which all biased connectors in the cable chain were replaced with N-Type connectors, which will
nominally hold biases up to 1500 V. However, the PTOF has not been tested to higher voltages
to date, and continues to operate at the ‘standard’ value. Calibration testing on OMEGA was
performed at a variety of voltages, as will be discussed in Section 2.4.

The present and historical cable chains of the PTOF detector on the NIF are shown in Figure 2.6.
Signals generated in the CVD diamond are transmitted from DIM (90,78) to the NIF mezzanine
through 95 feet of low-loss LMR-400 cable. Currently, the connectivity of the PTOF cable chain
from the bias-T to the PTOF detector is verified by time-domain reflectometry (TDR) prior to
every shot. Until the cable upgrade in October 2013, the signal was first recorded on an FTD10000
7 GHz transient digitizer,?? then attenuated and split before it was recorded on two channels on
a Tektronix DPO70604B digital oscilloscope.?® Since the cable upgrade, the operator may choose
to record the signal on the FTD10000 and on one channel of the Tektronix digitizer, or on two
channels of the digitizer only. The FTD10000’s ability to withstand large input voltages allows
this two-scope configuration to record signal amplitudes between 1 mV and 250 V on a single
shot. A fiducial impulse signal sourced from the master laser oscillator provides a precise timing
reference for both oscilloscopes with respect to the firing of the NIF laser. X-ray impulses are used
to evaluate the absolute cross-timing between the fiducial impulse and the NIF laser at TCC, as
well as to provide an impulse response function for the system. Details on the calibration of the
PTOF system will be discussed in Section 2.4. In brief, the impulse response of the PTOF system
has been shown to have a rise time of approximately 0.37 ns and a fall time of 1.44 ns. As discussed
in Section 1.3.5, this is rapid enough for precise evaluation of bang-times to better than £0.1 ns,
but does not have a fast enough rise time to measure the reaction history, unless it is unusually
long (>300 ps).

An example of the raw data recorded by the NIF PTOF system is shown in Figure 2.7. This
shot shows x-ray, D3He-protons, and DD-neutrons. Interestingly, on this shot PTOF recorded
D3He-protons from both shock- and compression, which is clear from the characteristic double
bump. The method of analysis for data acquired from this system is presented next.

2.3 Method for analyzing PTOF data

The PTOF data is a voltage impulse produced by the detector, affected by the cable system and
measured on an oscilloscope. By measuring the response of the detector, cable and scope system
to an impulse of ionizing radiation, we can connect the measured voltage to a source function that
actually drives the detector. We assume that an infinitely rapid (delta-function) impulse of any
type of ionizing radiation to the detector would produce the same impulse response, except for the
absolute magnitude. This assumption is justified by the idea that any ionizing radiation will simply
excite electron-hole pairs, which is measured. The detector is transparent to both neutrons and
x-rays, so they are expected to deposit their energy volumetrically. Protons and charged particles
deposit their energy differently as a function of depth in the diamond, and so in principle the
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Figure 2.6. A schematic of the PTOF cable chain as fielded on the NIF, including approximate timings for
each component. a) The setup installed in October 2013, which is current as of this writing. b) The historical
PTOF cable chains since the first PTOF shots in 2011. Note that originally, the cables inserted into the
target chamber were not uniform, and varied with diagnostics. This was corrected in November 2011. The
hardware holding the PTOF was also simplified in March 2012. In both cases, attenuator locations and
values are not permanent and are altered from shot to shot; values shown are typical. The cable chain was
designed and is maintained by NIF engineering.
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Figure 2.7. An example of raw PTOF data recorded on NIF shot N140913-002. On this near vacuum
hohlraum implosion, PTOF observed x-rays, D*He-protons, and DD-neutrons. The timing fiducial appears
at 48 ns on the trace. On this particular shot both shock- and some compression-burn protons were observed,
producing a double peak. The DD-neutron compression yield and D3He-proton shock yield were 2.7 x 10!
and ~ 2 x 108, respectively. The PTOF parameters were as follows: detector 200H, filters 25 pm Ta +
100 pm Au, snout cable #01. Target data is on the right-hand side.

impulse response might differ for these particles. To zeroth order, such variations are ignored here,
and there is no evidence from the operation of the PTOF system that such effects are important.
In general, the PTOF signal is assumed to be a convolution of the source function and the detector
impulse response function (IRF).

The source function for nuclear particles striking the detector is most generally calculated from
the temporal and spectral nuclear production history, d?Y/dt dE, which I will call the emission
function, Em(¢, E). A depiction of the emission function and its relationship to observed spectra,
inferred burn history, and the observed particle source function is shown in Figure 2.8. In particular,
the burn history and emitted spectrum are calculated from this function as:

% = f Em(t, E)dE, (2.2)
% = / Em(t, E)dt. (2.3)

The simplest case is that in which the energy and time dependence of the emission function are
not covariant. In this case, the emission function can be separated into a time dependant and an
energy dependant part: Em(¢, E') = (dY/dE)(dY/dt). Each of these parts may then be treated as
an independent function, usually a Gaussian distribution with a respective spectral width og and
temporal width o;, as is shown in Figure 1.19:

ra 2 _ 2
Emge,(t, E) = Emg (E) Emy (t) = %}W: exp [—%} exp [_%%ci]_ (2.4)
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Figure 2.8. An example of the (a) fusion emission function Em(t,E), and its relationship to the (b) emitted
spectrum, (c) burn history and (d) the source function for a time-resolved diagnostic. Em(t,E) is equal
to d?Y/dtdE (color map, shown as logio[Em|) and is determined by the temperature and density of the
fusing plasma, with the emitted energy reduced by the total areal density (pR, black line). Integrating the
emission function over time gives the emitted particle spectrum, and over energy gives the (emitted) burn
history. The integral that produces the source function is given in Equation 2.6. Only the measured spectra
and source functions are directly observed, and the emission function and the emitted burn history must be
inferred from them. The values in this plot were selected to match the data observed in OMEGA implosions
by J. Frenje, et al.>* In (d), the arriving packets of 14, 12, and 10 MeV protons are shown to highlight the
effects of doppler broadening and pR evolution on the source function (black). The convolution of the source
function with a nominal PTOF impulse response is also shown (grey dashed).
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However this is not generally true. For example, the shock yield in surrogate D3He-gas filled NIF
implosions occurs at or near peak velocity of the imploding fuel, and pR evolution rather than
thermal broadening dominates the recorded spectra. This is clear especially in scenarios where
some protons from the beginning of the compression burn are recorded, as in the PTOF data
shown in Figure 2.7. However for compression-bang and for neutrons, which are not scattered or
downshifted substantially by the fuel whenever they are emitted, the assumption of separability is
reasonable. Special cases in which the pR evolution must be taken into account for D3He-proton
data will be addressed later.

The source function for particles hitting the detector at a distance from TCC d can be calculated
directly from the emission function by way of the time-of-flight equation, t; = d/cB(E). Here, c is
the speed of light and 3 is the relativistic velocity:®

(E 4+ mc?)?2 — m2ct
(E + mc?)?

B(E) = (2.5)

Each particle emitted at time t with energy E arrives at the detector at a time t' =t + t¢(d, E).
Thus the source function is uniquely defined in terms of the emission function and the detector
distance as:

S&(d,t") = / Em (¢ — t;(d, E), E) (4—‘:53) S4(E)dE. (2.6)

Here, Ay is the active area of the detector, and Sy is the sensitivity of the detector to the particle
as a function of energy. Assuming that the detector sensitivity is approximately a constant with
energy Sqo, the time integral of the source function is then [ &dt =Y Sydq JAmd2.

Even in the specific case of separable Gaussian emission functions in time and energy given in
Equation 2.4, it is difficult to analytically evaluate the source function. In practice, the simplest
method is to numerically integrate a presumed emission function, with a time resolution equal to or
higher than the recorded data. This procedure is used to generate the source function for particles
hitting the PTOF detector. Assuming a separable Gaussian emission function, the source function
for the spectral component as a function of time in the detection plane ¢’ is determined as

(E(tf)2 + 2m02E(tf))3/2
dme

&5(t) = Emg (B(ty)) 5(t ~ty). (2.7)

The term in square brackets is the Jacobian OF/9ts, which is included to preserve the area of the
integrand when converting from energy-space to time-space, and ¢ is the Dirac delta function, which
enforces an assumption that all particles were emitted at ¢ = 0. This spectral source function is then
convolved with the burn history. A procedure which is more generally applicable when the spectral-
and time-emission histories are coupled is to calculate the incidence history for each particle energy
at the detector plane [Em (t' —tf(Eop), Eo) for each Ep| and then sum these separate histories.
The latter procedure requires an interpolation for each spectral bin, while the former requires one
interpolation and a convolution.

The assumed spectrum for this process depends on the type of particle being measured. For
D3He-protons, the emitted spectrum is measured directly by WRF spectrometers. This data can

bFor DT-neutrons, the most energetic particle that is routinely measured, the relativistic correction is ~1% in
velocity, which translates into 0.1 ns: larger than the uncertainties for some experiments. Even for DD-neutrons, the
correction is ~46 ps, sufficiently large to care about.
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Table 2.1. Bulk velocity energy shift coefficients Cpy for several commonly measured species. These
coefficients are used to calculate the mean energy shift of fusion products (AE/E) due to flow velocity of the
fusing plasma (Voo ) using the equation provided, where 6 is the angle between the detector line-of-sight
and the direction of flow.

Species  Cpulk

DD-n  0.00923 AE o o[ Yecom
D3He-p 0.00377 g PPk CY 1100 pum/ns]
DT-n  0.00385

be directly used to generate the proton source function for PTOF.¢ For DD-neutron signals, no
spectrum is measured. However the birth spectra of fusion products from a thermal plasma was
calculated with relativistic corrections by Ballabio, et al. up to the third spectral moment.2% The
mean energy is weakly dependent on the ion temperature, and the spectral width is proportional
to o o< V/T;, as discussed in Section 1.3.1. The ion temperature that is independently measured
by the nTOF diagnostics is used to determine the anticipated spectrum and source function for
DD- and DT-neutrons. Since PTOF has too slow of a rise to measure the burn history, it is
generally insensitive to the Doppler broadening: an ion temperature of 3 keV will introduce Doppler
broadening of ~300 ps at the PTOF detector, comparable to the rise time. However it is important
to take corrections to the mean energy into account.

Recent nuclear diagnostic data suggest that significant non-stagnated flows exist in NIF implo-
sions.?6 Such flows would have a direct impact on the observed spectra of fusion products? and
therefore potentially on the time-of-flight. The relevant equation for this effect is Equation 1.32,
which presents the particle energy as a function of collisional center-of-mass velocity. In Sec-
tion 1.3.1, this formula was Maxwellian-averaged to determine the spectral broadening due to ion
temperature. Because of symmetry, the mean energy was unaffected to 1st order. However assum-
ing there is residual velocity in the fuel, this will break the symmetry and shift the mean energy
by

AE; — ES(VC’OM) 2m3(m3 + m4)] % (2.8)

Es E3 my(Q + K)

Typical residual flow velocities are on the order of 100 pm/ns. For DT-neutrons (Q = 17.6 MeV,
m3 = 1, my = 4), this flow velocity shifts the neutron energy by up to + 0.38% and the time-of-
flight by only +18 ps, which is negligible. For DD-neutrons (Q = 3.27 MeV, m3 = 1, my = 3),
this flow velocity shifts the neutron energy by a similarly small + 0.92%, however the effect on
the time-of-flight is significant at 106 ps. Ultimately, this effect may need to be considered when
analyzing DD-neutron data. A simplified formula for calculating the mean energy shift due bulk
fuel velocity for DD-neutrons, D3He-protons, and DT-neutrons is provided in Table 2.1

Following the above procedure, a source function is established with two variables: the time of
peak emission (‘bang-time’) and the amplitude of the source, which is proportional to yield. By
convolving the source function with the instrument response function, a model of the PTOF data is
produced. The convolution of the two functions is defined mathematically as M (t) = (& * IRF) =
J S(t")IRF(t — ¢')d¢’. Convolution is commutative, associative, and distributive. Note that, for

1= VCOMCOSO[

“Using the WRF spectrum to calculate a proton source function is imperfect because the WRF is a time-integrated
diagnostic. Because the time evolution of the pR dominates the width of the proton spectrum, the high-energy
protons are emitted at the beginning of the shock-bang and the low-energy protons at the end. This effect introduces
broadening to the source function of approximately half the burn width, which is typically < 100 ps and is negligible.

9Indeed, this is how they were inferred: from changes in the observed neutron energy for different lines of sight.



2.3 Method for analyzing PTOF data 83

A 1
--------- IRF
a -ac= L 09 = n b)
] 0.9 5 06 IRF
1E-4 | Sl i
0.7 E gos [/
] o N 1
é ! 0.6 é E 04 iy
> 1ES i 05 2 s 1
1
= ! 042 5 03 convolved
i T IRF, « IRF
i L : L 0.3 g 802 ( i )
:' L o2 @ o
E A
i } 01 £ |
1E-7 L— L 0 0
23 23.2 23.4 236 23.8 24 0 0.5 1 L5 2
Time of Flight (ns) Time (ns)

Figure 2.9. a) DD-neutron energy deposition rate (blue) and cumulative deposition (red) in the PTOF
detector modeled by a Monte-Carlo neutron transport simulation including 2 cm tungsten shielding. 64%
of the energy is deposited within 10 ps of the nominal time-of-flight (to = 23.15 ns); 29% is deposited in an
exponential tail with a time constant of 71 ps, and the remaining 6% energy is deposited more than 300 ps
after to. b) An additional impulse response for DD-neutron signals with 2 cm W shielding was evaluated
from the simulation (blue, shown here x0.01). When convolved with the PTOF instrument IRF (black) the
combined IRF shape is slightly changed (magenta), with the rise-time slower by approximately the IRF,
falloff time.

a delta-function source, the model signal M (t) is simply equal to the impulse response function;
similarly, for a delta-function impulse response, the model signal is equal to the source function.

Modifications to the source function that occur at or near the detector may be best included
in the analysis as additional impulse responses to be convolved with the source function. For
example, the PTOF is often fielded with a 2 cm tungsten x-ray shicld, which scatters some of the
incident DD-neutrons. Monte Carlo simulations of 2.45 MeV neutron transport using the code
MCNP527 showed that 64% of the total energy deposited by neutrons in the PTOF diamond was
deposited within 10 ps of the nominal time-of-flight, but the remaining energy was deposited in a
decaying tail with a time constant of 70 ps, as shown in Figure 2.9. This response is most simply
included by assuming that each neutron has an additional impulse response function (IRF;). In
reality, the apparent impulse response is probabilistic and averages over many individual neutrons,
both scattered and unscattered. However, a measurable PTOF signal requires over a thousand
neutrons to interact with the detector, so a probabilistic approach is sufficient. Since convolution
is associative, this additional impulse response may simply be convolved into the model signal as
M(t) = G * (IRF = IRF,,).

The model signal is forward-fit to the recorded PTOF data: for a given set of the two variables,
the model and data are compared by evaluating the sum of the squared difference between them.
The amplitude and bang-time are then varied until an optimal fit is found. The goodness of the fit
is defined by the size of the chi-squared parameter:

N o 2
XZ:Z[%—%M’ (2.9)

where z; are the measured data, M(z;) are the modeled data, and o; are the expected uncertainty
in each datapoint. The uncertainties are typically taken as the noise floor for the scope channel in
question.® A good fit requires that the average difference between the data and the model is no

“In principle, statistical noise would also be included; however the ‘smearing out’ of the signal by the IRF makes
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Table 2.2. Typical error budget for the PTOF-measured bang times using DT-neutrons, DD-neutrons
and D3He-protons, and for the ABT between measurements of shock- and compression-bang time using
D3He-protons and DD-neutrons, respectively. D3He-protons are assumed to be ranged down to ~10 MeV.
Time units are picoseconds.

Source of uncertainty Uncertainty Timing Uncertainty (ps)

DT-n | DD-n | D®Hep | DT-n | DD-n | D®He-p | ABT

Crosstiming to laser system +15
Detector IRF (in situ) +25 +35
Forward Fit (S/N = 10) +18 +25

Cable repeatability shot-to-shot +5
Nominal detector distance £0.5 mm +10 +23 +12 +12
DIM positioning accuracy +1 mm +19 +46 +23 +23
Mean energy’ +11keV | £5keV | £140keV | +4 +23 +79 482
Total: | | #41 | £66 | 490 | +96

t Fuel velocity +20km/s

greater than the uncertainties, and so is defined as x2 ~ N — k, where N is the number of data
points and k is the number of variables,! or as it is usually written: X2, ., = X*/(N — k) ~ 1.
The region of acceptable fits is usually defined as fits with x?> — min x? < 1. This condition is used
to establish the 1-0 error bars in the fit parameters, by finding the most extreme values of each
parameter for which the condition still holds.8

In the event that the minimum reduced chi-squared is not equal or close to unity, there are
several possible explanations. First, the uncertainties o; of the measurement may be incorrect.
In this scenario the uncertainty is either larger or smaller than expected, resulting in a minimum
xfed that is smaller or larger than 1. One approach is to rescale the uncertainty to enforce the
condition min xfed = 1, and then use the rescaled x? values to evaluate the uncertainty of the
inferred parameters. This leads to the error bar condition x? — min x? < min xfc 4- Obviously care
should be taken to ensure the new measurement uncertainty values are realistic. Second, the model
itself could be wrong, either due to an incorrect source function or IRF. In this case, the model -
must be reconsidered.

The details of the total uncertainty in the inferred bang-time vary from shot to shot, but typical
values are presented in Table 2.2 Both systematic and random uncertainties are included. The
timing uncertainty due to detector distance and particle energy uncertainties follow from standard
error analysis, for example og = (dtf/dE)og. The total uncertainty for a given product equals the
root-mean-square sum of all individual timing uncertainties. The dominant uncertainty for D3He-
protons is the mean energy, which is inferred from WRYF spectrometers fielded on the same DIM.
The absolute uncertainty of this measurement is greater than the WRF calibration uncertainty
of 60 ps because the WRFs measure the proton energy along a different line-of-sight from the
PTOF. The observed variation in mean proton energy as measured by different WRFs fielded on
the same DIM is +140 keV, which translates into a proton time-of-flight uncertainty of +79 ps.
Since the neutron energy is relatively well known, the dominant uncertainty for DD-neutrons is the
uncertainty in detector distance to the target. The detector location is fixed relative to the x-ray

it difficult to evaluate that contribution, while the fact that many particles are typically measured makes the effect
negligible.
fThe number of variables is subtracted because the fitting process will match some piece of data ideally, regardless
of the uncertainties. Some sources use N - k - 1; since N > k, this choice does not make a significant difference.
EThe procedures described here are standard statistical procedure for data analysis. An excellent introduction for
experimental researches is presented by P. Scott.?®
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Figure 2.10. The timing fiducial image recorded
on the PTOF FTD10000 transient digitizer. The
depletion of signal brightness for rapidly changing
signals makes the auto-analysis, which is based on
finding the centroid in pixel columns, ineffective.
The left, right, and bottom of the peak are pro-
cessed separately by sampling with lineouts at 0°,
45°, 90°, and 135°. A set of probable points (x) is
evaluated from the centroids of objects in these li-
neouts, and a smoothing spline (white line) is fit to
the total set of probable points. The weights and
parameters of the fit were fine-tuned to get a con-
sistent result, with a timing accuracy of £15 ps.
This sample is from N131108; color scale is trun-
cated to show detail.

485 49 495
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diagnostic pinhole on the DIM (90,78) snout, and the nominal distance from the detector to TCC
is calculated from the engineering drawings. This method was shown to produce the same result
as CAD models of the diagnostic hardware to within £0.5 mm. The magnification of the primary
(90,78) x-ray imaging data can be analyzed to determine the insertion depth of the pinhole, and
therefore the on-shot location of the PTOF detector. Typically this procedure can determine the
radial position of the detector with an accuracy of + 1 mm. When inferring the ABT, several
of the systematic uncertainties are eliminated (such as absolute cross-timing and cable timing) or
reduced (such as distance uncertainty). However, the evaluation of ABT includes fitting and energy
uncertainties from both particles, and is therefore not better known than the absolute bang-times.
The total typical uncertainty for all nuclear bang-times are typically better than = 100 ps.

2.4 PTOF calibration studies

Three aspects of the PTOF system have been calibrated extensively: timing, impulse response, and
detector sensitivity. Additionally, the relative sensitivity of the PTOF detectors to the signals of
interest and the x-ray background has been studied in NIF experiments to establish the optimum
shielding.

2.4.1 PTOF cross-timing and IRF calibration

The cross-timing of the scope traces to the laser system is established using a timing shot, in which
an 88 ps full-width at half maximum (FWHM) laser impulse is used to drive a thin gold or silver foil
at TCC. This generates a short x-ray burst which is detected by the PTOF system as an impulse.
The resulting PTOF signal is used for precise cross-timing of the fiducial impulses to the laser
timing at TCC. Uncertainty in the time-dependent spectral emission of the targets on such timing
shots introduces a slight systematic uncertainty in the cross-timing. The absolute PTOF fiducial
cross-timing is estimated to be approximately £15 ps.

Accurate and repeatable identification of the fiducial impulse on the FTD10000 is highly impor-
tant for transferring this timing reference from shot to shot. Figure 2.10 shows a recorded image
of the fiducial impulse. The instrument uses the incident voltage to sweep an electron beam onto
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a phosphor screen, which is subsequently recorded and digitized. Extremely rapid impulses such
as the fiducial impulse cause a reduction in image intensity, such that the standard digitization
method of finding the centroid of intensity for each column of pixels does not capture the rise and
fall accurately. To determine an accurate shape for the fiducial, three sub-images are generated
containing the rising and falling edges and the peak of the fiducial. These images are then sam-
pled by lineouts taken at a variety of angles (typically: vertical, horizontal, and at either 45° or
135°, whichever is more perpendicular to the impulse slope). Features in the lineouts are isolated
and used to calculate a set of probable points in the curve. Finally, a smoothing spline fit to all
recorded probable points accurately reproduces the impulse shape. In principle, this method can
be applied to the entire trace, but in practice most scenarios feature only slowly-varying traces and
the standard analysis is acceptable. The fit to the fiducial peak is processed following the method of
Lerche, et al.:2 the half-maximum points on the rising and falling edges are interpolated from the
data, and the midpoint taken to establish the time. This method can establish the absolute arrival
time of a Gaussian impulse to better than 10% of the step size, or ~ £5 ps in this application.

As is presented in Figure 2.6, the cable chain has been modified repeatedly over the course
of PTOF operations. Each change to the cable chain will shift the signal transit time to the
oscilloscopes, and therefore change the absolute timing calibration of the system. These changes
must be accounted for to maintain the calibration from shot to shot. The most common change is
the snout cable, which is installed and removed on each shot during standard PTOF operations.
Fifteen, 3100 mm snout cables have been fabricated, calibrated, and are currently available for use
in PTOF operations.! The min-max variation in the signal transit time through the cables is 123 ps,
and must be accounted for in analyzing the bang-time. The 150-inch cable is typically installed
for a particular DIM instrument (e.g GXD, hGXI), and is occasionally changed as well. Currently
there are six instances of this part, with a min-max timing variation of 45 ps. The diagnostic panel,
DIM cable, belly-box feedthrough, and facility cable (95’) were modified once, during the cable
upgrade in October 2013, during which the entire cable chain was simplified and standardized.
In the mezzanine, hardware is generally not modified, with the exception that attenuators can be
interposed in the cable chain both before and after the FTD10000 scope and before the Tektronix
oscilloscope. The attenuators used are absolutely timed and typically have single transit times on
the order of 100-300 ps.

To keep track of the current state of the cable chain, determine the difference in total cable
chain transit time between the current shot and a timing shot, and calculate the appropriate
adjustment to the absolute timing, a Cable Chain Management System (CCMS) was programmed
using MATLAB. 3 This system maintains and updates a database of the components installed on
each shot, and can output a transit time shift between two shots of interest. Only the snout cable is
updated routinely; less frequently-modified components must be updated in the database manually.
The CCMS is integrated into the first module of the analysis program, which parses the data and
adjusts it for absolute timing. The resulting corrected trace is then passed to the second module
for bang-time analysis.

X-ray impulses also are used to establish the impulse response of the PTOF system. The IRF is
critical to the analysis of PTOF data, as was discussed in Section 2.3. The data collected from two
x-ray impulse shots is shown in Figure 2.11. On x-ray impulse shot N110531, the PTOF recorded
an IRF characterized by a 1.70 ns FWHM. A model frequently used for impulses of this shape is a

bEjght, 800 mm ‘short’ snout cables were fabricated and remain in the system, although they are not currently
used. Only two of these were ever used on NIF shots.
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Figure 2.11. PTOF traces from two x-ray impulse shots at the NIF. N110531 was an 88 ps, 5.4 kJ impulse
onto a gold target; N131108 was an 88 ps, 9.75 kJ impulse onto a gold disc. IRFs were derived from this
data for use in the analysis of the PTOF data recorded on implosions. A standard rise-time of 370 ps and
fall-time of 1.44 ns were inferred from N110531, and 300 ps and 1.3 ns from N131108. The change in rise
and fall time between these two impulses is likely due to changes in the PTOF cable chain.

product of exponentials:

t—1 t—1 ;
IRF (¢, Tyise: Traut) = (t > to) (1 — exp [ °D exp [— “] ( 1 “”) ,  (2.10)

Trise Tfall T}?a”

where Trise, Tfau are the characteristic rise and fall times. The final term normalizes the integral
such that [IRFdt = 1. Using this model, the rise- and fall-times of the PTOF IRF were measured
to be 370 ps and 1.44 ns on the N110531 timing shot, with a FWHM of 1.61 ns. Slightly shorter
characteristic times, 300 ps rise, 1.30 ns fall, and 1.52 ns FWHM, were measured on the N131108
timing shot, after the cable upgrade. The change may be due to the removal of connectors and
overall simplification of the cable chain.

2.4.2 PTOF calibration to D*He-protons, DD-neutrons, and DT-neutrons

Several PTOF detectors have been fielded on diagnostic development implosions at OMEGA to
determine their characteristic sensitivity to various nuclear products of interest. On OMEGA,
the PTOF detectors are mounted in a TIM such that the detector could be positioned at various
distances to TCC. The approximate setup of detectors fielded on the NIF was replicated: the PTOF
cable chain consisted of 12° RG142 cable, 38 m of LMR400 cable, a bias T (Picosecond model 5531),
and 2.5 m of LMR300 cable, before being split into three channels and recorded on a Tektronix
DPO70604B digitizer (6 GHz). Up to three detectors were fielded in different TIMs on a single shot
for the calibration studies. The majority of the calibration studies were performed during a half-day
of OMEGA shots on November 2nd, 2010, and during shot operations on May 24th through 26th,
2011. Calibrations for detector sensitivity to D®*He-protons, DD-neutrons, and DT-neutrons were
recorded for CVD-diamonds ranging from 100 to 1000 pm thick, with bias voltages ranging from
-250 to -1500 V.

Typical calibration data from a Ds-filled, shock-driven implosion is shown in Figure 2.12. The
typical sensitivity of the standard PTOF detector, a 200 um thick diamond wafer biased at -
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Figure 2.12. PTOF calibration results from a OMEGA 59137, D, exploding pusher
shock-driven Dy-gas filled implosion on OMEGA, DD-neutrons
showing signals from x-rays, DD-neutrons, and -0.6 Y=2.1el}
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250 V, was determined to be 2.0x107% V ns per incident 2.45-MeV neutron, 5.4x10~% V ns per
incident 14.1-MeV neutron, and 7.3x107° V ns per incident 11.4-MeV proton. The selection of
PTOF diamonds have demonstrated a range of sensitivity that varies by a factor of 0.5-4x around
these values. Further results of calibration experiments and related PTOF tests may be found in
Appendix G.

The D3*He protons were ranged down to 11.4 MeV using 100 pm Al and 100 pm Ta filters.
Such protons transit 200 pm of diamond, and therefore will not deposit all of their energy in the
detector. It is expected that the maximum sensitivity of a given detector as a function of proton
energy would correspond with the energy of a proton with a range equal to the thickness of the
detector. For the standard 200 pm wafer, this corresponds to a proton energy of about 6.9 MeV.
Below this energy, the proton is fully stopped in the wafer and thus deposits less energy in the
detector; above this energy, the proton escapes the detector with some remaining energy. The
TRIM ion transport code3! was used to calculate the energy deposited in a 200 pm CVD-diamond
by protons as a function of incident proton energy, as shown in Figure 2.13. To first order, the
detector sensitivity is expected to scale as the amount of deposited energy.

The relative sensitivity of a detector to protons and to neutrons was found to vary as a function
of the detector thickness. Figure 2.14 shows results from the calibration of detectors between 100
and 1000 pum thick. As discussed previously, protons deposit their energy as a function of location
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within the diamond. In contrast, x-rays and neutrons both deposit energy volumetrically, because
the characteristic pR for scattering is much greater than the thickness of the detector. The range in
diamond of the 11 MeV protons used in this study was approximately 470 pm; additional detector
thickness would be expected to increase neutron and x-ray sensitivity, but not proton sensitivity.
Because of the volumetric deposition process, x-ray and neutron sensitivity are expected to scale
similarly. The 200 pm detectors were selected for PTOF in order to optimize the proton signal
relative to x-ray background.

2.4.3 Characterization of PTOF x-ray background

The level of x-ray background in the PTOF data has been a point of concern, as such backgrounds
can dominate the DD-neutron and D*He-proton signals of interest if the detector is not properly
shielded. D3He protons and DD-neutrons arrive at the detector approximately 10 and 20 ns after the
x-ray impulse, respectively, giving the detector roughly 7 and 14 e-folding times to recover. However
at the ~5% level, the tail of the impulse response function does not follow a pure exponential
falloff, and is instead dominated by bumps associated with reflections at imperfectly impedance-
matched connections. Many of these connections are reinstalled from shot to shot, and so cannot
be accurately characterized even in principle. For this reason, the original 3.9 ns snout cables were
replaced with 14.6 ns cables in December 2011. The ‘long’ snout cables delay reflections by twice
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the crossing time (~29.2 ns), and out of the region of interest. Figure 2.15 compares the tails of
impulse responses recorded using these two cables, showing that the characteristic reflection feature
is eliminated from the region of interest by using the long cables. That being said, several assorted
noisy features persist on the order of a few tenths of a percent of the peak. To prevent interference
of these features with the data, the ratio of signal peak voltage to x-ray peak voltage must be no
less than 0.01, and preferably in the range 0.1 to 1.

A strong x-ray signal could also alter the effective IRF of the detector for a subsequent, smaller
signal arriving on its tail. L. Dauffy, et al. studied this effect in Reference [32] using a 250 pm
thick CVD diamond biased at +250 V, which was irradiated to produce a saturated signal with a
peak voltage greater than 10% of the bias followed by a second signal either 5, 10, or 20 ns later.
The 5 ns delayed signals demonstrated an altered IRF, while the 10 and 20 ns delayed signals
demonstrated the linear IRF, indicating that the detector had recovered between 5 and 10 ns after
the saturating impulse. While this study is encouraging with regard to the PTOF data, for which
the DD-neutron signals arrive ~ 20 ns after the x-rays, future double-pulse studies are encouraged
to demonstrate the effect of multiple subsequent impulses on the PTOF IRF.

Gas-filled hohlraum implosions at the NIF produce the largest observed x-ray backgrounds as
shown in Figure 2.1, primarily generated by laser-plasma interactions (LPI). A comparison of the
relative signal levels between hohlraum x-rays, compression DD-neutrons, and shock D3He-protons
for various amounts of detector filtering is shown in Figure 2.16. In initial experiments with the
PTOF detector on such gas-filled hohlraum implosions, the x-ray background dominated the signal
trace, producing peaks in excess of 100 V. Given the calibrated sensitivity to protons of ~ 7x107° V
ns/proton and the typically observed D*He-proton shock yield on the order of 108, the expected
proton signal was 0.1 V, three orders of magnitude less than the x-ray peak. Compounding the
difficulty of picking out a small signal from the noisy tail of the x-ray signal, the signals produced
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by the x-ray sources were a substantial fraction of the bias voltage. Such a large signal distorts the
impulse response of the detector. This can be understood by considering that the charge carriers
produced in the CVD-diamond dynamically screen out the bias field within the diamond volume.
As electron-hole pairs are swept out, the effective field within the diamond is reduced, which in turn
decreases the drift velocity for the remaining charge carriers. As a rule of thumb, the sensitivity
of the detector becomes nonlinear for signals in excess of 10% of the bias voltage. An approach to
taking this effect into account was proposed by D. Kania,3? in which the signal is scaled according
to the bias voltage Vj: )
Vit
V'(t) = 1——(‘_,—@- (2.11)
Vi
While such a scaling is useful for understanding the observed x-ray signals, it does not help recover
the particle signals from the x-ray tail.

To reduce the magnitude of the direct x-ray signal to the required level for accurate measure-
ments of the particle species of interest, a high-Z filter with an areal density of several tens of g/cm?
is required. The PTOF on the NIF may be fielded with 1 or 2 cm of tungsten attached to the hous-
ing as shielding. Such a filter reduces the x-ray background to the order of 100 mV, allowing robust
measurements of the DD-neutron signals. However, any D3He protons are blocked from reaching
the detector. For this reason, the upgrade to the PTOF is currently being implemented. This
upgrade, entitled MagPTOF, includes a permanent dipole magnet to deflect shock-bang protons
around the tungsten x-ray shielding and onto the detector, and is discussed in Section 2.6.

To optimize the PTOF data collected on each shot, it is important to select the correct level
of filtering. To this end, a predictive model for the x-ray peak signal as a function of detector
filtering was created using MATLAB.3% An x-ray spectral intensity model is taken from a fit to the
measured FFLEX data from a comparable shot. The transmission of this spectrum through the
filters is calculated:

(8 = B exp |- (42(8,)) ] (2.12)
where E, is the photon energy, Iy the incident x-ray spectrum in units of keV/(keV sr), (ten/p) are
the photon-energy dependent x-ray mass attenuation coefficients of the filter material with units
of cm?/g,34 p is the mass density of the filter and z the thickness of the filter. This transmitted
spectrum is absorbed in the CVD-diamond by Compton scattering,! in which a photon with energy
E, transfers an approximate average energy of E'Qy /(E, + mec?) to an electron) An additional
signal due to the K- and L-shell fluorescence of the gold electrodes is calculated as well. The energy
deposited in the detector for a given photon energy is multiplied by the transmitted spectrum and
the solid angle of the detector, and integrated to obtain the total deposited photon energy. An
example of these calculations for two filter choices and the x-ray spectrum recorded on N140712 is
shown in Figure 2.17. Assuming an average of 16 eV is required to generate an electron-hole pair,
the total charge created by the x-ray source is calculated.

This technique was calibrated using the measured FFLEX spectrum from a NIF shot with a
recorded PTOF x-ray signal (N110807), from which it was determined that the effective signal
produced by the PTOF system was 2.6 V ns per nC of generated charge. Dividing this value by
the 50 2 impedance of the system, the calibration suggests that the PTOF system collects about
5% of the produced charge. The calibration value can be used directly to convert the simulated

iDue to the hardness of the filtered spectrum, photoabsorption in the diamond contributes less than 10% to the
signal.

IThis approximation is valid to within 20% for all values of E.,, and approaches the correct values in the asymptotic
limits E, < mec? and E, 3> mec?.
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Figure 2.17. Transmitted and absorbed x-ray spectra calculated for the PTOF detector shielded by different
filters. The measured x-ray spectrum (black) from N140712, a 2-temperature distribution with 6.8 kJ in
18 keV and 0.17 kJ in 88 keV, is degraded by the filters: 25 um Ta + 100 um Au (red) or 2 cm W (blue). The
energy deposited in the CVD diamond by the transmitted x-rays is through Compton scattering (dotted)
or via fluorescence in the gold electrodes (dashed). The predicted x-ray signals for these two filters are 36.2
V ns (red) and 0.003 V ns (blue).

energy deposition in the detector for a given filtering and x-ray spectrum into the expected size of
the x-ray peak. This procedure has been used to select filtering for a wide range of shots, including
x-ray timing impulses, polar-direct-drive implosions, and implosions in near-vacuum hohlraums,
and generally predicts the size of the x-ray peak to within a factor of 2.

2.5 Overview of results from the PTOF on NIF

To date, PTOF has recorded data on over 140 NIF shots, including 33 cryogenic DT/THD implo-
sions, 13 exploding pushers, 13 polar direct-drive (PDD) implosions, and over 60 D*He- or D;-gas
filled surrogate shots. This section will highlight interesting PTOF data obtained at the NIF be-
tween 2011 and the present. These results were acquired and analyzed as part of this research, in
support of a wide range of shot operations at the NIF facility.

2.5.1 Cryogenic DT and THD implosions

PTOF has participated on many of the NIF cryogenic implosions as a DT-neutron bang-time
diagnostic, including the first 50:50 D:T cryogenic layer shot, N110608. An example of data recorded
on a cryogenic implosion is shown in Figure 2.18. The high neutron yields, ranging from high 1%
up to above 10'%, drive the PTOF detector into the regime of non-linear operation, as discussed in
Section 2.4.3. However, accurate bang-times were recorded by fitting to the rising edge of the signal,
implementing the Kania scaling (Equation 2.11), and allowing the rise- and fall-times of the impulse
response function to vary to match the data. Additionally, as yields increased, a peak associated
with photons generated by an inelastic (n,7) reaction in the gold hohlraum was observed. This
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feature will allow highly accurate bang-times to be recorded on indirect-drive implosions with even
higher neutron yields, as the DT-neutron signal becomes unusably nonlinear.

On cryogenic implosions from 2011 to 2012, PTOF-measured DT-neutron bang times agreed
with the DT-v bang-time measured by GRH!" to within experimental uncertainties. This result
provides confidence that the PTOF calibration and analysis procedures described in this chapter
result in an accurate measurement of the nuclear bang-time. Fig 2.19 shows PTOF vs GRH-
measured nuclear bang-times.

2.5.2 Exploding pushers

Exploding pushers, or thin-glass shock-driven implosions as discussed in Section 1.1.3, are used at
the NIF for diagnostic development. PTOF has measured bang-time on several exploding pushers
filled with DT, Dg, or D3He. An example of data from a D3He-gas filled exploding pusher, the
shot N121128 shown in Figure 2.20, is remarkable for its high quality: the fit of the source function
folded with the IRF to the data is perfect to within experimental uncertainties. This implosion
produced a highly uniform D*He-proton spectrum, as measured by four WRFs on the polar DIM
and three on the equator and by the MRS in charged-particle mode. This implosion provides
a proof-of-concept for the development of a monoenergetic D®He-proton backlighter on the NIF,
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Figure 2.20. PTOF data from D3He Explod- N121128: D3He Exploding Pusher
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which can be used for quantitative proton radiography studies. In such experiments the PTOF will
be essential for recording the sample time for the experiment.

For the Ds-gas filled exploding pusher N130129, PTOF was again fielded in proton mode and
recorded for the first time both primary DD-neutrons and secondary D*He-protons from a single
NIF implosion. The PTOF data from this experiment is shown in Figure 2.21. The recorded bang-
times are in agreement with each other and with the simulated bang-times. Since the yields of DD-
neutrons and D®He-protons on this implosion are comparable to those observed from compression-
and shock-yield in ignition surrogate D*He-gas filled implosions, this data shows promise for the
measurement of both shock- and compression-bang time on a single implosion. The relative primary
and secondary yields were used to calculate a fuel pR of ~5 mg/cm?.

The good agreement between the PTOF data and the simulations on these and similar implo-
sions verified that the energy coupling was captured well in the simulations and was not the source
of an observed underperformance in the nuclear yields. The degraded nuclear performance in the
exploding pushers was explained as the emergence of ion kinetic effects, specifically Knudsen-layer
tail ion loss as discussed in Section 1.2.2.%5
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Figure 2.22. PTOF data (blue) from two CD Symecap hydrodynamic mix experiments in which capsules
made of a) pure CH (N121119) or b) including an inner layer of deuterated plastic (N121125) were filled with
pure tritium gas and imploded using indirect drive. Fits to the PTOF data (red dashed) were used to infer
bang-time for DT-neutrons (both shots) and T'T-neutrons (a only). In the CH experiment (a), DT-neutrons
are produced from j0.15% deuterium contamination in the tritium gas, whereas in the CD-layer experiment
(b) DT-neutrons are predominantly produced by regions where fuel and shell are turbulently mixed. TT-
neutrons are also observed in both experiments. In (a) the TT-neutron yield was large enough to fit the data
and obtain a TT-n bang-time. Only the rising edge of the TT-n signal is used, as the modelled signal shape
disagrees with the observed data later in time. The bang-time inferred from TT-neutrons and DT-neutrons
agree to within uncertainties. Figure is adapted from Casey, et al., Reference [36].

2.5.3 Hydrodynamic mix experiments

High-mode hydrodynamic instability growth can lead to mix of the shell material into the fuel,
which is a primary concern for ICF research as described in Section 1.1.2. This effect was studied
directly at the NIF using a nuclear tracer method in the CD Symcap campaign. CH capsules
were prepared with a 4 um layer of deuterated plastic (CD) recessed at various distances from the
inner surface of the shell, filled with pure Ty gas, and imploded in an indirect-drive geometry. =
In these experiments, DT-neutrons can only be produced in regions of the implosion that have
undergone atomic mix of the CD layer and the Ty fuel. A CH capsule without a CD layer was
imploded to establish a baseline of neutrons produced by D2 contamination in the Ty fuel. These
experiments demonstrated that most of the mix that occurs in NIF indirect-drive implosions is
from the innermost 2 pmn of the shell.

On these implosions, PTOF recorded both the 14.1 MeV DT-neutrons and the TT-neutrons,
as shown in Figure 2.22. The T-T fusion reaction produces an alpha particle and two neutrons.
Because the reaction outputs three particles rather than two, the energy of the products is not
constrained to a single value by kinematics, and a broad spectrum of neutrons is created with
energies up to 9.44 MeV. A model of the TT-neutron spectrum is shown in Figure 2.23. Since
the energy of neutrons produced covers a wide range, the sensitivity of the PTOF detector as a
function of neutron energy must be taken into account. The neutron sensitivity as a function of
energy shown here and used in the analysis was calculated by Tom Phillips using MCNP, 2T and is
also shown in Figure 2.23.

Due to inaccuracies in the model, a good fit is not obtained for the entire TT-n spectra to
the data. However in data with clear TT-neutron signal, such as the null experiment shown in
Figure 2.22a), the TT-n bang-time was inferred in two ways: by fitting just the rising edge and first
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Figure 2.23. Model spectrum for neutrons pro- 3
duced by the T-T fusion reaction, as calculated
by Dan Sayre using R-matrix modeling. The rela-
tive scale of the ground state (red) and excited
state (blue) reactions was fit to OMEGA data.
Spectra were provided by M. Gatu Johnson. The
PTOF sensitivity as a function of neutron energy
is also shown (black dotted), which was calculated
by Tom Phillips using Monte Carlo modeling of
neutron transport in CVD diamond.
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peak of the TT-n signal, and by locating the time when the TT-n signal begins to rise and identifying
this with the most energetic neutrons. The bang-time inferred using both of these methods agree
with each other, and with the DT-neutron inferred bang-times, as expected since both are produced
in the gas-fill of the CH implosion. On CD-layered experiments such as Figure 2.22b), the TT-
neutron signal was observed but was not generally usable for a bang-time measurement, due to the
lack of a distinct peak.

2.5.4 Polar Direct Drive (PDD)

PTOF has provided the only nuclear bang-time measurement for the PDD series at the NIF. Ten
PDD implosions have been performed since December 2013, on which PTOF has recorded DD-
neutron compression-bang time for all but one.X These implosions also provided the first measure-
ment of both primary DD-neutron and secondary D*He-proton-bang time on a single implosion, as
shown in Figure 2.24. When both measurements were obtained, the primary- and secondary-bang
times were in agreement to within uncertainties, as expected.

The measurement of the DD-neutrons and secondary D3He-protons on a single shot is possi-
ble because of the comparatively low x-ray background produced by PDD implosions, as shown
previously in Figure 2.1. A comparison of the x-ray background recorded on several PDD shots
is shown in Figure 2.25. These four shots produced very reproducible x-ray backgrounds, using a
laser energy in the range 605-760 kJ and a peak power in the range 123-176 TW, and in fact it
was the shot with the largest x-ray background on which both the primary and secondary fusion
products were measured. The secondary fusion bang-time provides a valuable confirmation of the
primary bang-time on these implosions, and it is recommended that the diagnostic be run in this
mode for the PDD implosions as long as the x-ray backgrounds remain similarly low.

2.5.5 HDC ablator implosions in Near Vacuum Hohlraums (NVH)

PTOF has recorded for the first time both the shock- and compression-bang time in a single
implosion using D3He-p and DD-n, respectively, from a HDC target imploded in a near vacuum

k An electrical failure of the PTOF diamond prevented data collection on N140228-004.
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Figure 2.24. a) Background subtracted PTOF signal trace from NIF PDD implosion N140306-003 (blue),
on which PTOF measured both primary DD-neutrons (Yield = 2 x 10'!) and secondary D3He-protons
(Yield < 108). Due to the low x-ray fluence on PDD implosions, PTOF could be fielded with reduced
high-Z filtering, enabling measurement of D*He-protons. This measurement shows promise for the shock-
and compression-bang time measurements using the MagPTOF detector, which will have comparable nuclear
yields to those recorded here. b) The raw PTOF trace from this shot (black) showing the 3.6 V x-ray peak
followed by the D®He-proton and DD-neutron peaks.

10" Figure 2.25. X-ray emission spectra mea-
sured on several PDD implosions on the NIF.
Measurements (points) were recorded by the
N140306-003 (3.2 kJ, 57 keV) FFLEX diagnostic. The measurements were fit
4 i (lines) using a l-temperature exponential de-
cay described by Equation 2.1; the fit parame-
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Figure 2.26. PTOF and WRF data recorded on implosions of D*He-gas filled high-density carbon (HDC)
targets in near-vacuum hohlraums (NVH). For both shot N140702 and N140913-002, a clear shock- and
compression-proton signal is seen in the WRF spectrum, and both D3He-protons and DD-neutrons are
observed in the PTOTI data. For N140702, the PTOF filtering of [50 pm Ta + 100 pm Au] and a thick
band on the hohlraum only transmitted the most energetic protons to the detector. A ABT of 0.9 + 0.1 ns
was inferred. For N140913-002, a combination of thinner filtering ([25 pm Ta + 100 pm Au|) and reduced
hohlraum material along the line-of-sight allowed the entire shock-bang peak and part of the compression
peak to reach the PTOF, resulting in a characteristic ‘double bump’ feature. A ABT of 0.63 + 0.1 ns was
inferred. In both experiments, the measured ABT were in reasonable agreement with post-shot simulations,
which stands in contrast to the results from low-adiabat implosions (see Figure 2.3).
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hohlraum (NVH). The NVH platform includes a hohlraum gas fill of 0.03 mg/cc “*He, compared
to the standard hohlraum fill of 1.6 mg/cc “*He. This dramatically reduces the production of hot
electrons by LPI and therefore the x-ray background production, as shown in Figure 2.1. As for
the PDD implosions, the low background allows PTOF to be fielded with filters that transmit
D3He-protons. The data from two such implosions is shown in Figure 2.26.

In the first implosion (N140702), the proton ranging in the capsule (measured to have a pR of
~85 and ~280 mg/cm? at shock- and compression-bang time, respectively), the hohlraum wall, and
the PTOF filtering of 50 um Ta + 100 pm Au, transmitted only the highest-energy protons to the
PTOF detector, with an effective sensitivity of ~5%. The shock-bang time, compression-bang time,
and ABT were inferred to be 8.82+0.1 ns, 9.744+0.07 ns, and 0.910.1 ns, respectively, in reasonable
agreement, with post-shot simulations. The highest-energy protons are systematically emitted early
in the shock-bang, due to pR evolution with time. For this reason, the actual shock-bang time may
be corrected to be later than the reported value by no more than half the burn width (~75 ps).

In the second implosion (N140913-002), a slightly lower pR (~75 and ~250 mg/cm? at shock-
and compression-bang time, respectively), a different hohlraum geometry and reduced PTOF fil-
tering of 25 um Ta + 100 um Au allowed substantially more of the proton spectrum to reach the
PTOF detector. Because of this, both a shock- and compression-emitted proton signal are observed.
By fitting to only the shock component, a shock-bang time of 8.27+0.07 ns was inferred, while the
DD-neutron peak was used to infer a compression-bang time of 7.64+0.1 ns. These values and the
inferred ABT of 0.63+0.1 ns were in good agreement with post-shot simulations.

The agreement between the PTOF-measured ABT and the simulated values for the NVH
implosions stands in contrast to the results for low-adiabat ignition surrogate implosions, for which
there is evidence that ABT disagrees with the simulated value on some experiments (see Figure 2.3).
This difference is possibly due to kinetic plasma effects during the shock-phase of the low-adiabat
implosions, which are not present in the high-adiabat NVH implosions. Future work will continue
to investigate the trend of ABT with laser and target parameters. Shot N140913-002 was the
first in a “mini-campaign” of sub-scale (<1 MJ of laser energy) HDC implosions in near-vacuum
hohlraums, with the goal of measuring both the shock- and compression-pR and bang-times. These
measurements will provide a direct measurement of how the pR asymmetry varies from shock- to
compression-bang time, as well as a test of the shock properties.

2.6 Design of the Magnetic PTOF upgrade for the NIF

As discussed in Section 2.1.1, measurement of the shock-bang time in NIF indirect-drive implosions
is a difficult but important problem. PTOF has demonstrated a simultaneous measurement of
both shock- and compression-bang time, using the D3He-protons and DD-neutrons respectively,
from near-vacuum hohlraum implosions (see Sec. 2.5.5). However on standard gas-filled implosions,
additional x-ray shielding is required and the D3He-protons are blocked. An upgrade to the PTOF
diagnostic has been designed to provide shock- and compression-bang time measurements regardless
of x-ray background. By including a small dipole magnet, the Magnetic PTOF (MagPTOF) will
deflect protons around the shielding and onto the detector, allowing for simultaneous measurements
of D3He-protons and DD-neutrons produced at shock-burn and compression-burn, respectively.

2.6.1 MagPTOF design

The MagPTOF diagnostic represents a significant upgrade to the existing PTOF diagnostic on the
NIF, and includes four main components, depicted schematically in Figure 2.27. The MagPTOF
detector, cables, bias, and oscilloscope systems are identical to the existing PTOF system, which
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Figure 2.27. A schematic of the MagPTOF diagnostic on the NIF. The diagnostic includes four main
components: A) CVD-diamond detector; B) x-ray shielding (tungsten, configurable in units of 1 ¢cm up
to 4 cm) to shield the detector from hohlraum x-ray background; C) a permanent dipole magnet with a
1 tesla peak field strength, to deflect protons around the shielding and onto the detector; and D) optional
annular piece of CR-39 around the CVD-diamond, to confirm proton fluence and energy on each shot. The
MagPTOF detector, cables, and electronics are identical to the existing ones for the PTOF.

is described in detail above and in Reference [37]. The detector, nominally positioned 49 cm from
the implosion, detects protons between 6 and 16 MeV. X-ray shielding made of tungsten cylinders
protects the detector from direct x-ray fluence from the hohlraum. This shielding may be configured
in units of 1 cm up to a maximum of 4 cm, depending on the predicted level of x-ray background.
A permanent dipole magnet with a peak field of approximately 1 T deflects protons around the
shielding and onto the detector. Lastly, an annular piece of CR-39 nuclear track detector (see
Section 1.3.2 and Reference [38]) can be positioned around the PTOF detector to confirm proton
fluence and energy on the CVD diamond after each experiment.

An engineering design for the diagnostic that meets NIF requirements has been completed. The
MagPTOF assembly shown in Fig. 2.28a) maintains the relative alignment of the magnet, x-ray
shielding, and detector. The housing is made of aluminum to reduce weight; surfaces facing target
chamber center are covered with stainless steel for ablation resistance and debris shielding. This
assembly weighs approximately 5.4 lbs. Like the PTOF diagnostic, the MagPTOF assembly is
fielded on the diagnostic instrument manipulator (DIM)?! installed on the NIF target chamber at
the angular position (§ = 90°, ¢ = 78°), as shown in Fig. 2.28b). The MagPTOF mounting bracket
replaces the upper half of the previous 4-position PTOF/WRF mounting bracket with an alternate
design to support the added weight of the MagPTOF assembly. The center of the magnet aperture
is positioned 13.6 degrees above the equator of the NIF target chamber, matching the polar angle of
the neighboring WRF. For cylindrically symmetric hohlraum designs, the protons incident on both
MagPTOF and WRF will be ranged through identical hohlraum profiles, and proton spectra will
be identical along both lines of sight. Since the evaluation of shock-bang time from the MagPTOF
proton data requires precise knowledge of the average proton energy, matching the WRF polar
line-of-sight reduces the uncertainty in the measurement. The location of the adjacent upper WRF
in the target chamber is maintained from the previous 4-position design. The hardware holding
the two WRF's below the equator is unchanged.

2.6.2 Magnet optimization

D3He-protons emitted from NIF hohlraum implosions typically have an average energy in the range
8-12 MeV, accounting for energy downshift in both the imploding capsule and the hohlraum wall.
A magnet has been optimized for the MagPTOF system, such that protons in this energy range will
be reliably deflected onto the CVD-diamond detector without requiring active controls or detailed
knowledge of the proton spectrum prior to the experiment.

The deflecting magnet, a permanent dipole manufactured by Dexter Magnetic Technologies,
is composed of NdaFey4B, with a density of 7.4 g/cc, and is sheathed in vacuum-tight autenistic

9
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Figure 2.28. Three dimensional models of the MagPTOF engineering design. a) The x-ray shielding (red
cylinder), aperture and magnet (purple), detector (gold), and annular CR-39 (blue) are held in relative
alignment by an aluminum housing (yellow). Target chamber center (TCC)-facing components will be
sheathed in stainless steel for ablation resistance and debris protection. The point-projection shadow of
the shielding from TCC (green transparent) has a radius in the detector plane of ~3x the detector’s active
radius. b) The MagPTOF is attached to the NIF DIM (90,78) snout with a stainless-steel mounting arm
(red), alongside a WRF spectrometer (blue). Engineering drawing by J. Magoon, Laboratory for Laser
Energetics.

stainless steel to prevent outgassing of the glue compound into the NIF target chamber. The
magnet has a pole gap of 1.5 cm, a pole depth of 2 cm, and is 8 cm long. The aperture in front of
the magnet is positioned 31 cm from the implosion, subtending a solid angle fraction of 1.08 x e,

The magnetic field, which has a peak strength of 1 tesla, deflects incident protons away from
the magnet’s yoke into the region behind the x-ray shielding. The radius of curvature for a charged
particle in a magnetic field is Rgyro = p/qB, where p is the particle momentum, q its charge and
B the magnetic field strength. For a 10 MeV proton traveling through the MagPTOF magnet, the
peak radius of curvature will be approximately 50.9 cm. This proton’s path will be deflected by
approximately 9 degrees after transiting the magnet. To maximize the path length of the protons in
the magnetic field, the body of the magnet is rotated 4 degrees in the bending plane. This rotation
balances the entrance and exit angles for ~10 MeV protons arriving at the magnet from TCC, and
also introduces a weak focusing of protons in the bending plane.

A series of proton trajectory calculations were performed by Dexter Magnetic Technologies
using the geometry and modeled field of the magnet described in Section 2.6.1. In the nominal
geometry, the detector records protons generated at TCC with energy in the range 6 to 16 MeV,
as shown in Figure 2.29. The effective solid angle fraction of the detector is above the nominal
detector solid angle fraction of 1.7 x 10~ for protons in the energy range 8 to 16 MeV, and is
approximately 1.8 x 107° for 10 MeV protons. A slight focusing effect arises from a combination
of focusing in the cross-field direction and defocusing in the parallel-field direction. The gradient
of the dipole field along the depth of the pole gap was found to focus incoming protons along the
cross-field axis by a factor of 33%. In addition, fringe fields at the apertures of the magnet were
found to defocus incoming protons along the field axis, also by a factor of 33%. As the shape of
the magnet aperture is 1.4 cm in the cross-field direction compared to 1 cm in the parallel-field
direction, the magnet has a net focusing effect, enhancing the effective solid angle of the detector
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Figure 2.29. a) Calculated proton trajectories for the MagPTOF system projected to the bending plane
(x,y). b) Calculated trajectories projected perpendicular to the bending plane (x,z). Protons with energy 6,
10, and 16 MeV (green dot-dashed, magenta dotted, and blue dashed, respectively) were launched from the
origin and transported through the dipole magnetic field (red) to the detector plane (black). The effective
solid angle fraction of the detector was found to be above 1.7x 107" for protons in the energy range 816 MeV.
Trajectory calculations were performed by Dexter Magnetic Technologies.

by about 10%.

An important design consideration for the magnet is to minimize the effect of misalignment
on the proton signal level. As the diagnostic is mounted onto the side of x-ray diagnostic snouts
fielded on DIM (90,78), the system is not independently pointed and must be designed to function
correctly with any DIM instruments. In practice, nominal insertion depth of the existing PTOF
diagnostic has varied by +1 cm, depending on the DIM instrument installed. With the magnet
line-of-sight nominally aligned to 13.6° above the equator, this insertion depth variation translates
into approximately 40.4° of misalignment in the bending plane (dispersion direction).

To evaluate the effect of mispointing the MagPTOF, proton trajectory calculations were also
made for proton launch points moved by +1 cm both in the bending-plane and perpendicular to
the bending plane, corresponding to a +£1.6° angular mispointing. Figure 2.30 shows the results
of this study, which indicate that the design robustly transports protons to the detector with an
effective solid angle fraction of ~ 1.6 x 107° or higher for misalignment of +1.6° in all directions,
well beyond the expected alignment uncertainty.

Temporal broadening of the proton signal due to increased path-lengths in the system was also
examined, and the results for 10 MeV protons are shown in Figure 2.31. For all proton energies
studied, this magnet design introduced a temporal broadening of less than + 7 ps, well below
other timing uncertainties. For comparison, typical proton spectra measured in D*He gas-filled
implosions at the NIF display a FWHM of ~1 MeV. This spectral width corresponds to a time-
of-flight broadening of approximately 500 ps, which dominates the temporal width of the proton
source function and renders the temporal broadening due to the magnet negligible.

The advantages of a focusing magnet for increasing the proton signal were considered. However
such a magnet would have more stringent alignment requirements and would require better a priori
knowledge of the incident proton spectrum. The expected proton signals with a non-focusing
magnet are sufficient for making the desired measurement.

2.6.3 Signals and background

The primary goal of this upgrade is to minimize background due to x-rays from the implosion while
measuring the D3He-proton signal from the shock-burn. Based on D3He-proton signals observed
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Figure 2.30. Calculated 10 MeV proton trajectories for the MagPTOF system when the proton source
location is offset by +1 cm (magenta dotted) and -1 cm (blue dashed) relative to the origin a) in the bending
plane (x,y) and b) perpendicular to the bending plane (x,z). The protons were transported through the dipole
magnetic field (black, red) to the detector (black). The MagPTOF system was found to be tolerant to offsets
of this size, which translate to + 1.6° misalignment of the detector line-of-sight. Trajectory calculations were
performed by Dexter Magnetic Technologies.
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Figure 2.31. a) Calculated time-of-flight distribution for 10 MeV protons transiting the modeled magnetic
field to the detector. The temporal broadening caused by the magnet is negligible (¢ = 3 ps for 10 MeV
protons, <7 ps for 6 to 16 MeV protons). b) Time-of-Flight map for the 10 MeV protons at the detector
plane. Particles within the black circle are detected. Trajectory calculations were performed by Dexter

Magnetic Technologies.
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Table 2.3. Summary of the estimated background levels for MagPTOF from a variety of sources

Source of background ] Estimated Background
Nd K-shell fluorescence 110 mV (no filters at detector)
7 mV (w/ filters at detector)
X-ray scatter from mounting bracket 14 mV
direct x-rays 5 mV
e- scattered from W <1 mV
Total 130 mV (no filters at detector)
27 mV (w/ filters at detector)

using the PTOF on NIF and OMEGA and the effective solid angle of MagPTOF, the expected
MagPTOF signal level for a typical shock D3He-proton yield of 1 x 10® is approximately 50 mV, as
shown in Figure 2.16. Because the x-ray background sources and the proton signal are separated by
approximately 10 ns due to time-of-flight, which is several times the impulse response falloff time
(~1.3 ns), the detector has time to recover from x-rays prior to observing the protons. However, for
a robust proton measurement, the peak x-ray background should be comparable to or smaller than
the signals of interest. Possible background sources with the MagPTOF conceptual design have
been thoroughly reviewed, including direct x-ray signal from the hohlraum, x-ray fluorescence in
the magnet, shielding, and mounting hardware, and photo- and Compton-scattered electrons from
the tungsten shielding.

X-ray-induced fluorescence in the magnet was found to be the most significant source of back-
ground. Although the magnet is composed primarily of iron, the primary source of fluores-
cent background is expected to be the neodymium due to the higher-energy x-rays produced
(Eline = 43.6 keV, compared to 7.1 keV for iron) and the comparatively large probability of fluo-
rescence (Pfiyor = 92.2%, compared to ~ 34% for iron).40 The neodymium fluoresced photons with
an energy of 43.6 keV have a mean free path in the magnet material of A = 270 um, defining the
volume of magnet material that can produce fluorescent background for the detector.

The number of photons incident on the magnet with energy high enough to stimulate fluores-
cence depends on the x-ray spectrum observed, as:

o0
N [ SE)
Eline

exp [~ (1/P)NaWNdPmagT1] 1 dE, (2.13)

where S(E) is the spectrum of x-rays produced in the experiment in units of keV /(keV sr); (11/p)Na
is the x-ray mass attenuation coefficient of neodymium3* and wygq = 0.267 is the mass fraction of
neodymium in the magnet; pnqg is the density of the magnet; z; is the depth in the magnet from
which fluorescent photons can escape; and €2 is the solid angle of the inside magnet surface. For
the geometry of the MagPTOF system, £2; ~ 9 x 1074 sr. If we assume that fluorescent photons
from a depth of X are able to escape and strike the detector, then from the geometry discussed in
Section 2.6.1, 1 =~ 2.6\ = 566.8 um.

The energy absorbed in the detector via neodymium K-shell fluorescence in the magnet is
estimated conservatively as:

Eops = NPfluorEline(92/47T)Pabsfabs’ (214)

where Py is the probability of photon absorption by the detector; Qs ~ 1.6 x 1072 sr is the solid
angle of the magnet inner surface relative to the detector; and fups is the fraction of the photon
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energy absorbed in the detector. For Nd-fluorescence photons, the dominant absorption process
in the detector is incoherent Compton scattering, but the average fraction of energy deposited by
this process is only faps = Eline/(Me + Eline) =~ 8%. Because of this, the energy absorbed through
Compton scattering and photoelectric absorption are comparable, and the product Fas fabs = 0.2%.

Numerically integrating over the measured spectrum S(E) from a typical shot with a peak laser
power of 420 TW,! and scaling this model to the x-ray peaks observed by the existing PTOF as
described in Section 2.4.3, a background peak amplitude of 110 mV is expected, comparable to
the expected proton signal. If necessary, this background may be further reduced by including
additional filtering at the detector: the current standard proton filtering of 50 pm Ta + 100 pm
Au would reduce fluorescent x-rays striking the detector by a factor of 15.

Other sources of background were also evaluated. The direct x-ray spectrum is dramatically
reduced by the tungsten shield and produces only 5 mV of background. X-ray scattering from the
detector mounting bracket, which has been found to be a significant source of background for the
existing PTOF diagnostic when fielded with 2 cm tungsten shielding (~300 mV), is expected to
produce 14 mV for MagPTOF as much less of the detector mounting bracket is directly exposed
to TCC. Photo- and Compton-scattered electrons from the rear surface of the tungsten shielding
are expected to produce a background of less than 1 mV. Other sources of background, such as
x-ray fluorescence in the neighboring DIM hardware and neutron-induced fluorescence, have not
been reviewed in detail, but simple estimates indicate they are negligible compared to the neutron
and proton signals and the effects considered here. Complete modeling of the DIM hardware
using GEANT4, a multi-physics Monte-Carlo particle transport code, will be used to validate these
estimates in the future. A summary of estimated contributions to the MagPTOF background may
be found in Table 2.3. These estimates are comparable to or less than the expected proton signals,
allowing a robust measurement of D3He-proton bang-time.

While the PTOF diagnostic has routinely measured compression-bang time using 2.45 MeV
DD-neutrons, the additional mass of the magnet and shielding will scatter neutrons and change
the detector’s effective sensitivity and impulse response. The tungsten x-ray shielding has a single-
scattering depth of approximately 2.5 cm for the DD-neutrons. For the default 2 cm shielding, it
is estimated that the fraction of unscattered neutrons reaching the detector will be ~46% of the
initial neutron fluence. The neutrons are scattered over a solid angle fraction of approximately 0.1,
with an average scattering angle of ~30°.When the PTOF detector is shielded by 2 ¢cm tungsten,
the detector is positioned only about 7 mm from the rear surface of the shielding — less than the
detector diameter. Many of the scattered neutrons therefore still hit the detector, producing the
~70 ps tail seen in the DD-neutron impulse response (Figure 2.9). However because of the ~18 cm
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gap between the shielding and the detector in the MagPTOF geometry, the detector occupies a
solid angle fraction of approximately 0.0002 with respect to the shielding and nearly all (> 99%) of
the neutrons scattered in the tungsten shielding will be deflected sufficiently to miss the detector.
For this reason the neutrons scattered in the shielding are effectively lost to the measurement.

The substantial mass in the MagPTOF housing and magnet will also scatter DD-neutrons
onto the detector. These scattered neutrons will have longer path-lengths and reduced energy
relative to the direct unscattered neutrons, resulting in a delayed arrival time at the detector. To
evaluate the impact of such scattering on the observed neutron signal, a model of neutron scattering
in MagPTOF was developed using the particle Monte-Carlo transport code MCNP5.2?" Neutron
energy deposition in the detector was simulated as a function of time for a simplified version of the
MagPTOF geometry including magnet, housing bracket, 2 cm tungsten shielding, and detector.
In these simulations, 95% of the neutrons passing through the detector were unscattered. The
scattered neutrons appear as a tail on the time-resolved neutron energy deposition in the detector,
as shown in Figure 2.32. These scattered neutrons contribute only 11% of the total energy deposited
by all neutrons. Due to the small amplitude of this signal tail, the analysis procedure for the DD-
neutron signal peak as described in Section 2.3 will not be substantially impacted. The simulated
MagPTOF DD-neutron impulse response will be convolved into the DD-neutron source function
when fitting to MagPTOF data, as the 2 cm W impulse response is for PTOF data.

Based on these estimates of proton and neutron signals and x-ray background, a typical Mag-
PTOF trace was simulated, as shown in Figure 2.33. This predicted signal is for a typical gas-filled
hohlraum implosion with D3He gas-filled target, producing a D3He-proton yield of 1 x 10% and a
DD-neutron yield of 5 x 10!!. Notably, the peak expected x-ray background has been reduced by
over 3 orders of magnitude from the background in PTOF data when the diagnostic is filtered to
admit D3He protons, as shown in Figure 2.16. Such data will readily provide robust measurements
of both the shock- and compression-bang times using the D3He-proton and DD-neutron signals,
respectively.

Since the detector, cables, signal recording system, and analysis procedure are all carried over
from the PTOF diagnostic, the timing uncertainty budget for the MagPTOF upgrade is nearly
identical to that for PTOF. The temporal broadening introduced by the magnet has been included
in the error budget shown in Table 2.2, and is negligible compared to other considerations. The
dominant uncertainty in the proton time-of-flight is the uncertainty in the proton energy, which is
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measured by the neighboring WRF with a typical uncertainty of £140 keV.

2.6.4 Timeframe for MagPTOF implementation

Initial conceptualization of the MagPTOF concept began in January 2012. The first magnet de-
signs were created by Chun Li of Dexter Magnetic Technologies3® and were used to validate the
MagPTOF concept. Initial calculations of the x-ray background in the MagPTOF concept were
performed in collaboration with J. Ryan Rygg, the on-site responsible scientist (RS) for the Mag-
PTOF at LLNL, in February 2012. Between February and April, an initial set of engineering
requirements for the MagPTOF upgrade was developed with Todd Clancy of LLNL. While fund-
ing was sought, development of the magnet with Dexter continued. A working draft design for
the MagPTOF magnet, shielding and detector geometry was developed, and particle trajectory
calculations were performed to verify the viability of the project.

A discussion in January 2013 reviewed the engineering requirements and laid the groundwork
for a three-way collaboration between MIT, LLE, and LLNL to design, fabricate, and implement
the MagPTOF upgrade. The magnet design was developed during spring and summer 2013. A
stakeholders meeting in September 2013 defined the personnel responsible for the project: in ad-
dition to me, Johan Frenje and Hong Sio at MIT were responsible for the physics design; Jason
Magoon, Milt Shoup III and Craig Sangster at LLE for the engineering design and fabrication;
and Shannon Ayers and Chris Bailey at LLNL for the integration and operational design of the
diagnostic. The initial engineering design was completed by January 2014, delayed somewhat by
the need to determine a solution to support the mass of the magnet within seismic safety standards.
The design passed review by several LLNL review boards: TaLIS on January 29th, Configuration
Control Board (CCB5) on February 3rd, and a Preliminary Design Review was conducted suc-
cessfully on February 13th. Several additional DIM (90,78) diagnostic snouts were identified to
require MagPTOF compatibility, and were incorporated into the design. A revision of the magnet
was required to reduce the fringe fields to meet the NIF requirement of less than 1 gauss at 20
cm. Three magnets were ordered in June 2014: a primary and backup magnet to be cleaned,
assembled and shipped to LLNL for use, and a third to be retained at MIT for additional testing
on the MIT Linear Electrostatic Ion Accelerator (LEIA).*! The magnets required a slight redesign
to reduce weight by changing the sheathing to aluminum, which delayed the delivery until the end
of October. The Final Design Review was held on August 28th. The tungsten x-ray shielding was
redesigned from that shown in Figure 2.28, to eliminate a slight occlusion of the entrance aperture.
The MagPTOF components began fabrication at LLE in October 2014. The expected date for shot
readiness on the NIF is three months after the receipt of the magnets, in March 2015.

2.7 Summary

In conclusion, the nuclear bang-time is an important observable for understanding the dynamics
of ICF implosions. In particular, the shock-bang time, which occurs when the first shock reaches
and rebounds from the center of the implosion, can put strong constraints on the modeling of the
shock and implosion dynamics. The shock-bang is notoriously difficult to measure via the neutron
or x-ray channels in ignition-scale experiments on the NIF, but is accessible using D3He-protons
due to the much stronger dependence of the D3He reactivity on temperature.

To record the D3He-proton shock-bang time, a nuclear bang-time diagnostic based on the par-
ticle time-of-flight (PTOF') technique was designed and implemented on both the OMEGA Laser
Facility and the NIF. The detector is a CVD-diamond high-voltage photoconducting diode biased
at -250 V and held approximately 50 cm from the implosion. Incident high-energy neutrons and
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protons generate electron-hole pairs in the diamond volume, which are swept out by the bias field
and observed as a voltage impulse. The signal is recorded on a digitizer along with a timing fiducial
that is absolutely timed to the NIF laser using an x-ray impulse shot. A model of the fusion-product
emission spectrum and history is evolved by time-of-flight to generate a model of the particle source
function hitting the detector. This source is convolved with the measured IRF and forward-fit to
the recorded data to determine the nuclear bang-time.

The PTOF system measures nuclear bang-times to better than +100 ps using DD- or DT-
neutrons and D3He-protons. The IRF was measured using an x-ray impulse and was found to have
a rise-time of 0.3 ns and a fall-time of 1.3 ns. The 200 pm thick, 10 mm diameter wafers were
calibrated on the OMEGA laser facility and found to have a sensitivity of 2 x 1078 V ns/DD-
neutron, 5 X 1078 V ns/DT-neutron, and 7 x 107° V ns/D3He-proton. The relative detector
sensitivity to protons and neutrons was found to vary as a function of detector thickness: thinner
detectors were observed to have a higher sensitivity to protons relative to neutrons. The PTOF
has measured nuclear barg-times on over 140 NIF implosions, including the first measurements
of both shock- and compression-bang time on a single implosion using D3He-protons and DD-
neutrons, respectively. The large x-ray backgrounds produced by gas-filled hohlraum implosions
were found to drive the PTOF detector into a non-linear regime of operation and interfere with
the measurement of particle signals. To eliminate this background, a 2 cm tungsten shield was
introduced to protect the detector and allow measurement of the DD-neutron compression-bang
time. However, the D3He-proton signal was blocked by this additional shielding.

To overcome this limitation, the MagPTOF diagnostic has been designed for the NIF to simul-
taneously measure shock- and compression-bang time in D3He gas-filled hohlraum implosions. This
upgrade of the PTOF diagnostic incorporates a thick tungsten filter to shield the detector from high-
energy x-rays generated by the hohlraum, and a magnet to deflect shock-generated D3He-protons
around the shielding and onto the CVD-diamond detector. Background from x-rays is estimated to
be substantially smaller than the signals of interest. Neutron scattering in the shielding and magnet
has been simulated, and the results indicate that this background does not impact the ability to
measure compression-bang time using DD-neutrons. This diagnostic capability will provide the
first measurements of shock- and compression-bang time in surrogate D3He-gas filled implosions in
gas-filled hohlraums at the NIF, which will mutually reinforce the proton spectral measurements of
the pR at shock-burn, and thereby provide a significant new constraint on modeling of the implosion
dynamics.
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Studies of Kinetic Fuel-Shell Mix using
Shock-Driven Implosions

3.1 Introduction

As discussed in Chapter 1, hydrodynamic mix is a major concern for inertial confinement fusion
studies. Mix of non-hydrogenic materials into the fuel is severely detrimental to the final pressure
of the fuel assembly, since these contaminants enhance the energy loss pathways of bremsstrahlung
and line-radiation.! The study of mix has concentrated almost entirely on the growth of hy-
drodynamic instabilities in accelerating frames, such as Rayleigh-Taylor, Kelvin-Helmholtz and
Richtmyer-Meshkov instability growth at the ablation front 2?3 and during deceleration. 5 Instabil-
ities at material interfaces of the target have been studied as a seed for deceleration phase growth. 57
It is presumed that when these instabilities reach the non-linear stage, they begin to drive turbu-
lent mixture of the fluids down to the atomic scale. Non-hydrodynamic (‘kinetic’) mechanisms,
which occur when the mean free path of the shell ions into the fuel becomes comparable to the
experimental scale lengths, have not been previously studied in the ICF context.

Thick deuterated plastic (CD) shells filled with either 3He®? or tritium gas'®!3 have previously
been used to study hydrodynamic mix mechanisms during the compression phase of ablatively-
driven implosions. D3He- or DT-fusion reactions in such experiments are only expected to occur
in regions where fuel and shell material have been atomically mixed. Experiments on OMEGA
have shown that the shock yield from such ablatively-driven implosions is below the measurement
threshold, from which it is inferred that negligible fuel-shell mix occurs prior to the shock bang-
time. 37 This finding was in agreement with the expectations from hydrodynamic mix models, which
predict that fuel-shell mix only occurs after the rebounding shock has struck the incoming shell,
during the deceleration phase when hydrodynamic instability growth is substantial.

Based in part on these previous findings, the expectation for thin-shell, shock-driven experiments
such as were introduced in Section 1.1.3 was that fuel-shell mix at shock-bang time would be
minimal. The low convergence and rapid total ablation (or ‘burn-through’) of the shell in the
shock-driven implosions imply negligible growth of hydrodynamic instabilities prior to peak nuclear
production, and therefore negligible turbulent mix, as was observed in the shock-phase of the thick-
CD implosions. In particular, for thin-CD shell targets filled with pure 3He, the shock yield of
D3He-protons was expected to be small. However in this work the opposite was observed, as shown
in Figure 3.1. The yield of D3He-protons from pure 3He-filled targets was essentially identical to the
yield from targets filled with a 50:50 D:*He mixture and imploded with identical laser conditions.
This result is strong evidence that significant fuel-shell mix occurs in these experiments prior to
shock bang, in spite of their hydrodynamic stability. The lack of hydrodynamic mix mechanisms in
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Figure 3.1. Yields of D3*He-protons (solid red) CD[S.1um] CD[5.1um] §i0,[2.3um]
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nation for this result. The observed D3He-p yields 2 3
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these implosions isolates kinetic processes as an explanation for the large nuclear yields observed.

This chapter presents a series of shock-driven thin-CD implosions, which demonstrate a sig-
nificant kinetic mechanism for fuel-shell mix. Hydrodynamic instability growth is shown to be
negligible prior to the deceleration phase, which means that a non-hydrodynamic mix mechanism
must be invoked to explain the data. Ion diffusion is proposed as one plausible explanation of these
results, by generating a mix layer near the fuel-shell interface prior to shock-bang time. Other
kinetic effects, such as shock acceleration of light ions in the shell, may also play an important role,
and such mechanisms are studied here as possible contributing factors.

The impact of the kinetic processes examined herein, in particular shock acceleration, on hot-
spot ignition designs is under investigation. Recent ignition designs include four shocks, which are
timed to coalesce near the inside surface of the DT-ice layer, generating a single strong shock that
traverses the fill gas.!* Kinetic fuel-shell mixing associated with shock traversal of the fuel-shell
interface may occur in ignition experiments.!® Between shock coalescence and the compression
phase, the central plasmas of ignition targets are comparable to those produced in shock-driven
implosions: the central DT-vapor is low-density (p = 0.3 mg/cc) and strongly shocked (M ~ 10~
50), comparable to the kinetic mix experiments discussed here (p = 0.49 mg/cc, M > 10). Kinetic
physics in the strongly-shocked gas is a subject of active investigation, as such processes may modify
the initial conditions for compression, influencing the evolution of ignition targets later in time.

This chapter is organized as follows: Section 3.2 describes the design of these experiments.
The results of the experiments are described in Section 3.3. Section 3.4 demonstrates in detail that
hydrodynamic mode growth was small in these experiments, and cannot explain the observed trends
in the data. Section 3.5 proposes ion diffusion as a likely candidate for explaining the observed
trends. Section 3.6 investigates and rules out several additional kinetic effects which may have
caused the high levels of mix observed. The results are summarized in Section 3.7.

3.2 Experimental Design

Spherical capsules 860 um in diameter and made of 5.1 pm-thick deuterated plastic (CD) were
acquired from General Atomics.'® The CD used in these capsules had a D:C ratio of 1.4, and a
density of 1.1 g/cc. The capsules were filled with mixtures of deuterium and *He gas and imploded
by the 60-beam OMEGA laser. Initial experiments were performed on March 7th, 2012, and used
a 1 ns square laser pulse delivering 30 kJ of laser energy. Six targets were imploded on this shot
day: two each filled with pure deuterium, 50:50 D*He, and pure *He. The gas fill of all targets had
a mass density of 0.499 mg/cc, with a max-min variation of 0.010 mg/cc. To attain the full 30 kJ
energy, beam smoothing by spectral dispersion (SSD) was not used on these initial implosions. 1e
On August 2nd, 2012, two additional pure *He-gas filled targets with identical shells and gas fills to
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the previous shots were imploded using 23 kJ in a 1 ns square pulse with full SSD beam smoothing.
Finally, on November 21st, 2013, five more implosions (two filled with 50:50 D3?He and three filled
with pure 3He) were performed, all with equal initial mass density but using 14.2 kJ energy in
an 0.6 ns square pulse. This energy was chosen to maintain a constant peak power with the
August 2012 implosions. Distributed phase plates were used in all cases to generate a fourth-order
super-Gaussian (SG4) beam profile.'® A summary of the shot parameters for this series is given in
Table 3.1, and a comparison of the laser pulse shapes used is shown in Figure 3.2.

The expected evolution of these implosions is shown in Figure 3.3, which presents a simulation
of the above conditions using the 1D-radiation-hydrodynamic code HYADES. 19a A predicted x-ray
preheat of the CD-shell to 20 eV was included in these simulations, which has the effect of causing
the CD material to blow down by ~20 pum prior to shock breakout at ~250 ps. As discussed in
Section 1.1.3, these thin-shelled, shock-driven capsules produce nuclear yield, called “shock yield,”
primarily from heating of the fuel by the shock during its rebound from the center of the implosion
at approximately 0.7 ns. In thick-shelled implosions with substantial remaining shell mass, shock-
bang is immediately followed by the deceleration phase and compression of the fuel. The remaining
shell material can significantly compress the fuel and generate a second period of nuclear yield
production, termed “compression yield.” However in these experiments, the CD-shell has burned
through prior to deceleration at approximately 0.5 ns, and the remaining CD plasma density is
roughly comparable to the fuel plasma density. The effects of this can be seen in the trajectory of
the fuel-shell interface after the shock rebound, when the remaining mass is too small to significantly
compress and heat the fuel. Little compression yield is expected.

Maintaining constant mass density for the different initial gas fills is beneficial for several reasons.
The rate of hydrodynamic instability growth is governed by the Atwood number A, defined as

follows: _
= AT (3.1)
p+p2

where the densities p; 2 are taken on either side of a material interface and material 1 is denser,

*The HYADES simulations used throughout this thesis were provided by Alex Zylstra. Extensive post-processing
routines were developed as part of this work to examine the simulated plasma and extract the relevant diagnostic
information for comparison to the measured data.
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Table 3.1. Shot information for kinetic mix studies using implosions of deuterated plastic (CD) shells filled with mixtures of D and *He on the

OMEGA laser.

Shot Information Capsules Initial gas fill Laser Information
Shot # Fill Type | OD (um)  wall (um) po (mg/cc) fp | Energy (kJ) Absorption % Pulse Shape
65266 D, 858.2 5.10 0.497 1.0 29.54 SG1018
65269 D3He 861.0 5.00 0.498 0.50 29.48 SG1018
65271 3He 876.2 5.10 0.502 0.0 29.07 SG1018
65273 Do 866.0 5.00 0.496 1.0 29.53 SG1018
65275 D3He 856.2 5.10 0.506 0.51 29.27 SG1018
65278 3He 877.2 5.10 0.498 0.0 29.46 SG1018
average 865.8+9.07 5.07+0.05 0.5%0 29.39+0.19
67015 SHe 877.3 5.14 0.502 0.0 22.85 41% SG1018
67017 3He 877.6 5.08 0.493 0.0 22.76 41% SG1018
average | 870.86£9.56 5.08%+0.05 0.5+0 26.77+3.62 41%
71536 D®He 871.1 5.22 0.485 0.5 13.93 55% SG06vAQl
71537 3He 876.8 5.14 0.491 0 14.10 53% SGO6vAQ1
71547 3He 869.5 5.16 0.481 0 14.50 51% SG06vAOl
71549 D3He 873.7 5.31 0.498 0.5 14.45 52% SG06vAO1
71551 3He 880.9 4.95 0.488 0 14.31 53% SG06vA01
average | 874.37+4.58 5.16+0.13 0.49+0.01 14.26+0.24 53+1%
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Figure 3.3. Lagrangian mass element profiles
simulated for a 30 kJ implosion of a 5.1 mi-
cron CD shell (blue) filled with 0.49 mg/cc pure
3He (grey). The 1D-radiation-hydrodynamic code
HYADES was used for this simulation. The in-
ward trajectory of the fuel-shell interface (black) is
interrupted by the rebounding shock (red dotted),
initiating a brief deceleration phase. Shock burn
occurs when the rebounding shock locally heats
and compresses the fuel to fusion-relevant condi-
tions.
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by convention. By maintaining the same initial gas density as the deuterium fraction is varied, the
Atwood number at the fuel shell interface is the same for all implosions, and the hydrodynamic
growth will also be the same. If the plasma is sufficiently collisional that the ions and electrons
are equilibrated throughout the implosion, this condition also produces plasmas with equivalent
equations of state for any D:3He ratio, 2° such that the experiments will evolve similarly when sub-
jected to the same pressure source from the laser.? This condition is referred to as hydroequivalence.
Because both D and 3He atoms have the same ratio of total particle number to mass [(14+Z)/A =
1], the ideal equation of state [P = (1 + Z) piT/Amy) also remains unchanged for D3He mixtures
with equal initial mass density. For the strongly-shocked implosions used in this work, the electrons
and ions are in general not equilibrated to each other, and so the equation of state is not strictly
identical as fp is varied. The effects of this will be discussed in more detail in Chapter 4.

3.3 Experimental Results

The nuclear yields of 14.7 MeV protons from the D-3He fusion reaction were measured using multiple
Wedge Range-Filter (WRF) proton spectrometers and the Charged Particle Spectrometers (CPS1
and CPS2).2! D*He-proton yields above 10'° were produced by capsules containing 50:50 D3He
mixtures and containing pure 3He. Yields of 2.45 MeV neutrons from the D-D fusion reaction were
measured using the neutron Time-of-Flight (nTOF) diagnostic suite, 22 and also exceeded 10'° in all
experiments. Nuclear bang-times were recorded using the Neutron Temporal Diagnostic (NTD)*
and Proton Temporal Diagnostic (PTD) 24 introduced in Section 1.3.5. A laser absorption fraction
of 41% + 1% in the 23 kJ implosions and 53% + 1% in the 14 kJ implosions was recorded by full
aperture backscatter stations (FABS). 25 The recorded bang time and absorption fraction were used
to constrain the 1D simulations of these implosions.

bRadiation from the core scales as Z> and will therefore increase with 3He fraction. However 1D radiation
hydrodynamics simulations indicate this is a small effect: yields are predicted by 1D-HYADES simulations to scale
as the expected hydroequivalent scaling to within 10%.
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Figure 3.4. a) Nuclear yields of D*He-protons (solid diamonds, red) and DD-neutrons (open diamonds,
blue) from implosions of deuterated plastic shells filled with hydroequivalent mixtures of Dy, D3*He or *He
gas. xperiments were performed on three shot days: 30 kJ (1 ns square) on March 7th, 2012; 23 kJ (1 ns
square) on August 2nd, 2012; and 14 kJ (0.6 ns square) on November 21st, 2013. Experiments performed
at 30, 23, and 14 kJ showed similar levels of mix as inferred from D3He-proton yields. b) Yield-over-
clean (YOC) compared to 1D-HYADES simulations. DD-neutron YOC is shown for both total yield (open
diamonds, blue) and corrected to remove the shell yield contribution (x, blue). The correction assumes that
the experimental shell yield is the same for all experiments with the same laser power, as in the simulations.

3.3.1 Yields

The recorded yields are presented in Figure 3.4a, and the ratio of observed yield to expected yields
from 1D HYADES simulations (‘yield-over-clean’ or YOC) is presented in Figure 3.4b. In all CD-
shell experiments, the DD-neutron yield is on the order of 10'°. This is in reasonable agreement
with 1D-simulations, which predict nuclear yield of approximately 2-3 x 10'° from the CD shell in
addition to yield from the fuel. D3He-proton yields are measured above 10'° for both pure *He-
and D3He-filled targets. The YOC is shown both including and excluding the CD-shell DD-neutron
yield, assuming that the shell yield is the same in all experiments with the same laser energy, and is
equal to the total neutron yield from the pure He-filled experiments. Both DD-neutron and D3*He-
proton YOC values are comparable to those reported for thin-glass exploding pushers filled with
similar levels of 50:50 D3He fuel.?® The neutron yield from the shell appears to be somewhat better
modeled (YOC = 50%) than yield from the gas (YOC = 20-40%). The experiments imploding
identical targets with a shorter 0.6 ns laser impulse, which had the same peak power as the 23 kJ
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implosions, produced comparable yields. The 14 kJ implosions had slightly higher YOCs for DD-
neutrons than the 23 kJ implosions. Since the 23 kJ and 14 kJ experiments only diverge after
the laser turns off at ~0.6 ns, this finding suggests that the late-time laser energy is simulated to
increase the yields, but in practice does not. This is consistent with the measured laser absorption
fractions for the two sets of experiments shown in Table 3.1, which indicate that the late-time laser
energy is not efficiently absorbed. One 3He-filled, 14 kJ implosion was an outlier, producing a
DD-neutron YOC of ~90% and substantially more D3He-proton yield than the nominally identical
implosions. As we will see, this implosion was also an outlier in terms of the burn-averaged ion
temperature. The reasons for this behavior are not evident from the other shot data.

Mixing of the shell and fuel mass is the best candidate for explaining the D3He-proton yield
observations. Contamination of the 3He gas with deuterium has been ruled out as a cause for this
observation, as the gas source of 3He was determined to contain 1.4 parts atomic D per 10* atomic
3He by mass spectroscopy. A 3He-filled glass target with similar initial shell pR was imploded
as a control experiment, and produced D3He-proton shock yield three orders of magnitude lower
than was observed from the CD-shell experiments, as shown on the right of Figure 3.1. From this
experiment it is estimated that the as-shot deuterium contamination in the 3He gas is approximately
2 parts in 10%. This value includes all other possible sources of contamination between the 3He
source bottle and the as-shot target. Permeation of 3He gas into the CD shell prior to the shot
is also ruled out as a cause for this observation. Assuming the shell maintains a 3He gas partial-
pressure equal to the gas fill pressure, the D:3He ratio in the shell is 425:1. Including this value
in 1D-radiation-hydrodynamic simulations produces yields approximately two orders of magnitude
below those observed.

Analytical yield models

The observed D3He-proton and DD-neutron yields were used to estimate how much deuterium
would have to enter the pure 3He fuel prior to burn to produce these results. Following Eqn 1.4,
the nuclear yields scale as:

Ypp-n= / (n%/2)(ov) ppdVdt, (3.2)
YD3He—p:/nDn3He(0v>D3Hedth' (33)

Assuming that the evolution of density and temperature profiles is to zeroth order identical in
both the 50:50 D:3He and pure 3He case, the yield is proportional primarily to the number density
of the reactant ions. If the mix is uniformly distributed, the mixed deuterium number density in
the pure 3He fuel (n/,) can be estimated as

nlp = ("3—’*’&?) npos = 0.36 X nage 1, (3.4)
N3He1
where the subscript number indicates the initial atomic 3He ion fraction in the gas. Using the initial
gas-fill mass density of 0.499 mg/cc, n/, is calculated to be approximately 3.6 x 10!® em~3. This
value corresponds to the inner 47 nm of initial CD material being uniformly mixed throughout the
3He fuel. As this density is sufficiently high to perturb the hydrodynamic evolution of the plasma,
the calculation is approximate; however it is instructive to note the large amount of deuterium
mix that is required to explain the observations. The DD-neutron yield produced by this level of
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mixed deuterium follows from similar scalings as 0.36 times the DD-neutron yield from the fuel
in the 50:50 experiment, which is consistent with observations. However in both experiments, the
CD plasma is expected to produce a neutron yield on the order of 10'% DD-neutrons when it is
reshocked.

Note that this simple calculation implicitly assumes that mix does not occur in the D3He-filled
implosion. This assumption is valid under the ion diffusive mix mechanism, as will be shown later.
Including in these calculations the effect of uniform mix on both D3He and pure 3He implosions
produces an even larger mix requirement: n'D = 0.9 n3ge,1, which is inconsistent with the observed
DD-neutron yields.

The application of more well-developed analytical models of yield production as a function of
mix and deuterium fraction to the data was attempted, but was unsuccessful. The hydroequivalence
of the different fills suggests that the evolution of temperature and mass-density profiles of each
experiment are nearly the same to zeroth order. The species densities n; in Equation 3.3 may be
rewritten in terms of mass density p, which is identical for all experiments, and the deuterium
number fraction fp, as follows:

np = pfp/mp(3 — fp),
nsge = p(1— fp)/mp(3 — fp).

Assuming fp does not evolve within an implosion, it may be removed from the integral, and a
scaling of yield versus fp derived for the initial gas. The yield from the deuterium in the initial gas
fill is expected to follow this hydroequivalent scaling: Ypp(fp) = Ypp(fp = 1) 4f3/(3 — fp)2. %
The DD-neutron production by the shell plasma should be approximately constant.

Attempts to constrain a model of the different yield-producing regions to the data recorded
on March Tth, 2012 based on the dual assumptions of fuel hydroequivalence and perturbative
deuterium mix into the fuel did not converge to a consistent solution. A model for the DD-neutron
yields was developed by assuming that the yield from the CD-shell is equal in all experiments,
the yield from the fuel scales as n%,, and the initially-hydroequivalent fuels were perturbed by an
equal amount of shell-deuterium mix in all experiments. The deuterium density is modeled as
np = np + Nmiz = (p/mp) [fD/(3 — fD) + fmic/2], producing a yield model:

(3.5)

2

Yiot = Ygas + Yshell = YDD—dean [g%fl;_l) + fmia:] + l,:;hell- (3~6)
This model has three variables: shell yield Ygpey, fuel yield from a ‘clean’ Dy implosion Ypp_ciean,
and mix fraction f;;- Using the DD-neutron data from the 30 kJ implosions presented in Fig. 3.4
(for which fp = 0, 0.5, and 1) to solve this system of equations, the model does not converge to
a reasonable solution: the shell yield is required to be consistent with 0, while mix generates the
majority of yield for all deuterium fractions. Such a strongly-mixed scenario violates the condition
of hydroequivalence. Additionally, this scenario is inconsistent with burn-average ion temperature
data (Figure 3.5): the temperatures from the pure 3He implosions are in good agreement with the
simulations which predict shell-yield only, whereas a higher burn-average temperature would be
expected if volumetrically-mixed deuterium were dominant.

One source of this inconsistency is apparent in the DD-neutron yield-over-clean for the fuel
shown in Fig. 3.4, which is less in the pure D; implosions (25%) than in the 50:50 implosions
(35%). The pure deuterium fuel appears to be underperforming, in terms of both DD-neutron
yield and temperature, compared to the 50:50 D3He fuel. Such non-hydroequivalent performance
has been observed in the compression yield of ablatively-driven D3He targets, but with the opposite
trend, such that 50:50 D3He-filled implosions underperformed relative to hydroequivalent D fills. 20
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Figure 3.5. Nuclear burn-averaged temperatures recorded from the spectral line width of the measured DD-
neutrons (open diamonds, blue). DD-neutron burn-averaged ion temperatures predicted from 1D-HYADES
simulations are shown for the total experiment (x, black) and for the shell only (stars, grey). NTOF
instrument analysis provided by Vladimir Glebov, LLE.

One possible explanation is that kinetic effects dominate the evolution of these implosions prior
to and during burn, such that models based on hydrodynamic equivalence are inappropriate for
explaining the yield trends even in the Dy and 50:50 D3He cases.

In summary, the assumption of hydrodynamic yield performance in these implosions is likely
to be invalidated by the kinetic nature of the plasmas. Much better agreement with the observed
yield and temperature trends is produced by simulations including reduced ion kinetic models, as
will be discussed in Section 3.6.

3.3.2 Burn-averaged ion temperatures

Burn-averaged ion temperatures were inferred from the Doppler-broadened line width of DD-
neutrons for all experiments, as shown in Figure 3.5. For the 1 ns square pulse implosions (30
and 23 kJ, shown on the left of the figure), the measured temperatures agree well with simula-
tions for the pure 3He-filled experiments, and fall between the simulated shell-only and simulated
total burn-average ion temperature for the implosions with Do fill. As with the yields, there is
better agreement between measured and simulated temperatures for experiments where the yield
is produced primarily in the CD plasma. Both of these results are possibly due to the lower burn
temperatures and higher average-Z in the remaining shell material, which produces ~ 20x shorter
jon-ion mean-free-paths during burn as compared to the hot, low-Z fuel. The hydrodynamic equa-
tions assume short mean-free-paths relative to zone size, and are therefore more valid during burn
in the shell than in the fuel.

The 0.6 ns laser impulse implosions (14 kJ, on the right of the figure), which have the same peak
power as the 23 kJ implosions, appear to produce burn-averaged ion temperatures similar to the
1D-simulations for D3He-gas fill, suggesting that the fuel is better modeled than for the implosions
with more laser energy. This is similar to the result discussed previously that the 14 kJ implosions
produced yields in better agreement with the simulations. We can infer that the fuel behaves
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in a more hydrodynamic manor in these implosions. The observed DD-neutron burn-averaged
temperatures are higher in the pure->He implosions compared to the 1D-simulations, especially in
the outlier experiment. This is consistent with the mix of shell deuterium into the central gas,
where the plasma ion temperature is expected to be hotter than in the shell.

3.3.3 Burn histories

The burn histories of D*He-protons and DD-neutrons were recorded using the Particle Temporal
Diagnostic (PTD)?* and Neutron Temporal Diagnostic (NTD),?® which were introduced in Sec-
tion 1.3.5. In the 30 kJ experiments, NTD measured a DD-neutron bang-time of 780+50 ps on the
first implosion only (#65266, pure Da-gas fill), and the D3He-proton bang-time was not recorded.
A DD-neutron bang-time was recorded on both of the 23 kJ experiments (#67015 and #67017,
both 3He-gas fill), which agreed with each other to within uncertainties and had an average value
of 845450 ps. The ~10% delay with the reduced laser energy agreed well with the expectation
from simulations. D*He-proton bang-times were again not recorded on this shot day, due to a
malfunction in PTD. For the 14 kJ implosions, both DD-neutron and D3*He-proton bang-times
were recorded. The DD-neutron bang-times were in agreement with those measured on the 23 kJ
implosions to within the standard cross-timing uncertainty to the laser of +50 ps. The measured
bang-times and burn-durations are summarized in Table 3.2.

The D3He-proton bang-times were measured to occur earlier than the DD-neutron bang-time
by 40-50 ps, as shown in Figure 3.6. This comparison was obtained with high relative precision
(~ 415 ps) by modifying the PTD nose cone to record both DD-neutron and D3He-proton signals
on a single instrument. The PTD scintillator was split into two optically separated parts, both of
which are imaged by the streak camera. One half is shielded from D®He-protons and provides a
neutron signal; the other is exposed to the protons and provides the proton signal. This multiPTD
was conceptualized as part of this work and is being developed by Hong Sio.

The relative bang-time data in Figure 3.6 suggest that the bang-time differential is slightly
larger for the pure 3He-gas fill (fp = 0), compared to the 50:50 D3*He fill (fp = 0.5). This possible

“These experiments were shot on March 7th, 2012 as OMEGA-only implosions interleaved with joint OMEGA-EP
shots. After the first implosion, NTD was configured to measure the x-rays from the EP beam firing for the remainder
of the shot day. PTD must be fielded in TIM5, which is directly opposite the incident EP beam and was required
for a radiochromic film diagnostic.
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Table 3.2. Bang-times (BT) and burn-durations (full-width at half-maximum, or FWHM) recorded on
thin-CD implosions by NTD and PTD. All time values have units of picoseconds. Standard cross-timing
uncertainties in the bang-time for these two instruments are +50 ps; random uncertainties from shot to shot
are ~ +10 ps. NTD analysis courtesy of Christian Stoeckl, LLE; PTD analysis courtesy of Hong Sio.

Shot Information Laser Information DD-neutrons D3He-protons
Shot # Fill Type | Energy (kJ)  Pulse BT FWHM BT FWHM
65266 Do 30 1 ns 780 180 — —
67015 3He 23 1 ns 855 185 - -
67017 3He 23 1 ns 835 185 - -
average | 845+14 185
71536 D3He 14 0.6 ns 815 142 769 112
71537 3He 14 0.6 ns 828 133 747 119
71547 3He 14 0.6 ns 826 137 770 119
71549 D3He 14 0.6 ns 794 145 748 117
71551 3He 14 0.6 ns 830 144 754 137
average | 819+15 140+5 | 758+11 12149

trend agrees with expectations. Assuming uniform mix of shell deuterium into the 3He fuel, the
bang-time of D3®He-protons will not change between the two cases. Based on the yield results
shown in Figure 3.4, it appears that the total DD-neutron yield is dominated by the shell in the
pure 3He case, compared to the 50:50 case. The reduction in DD-neutron yield when the gas-fill is
changed from 50:50 D3He to pure 3He implies that the neutron yield from the gas is significantly
reduced, and the shell is dominant in the latter case. (The shell will generate approximately the
same amount of DD-neutrons, regardless of the capsule gas fill.) Since the yield production follows
the shock wave, the central plasma is expected to burn earlier than the shell. This implies that
the DD-neutron bang-time will be slightly later for pure *He. This behavior is observed both in
the absolute DD-neutron bang-times shown in Table 3.2, and in the relative bang-times shown in
Figure 3.6. Higher-precision measurements are under development and will confirm this trend in
future implosions.

3.3.4 Nuclear imaging

Nuclear burn profiles of DD-protons and D3He-protons were recorded on the 14 kJ (0.6 ns) implo-
sions using the PCIS instrument introduced in Section 1.3.4. The PCIS instrument was fielded in
TIM 2, with the aperture positioned 2.95 cm from TCC and the CR-39 positioned 59 cm behind
the aperture. Two pieces of CR-39 were fielded to record both DD-protons and D3He-protons along
the same line of sight. The front piece of CR-39 was filtered with 12.5 um Al + 7.5 pm Ta, while
the rear piece was filtered with either 200 or 162.5 um Al, depending on the thickness of the front
piece. The best fits of the burn profile model described by Equation 1.36 to the penumbral images
recorded on one of the 3He-gas filled implosions are shown in Figure 3.7. The measured profiles are
centrally peaked, indicating that deuterium from the shell has penetrated deeply into the *He fuel.
The fits are parametrized by the radius containing 50% of the yield (r50) and the peakedness of the
profile (p); the inferred values of these parameters for all the recorded data are shown in Figure 3.8.
The results of 1D-HYADES simulations are shown in the plots. In the simulations, trace 3He was
included in the CD shell, which provides the 1D-simulated D3He-proton burn for the pure 3He-gas
fill.
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Two features stand out in the data. Firstly, the profiles are observed to be centrally peaked
(p > 1) for both species and all experiments. This is in dramatic contrast to the simulations,
which predict flatter burns for the 50:50 D3He fill (p ~ 0.75) and hollow burn profiles for the
pure 3He fill (p < 0, not shown in the graph). The centrally-peaked profiles strongly indicate that
deuterium has mixed deeply into the pure 3He fuel prior to burn. Secondly, the absolute size of the
D3He-proton burn region is well-modeled by the simulations, while the DD-proton burn region is
measured to be a factor of 2x larger than the simulations. This result is somewhat unexpected, as
most of the DD-neutron yield is expected to be produced by the shell. This is possible evidence of
undercompression of the capsule, or underperformance of the fusion production at smaller radii.

3.3.5 Time-resolved x-ray imaging

An x-ray framing camera (XRFC1) was used to obtain time-resolved images of x-ray emission
from the 23 and 14 kJ implosions.?’ This system has four independently-timed strips, each of
which consists of a gold-coated photocathode which produces electrons when struck by x-rays, a
microchannel plate (MCP), and a phosphor which is connected to either a film pack or a CCD
camera by fiberoptics. When each strip is triggered, a voltage impulse (~1 kV) travels across
that strip in approximately 200 ps. The electrons produced by the photocathode when the voltage
impulse passes are accelerated through the MCP and excite the phosphor, the emission of which is
recorded. Several pinholes positioned between the photocathode and TCC image the emission of
the target onto the strips, which then provide a time-resolved record of x-ray emission.

An example of the XRFC data recorded on shot #71547 is shown in Figure 3.9. For these
studies, a 4x4 pinhole array was used, projecting four images onto each strip, and the camera
imaged the implosion with a magnification of 6. Each individual pinhole had a diameter of 10 um.
The images were filtered by 4 mils of beryllium, which limits the incident x-ray photon energy to
greater than ~2 keV.2® In the figure, the trigger time of the strips increases from top to bottom,
and on each individual strip time increases from left to right. The relative timing of the strips is
controlled by the operator, and can be changed from shot to shot: here, strips 2, 3 and 4 were
delayed by 250, 500, and 700 ps relative to strip 1, respectively. The images on a single strip are
separated by approximately 60 ps.

Several notable features stand out in this data. The first image on strip 1 is dim and increases
in brightness from left to right: this image captures the laser turning on. A circular shell structure
is clearly seen in the emission until the middle of strip 3, although it becomes increasingly blurry
beginning on strip 2. This blurriness is related to the burn-through of the shell, which is predicted
to occur around 500 ps. Near the end of strip 3, the shell limb disappears: this is around shock
bang-time, and is likely due to increased self-emission from the hot core. On strip 4, the implosion
reaches peak compression and begins to expand. The images remain highly circular throughout the
implosion, and no asymmetric features are seen near peak compression. This stands in contrast
to x-ray self-emission data recorded on high-convergence, compressively-driven implosions, which
indicate highly 2D shapes, as well as blobs of bright emission which suggest chunks of cold shell
material penetrating into the hotspot. The mounting stalk can be seen as a feature in the lower
left quadrant of the images. While the stalk is clearly visible, it does not appear to significantly
perturb the circularity of the implosion: no ’jet’ features are observed.

The radius of the limb in each image was analyzed to quantify the trajectory and symmetry
of the implosion. An outside contour at close to maximum brightness was found, and then fit
using Legendre polynomials up to second-order modes to obtain the radius. An example of the
resulting trajectory is shown in Figure 3.10, analyzed from the raw data shown in Figure 3.9. The
data shown is typical of the series: no clear difference was observed between Dy- and D3He-gas
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Figure 3.9. Example of x-ray framing camera (XRFC) images from OMEGA shot #71547, a thin-CD
implosion filled with pure *He gas. Time increases from left to right and top to bottom. The timing of each
strip, and the relative timing of each image within the strip, is shown in red. Interesting features include:
the laser turning on in strip 1, image 1; the circular limb of the imploding shell, which disappears or is
overwhelmed by core emission in strip 3, image 4; and the fill tube in the lower-left quadrant of each image.
Axes units are in microns, at the detector: the camera was set up with a magnification of 6x.
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filled implosions. This trajectory is compared to the simulated trajectory of the fuel-shell interface
from 1D-HYADES simulations of the implosion. While this is not a one-to-one comparison, it is
nevertheless instructive. For most of the implosion, the peak x-ray emission should come from
outside the fuel-shell interface, as is observed. Around 500 ps, the radius of peak emission comes
much closer to the fuel-shell interface. This seems reasonable, as the shell is expected to have
burned through at this point, so the densest CD plasma will be at the interface. Finally, near shock-
bang time the emission radius appears to be smaller than the fuel-shell interface. Shock rebound
will enhance the density and temperature in the core, which will boost core x-ray production.
Furthermore, significant 1D-mixing of the fuel and shell near shock bang-time, which was inferred
from the nuclear data, would lead to enhanced emission at smaller radii. The fact that the images
at this time do not have a clear limb is also suggestive of substantial mix, as the carbon-rich parts
of the plasma are expected to be the strongest emitters. This analysis also confirms the spherical
nature of the implosions: at no point during the implosions does the 2nd Legendre mode exceed
5% of the radius, and is typically within the measurement uncertainty of symmetrical.

In summary, the x-ray framing camera images recorded on these implosions demonstrate that
the implosions evolve in a highly 1D-manner, and may provide additional evidence for significant
mix of the fuel and shell prior to shock bang-time. In future experiments it might be beneficial
to include a tracer layer by doping the inner surface of the shell with trace amounts of a high-Z
clement. The line emission from this dopant could be used to track the fuel-shell interface directly,
and the brightness of emission would provide an independent measurement of mix. Ongoing work
by M. Rosenberg, et al. to study the relationship between x-ray images and fusion product emission
images will also provide valuable insight into the core structure of the implosion.?’

3.4 Models of Hydrodynamic Instability Growth

The impact of hydrodynamic instabilities — including Rayleigh-Taylor (RT) instability and Richtmyer-
Meshkov instability at the fuel-shell interface — on these implosions has been shown to be negligible.
Hydrodynamic growth principally occurs in the ablation front, where it is seeded by capsule surface
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roughness and laser imprint, and during the deceleration phase. This section addresses and rules out
instability growth during both of these periods as a driver of the significant fuel-shell mix observed
in these experiments, using analytical arguments and 1D- and 2D-hydrodynamic simulations.

3.4.1 Ablation front mode growth

The RT instability growth at the ablation front early in time, which is seeded by initial capsule
surface roughness, was studied and found not to significantly impact the implosions. Initial surface
mode amplitudes were measured by Atomic-Force Microscopy (AFM). The RMS peak amplitude
of the initial surface roughness is 0.56 pm, including modes £ = 2 to 1000. This value is dominated
by low-order modes: the RMS amplitude is reduced to 0.15 pm for modes £ > 5. Simulated 1D
profiles were used to determine the time-dependent Atwood number A = (pr — p1)/(pn + p1) and
local acceleration a. For each timestep in these simulations, the unstable region was identified
using the general instability condition VP - Vp < 0,% and the maximum growth rate for each
mode y(t,£) = /A(t)a(t)k(€) was determined, where k(¢) is the wavenumber of the mode.? Using
the measured power spectrum and simulated peak growth rate at each time step, the expected
amplitude at time t for modes up to 1000 was estimated as the initial amplitude multiplied by
the growth factor Hf, exp [v(t;)At;]. The peak mode amplitudes at burn-through are shown in
Figure 3.11, at which time they reach a maximum RMS value of 0.69 um. Modes above ¢ = 300
have exceeded the regime of linear growth as defined by the Haan saturation criterion.! Assuming
full atomic fuel-shell mixing, this amplitude is an order of magnitude smaller than the approximately
10 pm mix layer that will be shown to be necessary to explain the data. Central to this discussion
is that this treatment overestimates the expected growth, as it does not account for the stabilizing
effect of the ablation velocity. *

The shock breakout through the fuel-shell interface does not drive significant amounts of mix
due to the Richtmyer-Meshkov (RM) instability. The RM instability grows linearly with time as
no(1 + k(Av).At), where 7g is the seed amplitude, k the wavenumber, Av the change in velocity
due to the shock, and A the Atwood number defined in Equation 3.1.32 Initial roughness of the
inner surface is less than or equal to the roughness of the outside of the capsule,®3 which was
measured using Atomic Force Microscopy (AFM) and had an RMS amplitude less than 0.6 microns.

9This is the classical RT growth rate. In the ablation front, the RT growth rate also includes the effect of a finite
density gradient, which reduces the growth rate of short wavelength modes, and the effect of ablation velocity, which
reduces the growth rate for all modes and can fully stabilize the instability for short wavelengths. 30 By not including
these stabilizing terms, this analysis provides an upper bound on the expected instability growth.
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Figure 3.12. Atomic distribution of CD and 3He from 2-dimensional, multi-mode DRACO simulations a)
when the rebounding shock strikes the fuel-shell interface and b) near peak compression. Blue indicates pure
3He; red, pure CD. Simulations show negligible development of perturbation modes prior to reshock of the
fuel-shell interface, and little growth thereafter. The maximum penetration depth of shell material into the
gas is approximately 10 pm, or approximately 15% of the fall-line depth. Simulations courtesy of Jacques
Delettrez, LLE.

Evaluating the expected peak amplitude of RM growth by shock bang-time in this experiment, the
RMS peak amplitude is less than 1 micron, which is insufficient to reproduce the observed yields
assuming full atomic mix. Additionally, the shock breakout is immediately followed by a period of
strong inward acceleration, which will further stabilize RM growth.®

3.4.2 2D DRACO simulations

To investigate the growth of hydrodynamic modes in detail, multi-mode 2D-DRACO simula-
tions3435 were performed as shown in Figure 3.12. In these simulations, which explored modes
up to £ = 150 and included the effect of laser imprint, instability growth at the fuel-shell interface
was negligible through shock rebound. In addition to the discussion above, the large ablation ve-
locity (approximately 10 pm/ns) likely stabilizes the growth of ablation-front instability. After the
shell burns through at 0.5 ns, no steep gradients remain where the Atwood number is large and the
ablation-front instability growth is truncated.

During the deceleration phase of the 2D-DRACO simulations, instabilities grew to a spike
penetration distance of approximately 10 um (see Figure 3.12b), which is less than 15% of the
minimum shell radius. A useful reference value for the penetration distance is the “fall line,”
defined as the projection of the fuel-shell interface location if it were to continue imploding at its
peak velocity rather than decelerate. A simulation of the fall-line and fuel-shell interface position
versus time is shown in Figure 3.13a. In a hydrodynamic model of the implosion, the fall-line
represents the farthest that shell material can penetrate into the gas at any given time.36:37 A
physics-based mix model describing penetration of shell material to a fraction of the fall-line depth
was employed, assuming full atomic mixing of shell and fuel in the mix region.®® This fall-line
analysis is unable to recreate the observed yields. Comparing the <15% penetration fraction
observed in 2D-DRACO simulations to the fall-line analysis as shown in Figure 3.13b, the D3He-
proton yields predicted by these hydrodynamic methods are approximately an order of magnitude
lower than observed.

This inability to generate the observed yields even when positing a worst possible case of
hydrodynamic mix stems from the fact that in these experiments, hydrodynamic mix is introduced
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Figure 3.13. a) Lagrangian mass-element trajectories from a 1D simulation of these experiments. The
fall-line (red dashed), a tangent projection of the fuel-shell interface (black solid) at peak velocity, repre-
sents the furthest distance hydrodynamic shell mix could penetrate into the gas. b) A fall-line mix model,
in which hydrodynamic mix penetrates to a fraction of the fall-line distance from the fuel-shell interface
(‘penetration fraction’), was unable to reproduce the observed D*He-proton yields, even in the physically
unreasonable worst-case scenario of penetration fraction = 1. Multi-mode 2D-hydrodynamic simulations of
these experiments (Figure 3.12) predict a penetration fraction of 15% [a) orange dotted line, b) orange x],
corresponding to roughly an order of magnitude less yield than was observed. Fall-line yield analysis in b)
courtesy of Peter Amendt, LLNL.

only during the deceleration phase, after peak shock burn. To generate the high values of yield
observed, the mix must be established prior to shock burn. This temporal selection makes such
shock-driven implosions an excellent testbed for physics impacting ICF implosions prior to the
deceleration phase.

3.5 Ion Diffusion

It has been shown that hydrodynamic growth processes are insufficient to explain the observed
yields in these experiments, which implies that another mechanism or mechanisms for mix must be
dominant. Ion diffusion provides one driving mechanism for atomic mix at the fuel shell interface
in these experiments that is sufficiently strong to generate the observed yields.

The fuel-shell interface introduces a boundary in partial pressure, such that it is entropically
favorable for deuterium, carbon, and *He ions to diffuse across it. As introduced in Section 1.2.2,
classical atomic diffusion will occur at this boundary at a rate governed by the ion species concen-
tration gradient: jr = —DVny, where D is the classical diffusion coefficient:3?

D = ((Z) + 1) kT /(A)vi, (3.7)

(Z) and (A) are the local average charge state and ion mass, and vy is the collision frequency
of ion species k with all species [ # k. For classical (concentration gradient-driven) diffusion, the
diffusion coefficient scales as T%/?n~'. At the fuel-shell interface, shell material is predicted to
be cold (30 eV) and dense (10?2 cm~3), implying a small diffusion coefficient (D ~ 8 um?/ns,
calculated for shell deuterium in *He) prior to shell burn-through, which occurs at approximately

0.5 ns in these experiments. After shell burn-through the temperature at the fuel-shell interface
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Figure 3.14. a) Ion density profiles from 1D simulations of a thin CD experiment, just prior to the
rebounding shock passing through the fuel-shell interface. Dotted curves show the raw hydrodynamic output
with no diffusion; solid curves show the same simulation post-processed with a classical ion diffusion model.
The D3He-proton yield generated from the ion-diffusive mix layer is within a factor of 2 of the observed yield.
b) Full-width at half-maximum of the mix region (black dashed) and nuclear burn rate for DD-n (blue) and
D3He-p (red) as a function of time in the post-processed ion-diffusion simulation. The thickness of the mix
region rapidly increases after shell burn-through (0.5 ns), exceeding 10 pm just prior to shock burn (0.7 ns).

increases rapidly to ~1 keV while the density drops to a few 102! em ™3, driving much more rapid
diffusion: D reaches ~ 4 x 10* um?/ns in the ~200 ps before shock burn, with a time-averaged
value of ~ 4 x 10 um?/ns. Using the solution for Fick’s law in a planar slab as an approximation
to the spherical case, the depth of the mix layer grows as VADt, and the depth of deuterium mix
into the 3He is expected to be on the order of tens of microns.

Simulations of the experiments performed with the 1D-radiation-hydrodynamics code HYADES!
were post-processed using this formalism to determine the impact of classical atomic diffusion on
ion density profiles. The ion density flux at each zone boundary was calculated while conserving
ion number globally; the pressure and temperature profiles were not modified. Ion flux at each
timestep was limited to 10% of the ions in the source zone to prevent numerical instability. Fig-
ure 3.14 shows that by shock bang-time, a mix layer with a full-width at half maximum in excess of
10 wm is expected to develop at the fuel shell interface. The simulated yield from this mix layer is
approximately 70% of the observed values. The total amount of mixed deuterium in this simulation
is 15% of the total 3He, within a factor of a few of the earlier estimate in Equation 3.4.

The effect of ion diffusive mix is predicted to be much less significant for implosions filled with
50:50 D3He, for which simulated DD-neutron and D3He-proton yields vary by less than 5% when
the ion-diffusion post-processing is applied. After shell burn-through the deuterium density is
comparable in the 50:50 D*He fuel and the remaining CD plasma, so the partial pressure gradient
driving deuterium diffusion vanishes. This finding supports the assumption that mix is negligible
in the D3He implosion which was used to estimate the approximate amount of deuterium mix.

In plasmas with multiple ion species, the diffusion rate will also include terms associated with
gradients in pressure, temperature, and electric potential. **4% These sources may further enhance
atomic mix as shocks traverse the fuel shell interface. A 1D radiation-hydrodynamic simulation
incorporating an integrated ion-diffusion model based on the formulation of R.W. Schunk in Ref-
erence [41], which includes pressure and electron-pressure gradient terms, was used to simulate the
30 kJ, 3He-filled experiments. This model generated D3He proton yields approximately 2x the
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Figure 3.15. Simulated surface bright- x1014
ness profiles for D¥*He-protons (red) and DD- 10

protons (blue) based on OMEGA shot 65278 30kJ, 1ns
(Om120307), which imploded a *He-gas filled CD[5.1um]
CD shell using 30 kJ of laser energy in an 0.6 ns D3He-protons

square impulse. Simulations performed with- 0.5 mg/cc
oul an ion diffusion model (dashed) produce a *He

‘hollow’ profile that is peaked off-axis. Sim-
ulations performed including an ion diffusion
model (solid) produce centrally peaked profiles
for both reactants, in agreement with the data
shown in Figure 3.7. Simulations courtesy of
Peter Amendt.

—— with ion diffusion

Yield/cm?
15, ]

without
" ion diffusion
-~

DD-protons

o - - = - -

50 100
Radius (pm)

Table 3.3. Parameters for the Reduced lon Kinetic (RIK) simulations, calibrated to a subset (“4-shot”)
and the entire set (“8-shot”) of results from thin-glass implosions performed on March 14th, 2013, spanning
the pressure range for the initial gas fill of the thin-CD experiments.

fls fe fKnu f‘id'ifm ficndm fmiz
4-shot | 0.63 0.06 0.1 0.3 2 0
8shot | 0.63 006 01 0.1 4 0

observed yields. Using the same code to simulate a 20-pm thick CD shell under the same laser
and gas fill conditions resulted in negligible mix at shock burn and a D*He-proton shock yield four
orders of magnitude smaller than the thin CD shell case. Since the thick CD shell does not burn
through during the implosion, the fuel-shell interface remains cold and dense: the average diffusion
coefficient of shell deuterium into the 3He is estimated to be D ~ 5 pm?/ns over the 1.6 ns prior to
shock burn. This value is three orders of magnitude smaller than the value in the thin-shell case,
and the estimated depth of the mix layer generated by diffusion is ten times smaller. Ion diffusion
therefore provides an explanation for the high shock yields in these experiments that is consistent
with the observed lack of mix at shock yield in thick-shelled experiments.®

Surface brightness profiles from the 1D-radiation hydrodynamic simulations run both with and
without an integrated ion diffusion model are shown in Figure 3.15. The clean simulations predict
a ‘hollow’ profile that is peaked off-axis, which is inconsistent with the measured data shown in
Figure 3.7. The simulations including an ion diffusion model produce centrally peaked surface
brightness profiles, in agreement with the measured data and supporting the hypothesis that ion
diffusion transports deuterons deep into the core of these implosion.
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Table 3.4. Comparison of observed yields and temperatures (Obs) with 1D fluid-based simulations including
Reduced Ion Kinetic (RIK) models, and the same simulation code with the kinetic models turned off (clean).
For the RIK simulations, two sets of model calibration parameters were applied and the results were averaged;
the uncertainty indicates the variation between the two sets of parameters. The particular experiments
simulated were the 30 kJ implosions 65273 (fp=1), 65275 (fp=0.5), and 65278 (fp=0). RIK simulations
provided by Nels Hoffman, LANL.

fp DD-neutrons (x10%0) D3He-protons (x1010) (Ti)pp (keV)
Obs RIK clean Obs RIK clean Obs RIK clean
1.0 | 7.4+0.7 10+4 34 — — — 16.3+0.5 14.6x1.0 17.8

0.5 | 3.7£04 3.0£0.5 6.9 | 3.8+0.2 2.710.1 10 15.5+£0.5 13.2+£0.7 16.1
0.0 | 1.5+0.2 1.140.1 2.2 |3.0+0.2 1.8+04 107% | 13.8+0.5 11.7+0.6 12.8

3.5.1 Reduced Ion Kinetic modeling

A simulation technique incorporating reduced ion-kinetic (RIK) models in a 1D fluid-based radiation
hydrodynamic code was applied to the 1 ns implosion experiments.® The RIK simulation method
was developed by Nels Hoffman, LANL, who also provided the simulated results shown here. The
RIK models represent the effects of kinetic transport of ion mass (ion diffusion) and energy (ion ther-
mal conduction), as well as the reduction in fusion reactivity due to loss of energetic Maxwellian-tail
ions (Knudsen-layer depletion).*%*3 Each of the three kinetic models includes a single free parame-
ter: fidifm, ficndm, and frny, respectively. Including also the laser absorption fraction ( f,), electron
flux limiter (f.), and a 1D-model of turbulent (i.e. hydrodynamic) mixing (fmiz), the full model
has six free parameters. These model parameters were calibrated to a subset (four shots) and the
entire set (eight shots) of thin glass-shell D>He implosion data recorded in OMEGA implosions on
March 14th, 2013, as described in Reference [26], resulting in the parameters shown in Table 3.3.
These calibration implosions had a comparable initial gas density to the implosions discussed here.
It is worth noting that no non-zero level of the turbulent mixing parameter f;, was consistent
with the trends in the data: this parameter was set to 0 in both the ‘four-shot’ and the ‘eight-shot’
calibration models. Both calibrations were applied to simulations of the thin-CD implosions dis-
cussed here, and the average and variance of these results is presented in Table 3.4, along with the
observed values for those shots. The RIK models capture the trends of the observed yields and ion
temperatures much more accurately than the clean simulations (Figs. 3.4 and 3.5), and produced
60% of the observed D3He-proton yield for the pure 3He implosion (#65278).

The effects of each of the three RIK models on the simulations is presented in Figure 3.16,
which shows the measured data plotted as a function of deuterium fraction in the fuel, compared
to simulations run with the three RIK models turned on sequentially. The ‘four-shot’ calibrated
parameters were used for this study. Of the three RIK models, only the ion diffusion model
introduces the ion mass transport necessary for generating significant D3He-proton yield from a
pure 3He implosion. With the ion kinetic parameters turned off (the ‘clean’ simulation in Fig. 3.16),
the D3He-proton yield from the pure 3He implosion dropped to ~ 108.f Including ion diffusion in
the simulations, the trend of the data is captured for both D3He-protons and DD-neutrons. It
is noteworthy that in addition to reproducing the observed high D3He-proton yields for pure 3He
fuels (fp = 0), the ion diffusion model also reproduces the observed low DD-neutron yields for
pure deuterium fuels (fp = 1). These features strongly support the ion diffusive explanation of

¢These simulations used artificial viscosity, and did not include a physical viscosity model.
fThe D3*He-proton yield produced in this case is from in-flight reactions of 0.8 MeV 3He produced by DD-fusion
with plasma deuterons in the CD plasma.
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Figure 3.16. Measured a) D*He-proton (red points) and b) DD-neutron (blue points) yields as a function
of deuterium fraction and *He fraction (fp = 1 — fay.), compared to a simulation including Reduced Ion
Kinetic (RIK) models (thick line) and ‘clean’ simulations (thin dashed). The RIK simulation shown was
calibrated to four D*He-filled thin-glass implosions with comparable fuel density. The individual effects of the
three RIK models (ion diffusion, Knudsen reactivity reduction by tail-ion loss, and ion thermal conduction)
are evaluated by turning the models on one at a time. lon diffusion (grey dotted) recaptures the observed
trends in the data; Knudsen tail-ion loss (grey dot-dash) brings the simulated yields closer to the measured
yields. Ton thermal conduction has a smaller effect in these simulations, compared to the other two models.
RIK simulations provided by Nels Hoffman, LANL.

the observed data. Knudsen-layer reactivity reduction and ion thermal conduction both reduce the
yields, better capturing the absolute yields measured; reactivity reduction is predicted to be the
stronger of these two effects.

These findings indicate that ion diffusion, a kinetic plasma effect, plays an important role in
these experiments, and imply that such effects must be considered in plasma systems containing
comparable temperatures, densities, and gradients. In ignition experiments, the fuel-shell interface
remains at low temperature and high density throughout the implosion, and ion diffusion is not
expected to significantly contribute to fuel-shell mix. However the initial shock in the central gas
of ignition targets generates temperatures and densities comparable to those in exploding pusher
implosions. Modifications to the shock profile due to differential ion species diffusion could result
in changes to the fuel adiabat and alter the initial conditions for compression and burn.** Diffusion
and other kinetic effects may also affect the transfer of mass from the cold DT fuel into the hotspot
during compression. However ion diffusion has not previously been studied in high-energy-density
experiments. The results of these experiments will contribute to the calibration of ion diffusion
models, such as the RIK models discussed above, to further explore the impact of such effects on
ignition experiments.

3.6 Alternative Kinetic Explanations
It has been shown that a non-hydrodynamic mechanism is required to explain the results of these

experiments, and ion diffusion has been proposed as one possible explanation. Between shell burn-
through (~ 500 ps) and shock bang time (~ 700 ps), the temperature of the plasma at the fuel-shell
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interface increases by over a factor of 10 while the density drops, increasing the rate of diffusion
dramatically. In simulations including a model of ion diffusion, an approximately 10 pm wide mix
region forms prior to shock bang time, which upon reshock generates yields comparable to those
observed. However, the initial promise of this ion diffusion model does not rule out the possibility
that other kinetic mechanisms may play an important role in these experiments. Several other
kinetic mechanisms have been investigated to determine which are possible contributors to the
observed results.

Shock acceleration of deuterons

A mechanism mediated by electric fields at the shock front has been investigated as a possible
contributor to the enhanced D3He-proton yield observed in these experiments. Strong electric fields
in the shock front4® will accelerate a population of fast, directional deuterons ahead of the shock.
This shock reflection mechanism is similar to the shock unloading or vaporization at a material-gas
interface in weak-shock scenarios,® and has been studied previously in simulated collisionless*”48
and collisional shocks.4? Recently, fully-kinetic simulations of shocks breaking out across fuel-shell
interfaces have shown that, in some cases, this mechanism is capable of introducing significant mix
of light shell ions into the fuel. !®

Strong local electric fields E(x) on the order of 10° V/m have been observed near shock fronts in
ICF implosions using proton deflectometry.3%45 These fields generate an electric potential barrier:

®— - /0 E(z) dz, (3.8)

which will reflect deuterons lacking sufficient kinetic energy to surmount it. Electron diffusion
across the shock front is expected to dominate electric field generation in these experiments, pro-
ducing potentials on the order of the post-shock electron temperature, ® ~ T./e.?! The electron
pressure gradient will be used in these calculations to infer local electric field E(z) = —VP./nee,
for comparison of the appropriate scale for ¢, although it is approximately an order of magnitude
weaker than the expected source from electron diffusion. This difference is a consequence of the
shock not being in a steady state due to continuing laser drive.

The fraction of deuterons accelerated is most readily assessed in the reference frame of the
shock front. In this frame, inflowing deuterons have velocity v, = (—17shock + —17th) |z- Reflected
deuterons will satisfy the condition 0 < v, < y/2Ze®/m, or translating back into the lab frame,
—Ushoek < Uz < V/2Ze®/m — ugpock- Integrating the distribution function over this range of
velocities gives the fraction of deuterons that will be accelerated by the shock. For a Maxwell-
Boltzmann distribution, this is given by:

Face = % [Erf ( V 2Z€(I)/m - ushock) — Erf (_ Ushock)J , (3_9)

Uth Uth

where vy, = /2T /m is the thermal velocity of deuterons upstream of the shock front. The acceler-
ated fraction is plotted in Figure 3.17, as a function of ug, and v Ze® appropriately normalized to
vn- For a given vy, and ugp > vgh, the accelerated fraction is maximized when Ze® = 2mu3,mk,
and falls off rapidly for Ze® < mu?,,../2. In general the accelerated fraction will be larger when
Vs, is small compared to the terms in the numerator, though the maximum accelerated fraction is
above 80% when v, equals the shock velocity.

It is important to note that this formalism neglects collisions of the reflected deuterons within
the shock front. Such collisions have been shown to inhibit reflection of deuterons with short mean-
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Figure 3.17. The fraction of accelerated ions
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normalized to the thermal velocity vy,. Sub-
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quires the electric potential limiting speed to be
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free-paths, reducing the reflected fraction.!®> However the large gradients present at the shock front
and the dynamic nature of the reflection effect complicate a full collisional estimate. This derivation
provides an upper bound for the reflected population, and a worst-case scenario in terms of the
expected mix.

Figure 3.18 shows the plasma V P.-induced electric potential near the time of shock breakout
(270 ps) as calculated from 1D HYADES simulations. At this time, ugpoer = 115 um/ns, ®yp, ~
0.1 kV, &7, = 1.6 kV. The CD plasma in front of the shock is not fully ionized, with T, = T} ~
30 eV, (Z) = 1.5, and ion density on the order of 102! cm~3.8 Applying Equation 3.9 to this plasma
determines that 36% of the pre-shock deuterons are expected to be accelerated by the potential
®ype, as shown in Figure 3.18. If the potential scales with the much stronger ®7, as is expected,
then 99% of the pre-shock deuterons will be accelerated by this process.

Shock-accelerated deuterons within a mean-free-path of the fuel-shell interface will stream into
the *He gas. Using a model for scattering in strongly-coupled plasmas,®? the mean-free-path Ay pp
for deuterons traveling at 2ugpecr through the plasma conditions described above is approximately
3 um. The expected number of deuterons kinetically mixed into the *He gas is calculated to be
facenp (AT R?) Aprpp = 3 x 10%5, assuming 99% reflection. This is approximately 10% the number
of 3He atoms in the fuel.

The mean-free-path for these reflected deuterons in the unshocked *He plasma is approximately
3 microns. This value is similar to the mean-free-path in the CD plasma because the *He is pre-
compressed by the blowdown of preheated CD material. Once inside the 3He, the deuterons will
thermalize and move with the fluid throughout the implosion and burn. Artificially introducing
3 x 10'® deuterons into the outermost 3 microns of the 3He fuel in the simulations produces of
order 101 D3He-protons, comparable to what is observed. This behavior would be expected to
produce D3He-proton yield in a narrow spherical-shell region near the fuel-shell interface. Such a
‘hollow’ burn profile would produce a PCIS signature with p < 0, which is ruled out by the burn
profile data shown in Figure 3.8. It is worth noting, however, that the shock will continue reflecting
deuterons as it passes through the fuel. In the latter scenario, the shock may carry a population
of ‘surfing’ deuterons much deeper into the fuel. If some or all of these deuterons later thermalize

£Recall that this model includes the predicted effect of x-ray preheat of the CD, which both heats the inner CD
layer and causes it to ‘blow down’ by 20 um prior to shock breakout.
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Figure 3.18. a) Radial lineout of electric potential ®yp, inferred from 1D-radiation-hydrodynamic simu-
lations, near shock-breakout from the shell into the *He fuel (t = 270 ps). The plasma in front of the shock
(red x) has T ~ 30 eV and n; ~ 10?'. b) The fraction of deuterons in front of the shock below a given
kinetic energy in the shock frame. Comparing this curve to the potential jump at the shock front (dashed
red line) shows that a large fraction of deuterons (>30%) will be reflected by the shock and launched into
the 3He fuel at approximately twice the shock velocity.

volumetrically in the fuel, they will provide a uniform atomic mix background for fusion production
at shock bang-time, and a centrally-peaked burn profile, as observed. Since this result can also
be produced by sufficiently strong ion diffusion, the current data cannot distinguish between these
two scenarios. Future experiments can be designed to have the same laser history through shock
breakout (~300 ps), to preserve the behavior of deuteron shock acceleration into the fuel, and then
to truncate the laser at shell burn-through (~500 ps), to avoid volumetric ion diffusion. In this
scenario, ‘surfing’ deuterium shock-accelerated mix would present a signature of volumetric burn,
and would be measurably different from the weak ion diffusion mechanism, which would present a
signature of hollow burn.

Baro-,3? electro-,? and thermo-diffusion’ at the shock front have recently been studied as a
mechanism driving species separation in mixed plasmas. In a CD plasma which has not been fully
ionized, pressure, electric-field, and thermal terms are all expected to push deuterium ahead of
the shock.4? If deuterium is pushed ahead of the shock front by these diffusion mechanisms, they
would increase the population of deuterium available for acceleration and mixture at the fuel-shell
interface.

An upper bound for the amount of shock accelerated deuterium has been calculated to be
comparable to the value required to explain the data. Further theory and kinetic simulations are
required to estimate how much the accelerated deuteron fraction is reduced from this prediction
due to collisionality in the shock front, and to understand the extent to which this mechanism
occurs in ignition experiments. However it is clear from these calculations that the strong electric
field at the shock front can significantly modify the shock dynamics in these implosions and must
be considered.

Beam-target fusion

Another mechanism which has been proposed to account for this data is beam-target fusion, wherein
a population of directed ions encounters a plasma containing a reactant species. Several mechanisms
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may create such a non-thermal population of radially-streaming ions in these experiments, including
shock acceleration as discussed in Section 3.6, insufficient thermalization times for the shocked fuel,
and loss of confinement for ions on the thermal high-energy tail due to long mean-free-paths. 42
It will be shown that none of these beam-target mechanisms are expected to produce significant
fusion yield in these experiments.

Shock Acceleration The shock acceleration mechanism described previously has been shown
to generate a population of deuterons streaming into the 3He fuel. However this population is not
sufficiently energetic to generate significant beam-target fusion. In any beam-target scenario, the
fusion probability depends very strongly on the velocity of this directional population. The center of
mass energy Ec s of the collision between ions 1and 2 is Ecp = Eyma/ (my + ma) o< v? if species 2
is at rest, and the D-3He fusion cross section is roughly proportional to Eg u for Ecpr < 150 keV. 54
At twice the shock velocity, the streaming deuterons carry a kinetic energy of only 0.14 keV; and
the collisional center-of-mass energy for these deuterons on static *He is Ecpr = 0.6 Ep =~ 0.08 keV.
This energy is low enough that it is unlikely that any of the accelerated deuterons will fuse with a
3He ion at this stage.

Reflection of 3He ions by the rebounding shock after shock convergence will produce a population
of much more energetic ions, as the shock strength and shock velocity increase significantly with
spherical convergence. However, the shock acceleration mechanism is less efficient at shock rebound
than at shock breakout. The electric field strength due to the electron pressure gradient and electron
temperature sources are roughly comparable at shock rebound (~ 1 keV). The electric field is not
magnified by shock convergence, because electron-ion thermal equilibration is on the order of 10 ns
at shock rebound, which is long compared to dynamical timescales: for example, the fusion burn
duration was measured to have a full-width at half maximum of 180 ps. The shock thermal energy
is not transferred efficiently to the electrons and electron temperature remains in the range 3-5 keV.
On the basis of Equation 3.9, it is expected that the fraction of shock-accelerated 3He ions is less
than 1%.

An approximate fusion yield for this reflected population was calculated based on 1D HYADES
simulations. Profiles of density, temperature, and plasma flow velocity in the CD shell and a model
of plasma stopping power®® were used to determine the energy as a function of distance for a 3He
ion with known initial energy escaping the implosion. The collisional center-of-mass energy of the
3He ion with thermal deuterons was calculated for each zone, taking into account the background
plasma flow, and a parametrized D-3He fusion cross-section model® was used to determine the
total fusion probability. Assuming 1% of 3He ions are reflected at the shock front and travel at
twice the rebound shock velocity, the beam-target fusion generated is approximately 1.4 x 10°,
which is an order of magnitude below the observed yields.

Simple energetics arguments suggest that explaining the results with a shock-reflected 3He
population is implausible. A 3He ion traveling at this speed contains 168 keV of kinetic energy. If
20% of the 3He ions were reflected, as would be required to explain the observed yield using this
mechanism alone, this population would contain 160 joules of kinetic energy, which is approximately
the total energy delivered to the 3He plasma by the implosion. Even a fraction of this number would
begin to significantly drain the energy of the rebound shock, thereby inhibiting further reflection.

Non-thermalized Shock Energy If upon shock convergence the 3He plasma is not fully ther-
malized due to long thermalization times, the radially inward-directed 3He fluid might directly
produce a population of radially outward-directed 3He ions after convergence. At shock conver-
gence, the calculated ion-ion thermalization times are in excess of 1 ns, which is long compared
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to dynamical timescales (~ 200 ps). Such a population would be expected to maintain velocity
v3He equal to or less than the fluid velocity behind the incoming shock, v;. In simulations of these
experiments, the mass-average incoming fluid velocity (v;) = 1100 pm/ns just prior to shock con-
vergence, which is approximately 70% of the rebound shock velocity. The center-of-mass energy
would thus be ~ 0.14x that of the shock-accelerated 3He considered above, and the fusion reactivity
reduced by a factor of approximately 400. The predicted yield from this mechanism was calculated
using the same technique as was used for the shock acceleration mechanism. Assuming all 3He are
radially directed outward at (v;), the predicted yield due to non-thermalized, shocked 3He is less
than 1 x 108, over two orders of magnitude lower than the observed yields.

Long Mean-Free-Paths Loss of ion confinement due to long ion-ion mean-free-paths 42 provides
another kinetic source of radially-directed, high-energy 3He ions in these experiments. Given the
low density and high temperatures produced in the central plasma, the mean-free-path of *He ions
at peak compression are expected to be approximately equal to the radius of the shell at peak
convergence. In this scenario, kinetic effects have been shown to play a strong role in the dynamics
of fusion yield production.?® In particular, the mean-free-path of the energetic ions which dominate
fusion production is several times longer than the thermal mean-free-path. The energetic 3He
jons are free to stream into the remaining CD plasma, where fusion reactions can occur with a
probability determined by the collisional center-of-mass energy as the ions slow down.

An upper bound to the total yield generated from this mechanism was calculated by assuming
all 3He ions in the plasma are in a thermalized distribution and escape radially into the CD plasma
without first slowing on the 3He.® The fusion probability was calculated for each initial ion energy
as above, and then weighted by the number of ions with that energy in a Maxwell-Boltzmann
distribution for the selected ion temperature. This calculation produces approximately 6 x 10°
D3He reactions, a factor of 5x less than the yields observed.

Diagnostic Signatures of Beam-Target Fusion Although it has been shown that these mech-
anisms are not likely to be strong enough to play a significant role in the experiments, it is worth
considering what experimental signatures might be used to differentiate between yield produced by
various mechanisms. One signature of a beam-target mechanism would be broadening of the fusion
product spectral lines. For thermal plasmas, the fusion spectral line width is Doppler broadened
by center-of-mass velocity of the reacting ions, and is roughly proportional to the square root of
the ion temperature,®®57 as described in Section 1.3.1. This effect is exacerbated in the “spherical
beam-target” scenario described above, as the center-of-mass velocity of each reaction is radially
directed outward from the plasma. Following Reference [57], the observed particle energy of a
fusion product from a reaction with center-of-mass velocity Vs is

1 ml 2mim!
Ei = §m'1Vc2*M+m,l—+m—,2(Q+K)+|VCM|0089\/;lﬁ7n272 (Q@+K), (3.10)

where m’ are the fusion product masses, Q is the energy released by the fusion reaction, K is the total
kinetic energy in the center-of-mass system (K < @), and @ is the angle between the center-of-mass
velocity and the direction of the nuclear product. The broadening of the spectral peak is governed

"The scenario described is an upper bound, as energy loss by ions escaping during thermalization would prevent
such a state from forming. *He ions are not expected to acquire significantly more energy through collisions than
the energy at which \i; = Rjye, which in this case is ~ 20 keV: well below the energies expected to dominate fusion
reactions.
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by the (directional) cos @ term. In a thermal plasma, Viops s, will have a roughly normal distribution
and ¢ will be independent of where the reaction occurs in the plasma. In the beam-target reactions
described above, |Voar—peam| is roughly constant and 6 is correlated to reaction location: for the
‘near’ side of the implosion, = 0, whereas for the ‘far’ side, § = 7. The fusion product energy is
thus a function of angle, E'(0) = Ey+ Ej,,,., cos0, where Ej, . = VoM —peam /Q@mymby/(m) + m}).
Taking the 2nd moment of E’(f), and rewriting Vo a—peam in terms of the beam-particle energy
E,=(m1+ m2)2V62. M—beam/ 2M1, the spectral width of the fusion products is obtained as

4 m'm' m
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This derivation is identical to the thermal case, except with By o< VZ,,_, . in lieu of (VZ,,_,1)-
In the case of energetic 3He fusing with a static shell of D, the formula for proton spectral width
may be simplified to a;‘:e am =~ F£1(2340 keV). By comparison with the well-known relationship for
D3He protons from a thermal fusion source, Ufh ~ T;(5880 keV), it is clear that a radially symmetric
population with energy E; in excess of 2.5 times the thermal energy will produce a wider spectral
line than the thermal ions.®® For the calculations described above, 3He ions at the shock velocity
carry 40 keV, and would generate a proton line width (o =~ 300 keV) equivalent to 16 keV thermal
temperature. Such temperatures are reasonably achieved in these and similar experiments, and as
such could not be discriminated using this technique. However shock-accelerated 3He ions carrying
160 keV would generate a proton line width (o ~ 600 keV) equivalent to 64 keV, which would be
unreasonably high and represent a measurable signature of this effect.

3.7 Summary

In summary, measurements of nuclear yield from direct-drive implosions of thin CD-shells show
the same yield of D3He-protons from capsules filled with pure 3He and from capsules filled with
a hydroequivalent 50:50 mixture of deuterium and 3He. The observed yields indicate that the
number density of deuterium in the 3He gas is of order 10% the 3He number density before fusion
burn. Hydrodynamic mix mechanisms have been ruled out as explanations for this observation,
as they do not introduce sufficient fuel-shell mix prior to shock rebound. Integrated 1D-radiation-
hydrodynamic calculations including ion diffusion indicate that the amount of mix generated by
ion diffusion is sufficiently high to explain the observations. Fluid simulations including reduced
ion kinetic models match the observed trends of yield and ion temperature in these implosions,
strengthening the case for ion diffusion.

Several kinetic mechanisms were considered as possible contributing factors to mix in these
implosions. Of the other models considered, electric field acceleration of the deuterium ions at
the shock front is predicted to have the strongest effect. As shocks break out across the fuel-shell
interface, a substantial fraction of deuterons near the interface are accelerated to approximately
twice the shock speed, and deuterons within a mean-free path of the interface are free to stream
into the *He plasma. An upper bound for the number of deuterons accelerated is calculated to be
comparable to the number required to explain the yield results. Several ‘beam-target’ fusion mech-
anisms were considered, but all are predicted to produce yield at least an order of magnitude below
what was observed. Fully kinetic simulations of such implosions, especially during the dynamic
epoch of shock breakout across the fuel-shell interface, will be highly informative in terms of better
understanding the detailed mechanics of kinetic mix in these implosions, and their application to
other experiments of interest, such as CH/DT interfaces in ignition experiments.
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Studies of Kinetic Fuel Dynamics in ICF using
Shock-Driven Implosions

4.1 Introduction

In the current ignition design for ICF, four weak shocks compress the cryogenic deuterium-tritium
(DT) fuel, then combine into a single strong shock with Mach number ~10-50.! This strong shock
transits the central gas, a DT-vapor with initial density 0.3 mg/cc, and converges at the center of
the implosion. The properties of this shock set the initial entropy of the central plasma hotspot.
As introduced in Section 1.1.2, the rebounding shock then strikes the imploding fuel, beginning the
deceleration phase in which the hotspot is compressed and heated to fusion-relevant conditions.

Understanding the evolution of the plasma during the shock transit phase is fundamentally
important for achieving ICF ignition, because the shock sets the initial conditions for hotspot
formation, compression, ignition and burn.? However the plasma produced by the shock transit
is both relatively low in density and high in temperature. As described by Equation 1.24, strong
shocks can compress a plasma only up to a constant factor (4, in an ideal gas). Increased shock
strength then raises the temperature of the shocked plasma proportionally to M2. These conditions
produce long ion-ion mean-free-paths, which scale as \; o« T?/n oc M4. Quantitatively, the ion-ion
mean-free-paths in the shocked central plasma of the ICF simulation shown in Figure 1.7 reach
Ai; ~ 100 um, which is comparable to the scale size of the experiment. As was described in
Section 1.2.2, such conditions are precisely those in which the hydrodynamic equations begin to
break down and kinetic physics becomes important.

The simulations used to design ICF experiments generally assume a single average-ion hydro-
dynamic framework, in which the equations of motion for a single ion-species plasma are solved
iteratively to model the implosion. Multiple ion species are not treated separately: the ion mass
and charge are set as a weighted average of the individual species. As long as ion-ion mean-free-
paths are short relative to the zone size, this approximation is expected to be accurate. However,
recent experimental and theoretical work has questioned the validity of the average-ion assumption
for ICF experiments.3 ! Anomalous reduction of the compression-phase nuclear yield has been
observed in implosions filled with multiple fuel species, such as deuterium-helium-3 (D3He),3 DT,*
DT with added 3He,® and D3He with trace amounts of argon, krypton, or xenon.® The reduction
is described as anomalous because the ratio of the observed yield to the modeled yield varies by
over 50% as a function of ion species fraction. The yield is observed to drop compared to the model
as the plasma approaches equal ion number density for the different species, and recover as the
plasma approaches a ‘pure’ single-ion composition. Anomalous reduction of the shock yield has
been ambiguous in these studies: the results from compressive D*He implosions indicate that shock
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yields are anomalously reduced in some implosions, but not in others, while the DT+3He study
appears to indicate that the shock-yield effect is small.

Diffusive separation of the ion species in the fuel is a potential cause of these anomalous ob-
servations. As introduced in Section 1.2.2, such diffusion can be driven by gradients in pressure,”
electric potential,®® and temperature.!® The separation could directly cause the yield reductions
by changing the local ion densities in the fuel prior to burn. Additionally, the viscosity between
the counter-diffusing species can also resistively heat the plasma, which increases its entropy and
resists compression. 1! Kinetic physics has been observed to impact the evolution and nuclear per-
formance of multi-species plasmas in computational studies, 214 although no fully kinetic model
is yet capable of simulating an entire ICF implosion.

Despite the importance of the shock phase to establishing the initial conditions for compression
and burn, this phase is difficult to diagnose directly. These challenges were described in the in-
troduction to Chapter 2, and motivated the development of the PTOF and MagPTOF diagnostics
described in that chapter. In brief, the rebounding shock generates a brief period of fusion produc-
tion (“shock-bang”), which is uniquely observable for implosions filled with deuterium and 3He fuel
via the D3He-fusion protons, and provides direct information on the fusing plasma through nuclear
diagnosis. However the development of nuclear diagnostics on the NIF is an ongoing effort, and
does not yet approach the number available on the OMEGA laser. Moreover, other fusion products
generated at shock-bang are not observed on the NIF: shock DD-neutrons are overwhelmed by the
main period of nuclear production (“compression burn”), which occurs less than 1 ns after shock
rebound; also, DD-protons do not escape the capsule due to high pR.

To directly study the physics of the shock-phase, a series of shock-driven implosions were per-
formed using the OMEGA laser. By using the shock-driven implosions introduced in Section 1.1.3,
all the fusion products can escape the implosion and be detected because of low total pR, on the
order of 1 mg/cm?. The lack of a subsequent compression phase allows highly precise diagnosis of
the shock-generated fusion products to evaluate the state of the plasma at shock-bang time. The
experiments described in this chapter demonstrate for the first time signatures of two multiple-ion
kinetic physics effects in a series of D3He-gas-filled, strongly-shocked implosions: thermal decou-
pling and diffusive separation of the ion populations. The observations suggest that these kinetic
effects, which hydrodynamic simulations do not capture, have an important impact on ICF-relevant
plasmas.

In this chapter, Section 4.2 describes the design of these experiments. The experimental re-
sults are presented in Section 4.3. Hydrodynamic instability growth is shown not to produce the
observed anomalous yield trends in Section 4.4. In Section 4.5 the theory of thermal decoupling
between the ion species is developed and a model is applied to explain the low-initial gas density
implosions. Section 4.6 evaluates a burn-averaged deuterium fraction in the plasma, and uses this
to demonstrate ion species separation in an ICF implosion for the first time. Finally, the results
are summarized in Section 4.7.

4.2 Experimental Design

The experiments were performed in two campaigns at the 60-beam OMEGA laser facility.!® Spher-
ical glass capsules produced by the drop-tower method and with a diameter of 860 um, a wall
thickness of 2.2 um, and glass density of 2.15 g/cm® were used. These capsules were filled with
various concentrations of Dy and 3He gas, shown in Figure 4.1. The atomic deuterium fraction
(fp = np/ (np + nsp,)) of the gas fills ranged from 1 (pure deuterium) to 0.07 (*He-rich), while
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Si0,;, 2.3 pm Figure 4.1. Initial gas fill used in the kinetic
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maintaining a constant initial mass density of pp = 0.4, 1.5, or 3.3 mg/cc.” The initial campaign,
performed on February 8th, 2011, imploded the 1.5 mg/cc capsules using a 1 ns square, 23 TW
laser pulse. The second campaign was performed on April 4th, 2013, and imploded the 0.4 and
3.3 mg/cc capsules using an 0.6 ns square, 23 TW laser pulse. b For all implosions, distributed
phase plates were used in all cases to generate a fourth-order super-Gaussian (SG4) beam profile, '®
and the beams were smoothed by spectral dispersion (SSD).!” These implosions mimic the density
and shock strength in the ignition-target central gas. Because the shell burns through and the
compression of the fuel by remaining shell mass is minimal, the implosions produce primarily shock
yield. A summary of the shot parameters for this series is given in Table 4.1.

The choice of equal mass density in the fuel is beneficial for several reasons. As already noted,
this selection maintains an equal Atwood number at the fuel-shell interface. Additionally, the mass
density of the gas affects the velocity of the shock that is launched into the gas by the shell. Since
the shell and laser impulse are selected to be identical, the ram pressure of the shock is expected
to be identical as well. Ram pressure is defined as Prom = pvfh, so equal mass-density gas fills
will also have equal shock velocity. This principle is confirmed by 1D-hydrodynamic simulations.
Additional details related to the scaling of the shock velocity versus initial gas pressure are presented
in Appendix F.

For D3He mixtures in particular, equal-mass-density mixtures often share the property of hy-
droequivalence, which was introduced in Section 3.2. Hydrodynamically, the evolution of the shocked
plasma is determined from the equation of state, which for an ideal gas is given by:

pi(1 + Z1)T;

P=nT; + Zn;T, = e e
P

) (4.1)

where T is the ratio of electron to ion temperature (T./T;). If the electron-ion thermalization time

a1 will refer to these three series as the low-, medium-, and high-density implosions throughout this chapter.

bThe laser pulse was shortened in the second campaign, to turn the laser off prior to nuclear bang-time. The laser
impulse charges the capsule, which upshifts the charged fusion products. Turning the laser off prior to nuclear burn
allows the electric charge to decay so that the spectra are not affected.
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Table 4.1. Shot information for kinetic plasma dynamics studies using implosions of glass (SiO3) shells
filled with mixtures of D and ®He on the OMEGA laser.

Shot # Initial gas fill Capsules Laser Information

po (mg/ce)  fp | OD (pm) wall (um) | Energy (kJ) Abs % Pulse
61085 1.461 1 890.4 2.2 23.06 SG1018
61086 1.461 1 886.4 2.2 22.59 SG1018
61087 1.461 1 885.4 2.2 22.66 SG1018
61089 1.444 0.067 879.6 2.3 22.78 SG1018
61090 1.469 0.066 868.0 2.0 22.60 SG1018
61091 1.457 0.066 850.2 2.1 22.83 SG1018
61093 1.444 0.067 881.2 2.1 22.64 SG1018
61094 1.453 0 871.8 2.3 29.42 SG1018
61095 1.453 0 858.8 2.3 29.32 SG1018
61096 1.436 0.464 865.0 2.0 22.48 ' SG1018
61097 1.436 0.464 849.0 2.0 22.74 SG1018
61099 1.436 0.464 890.4 2.2 22.41 SG1018
average | 1.45+0.01 873+14.9 2.164+0.12 | 23.79+2.61
69249 0.384 0.509 883.2 2.3 14.52 60% SG0604
69250 0.388 0.835 845.6 2.3 14.65 57% SG0604
69251 0.385 0.217 845.1 2.4 14.65 57% SG0604
69254 0.385 0.507 844.4 2.3 14.60 54% SG0604
69256 0.399 0.819 853.0 2.2 14.69 55% SG0604
69257 0.424 0.198 868.5 2.3 14.36 58% SG0604
69258 0.390 1 858.4 2.4 14.58 57% SG0604
69259 0.390 1 836.2 2.2 14.62 54% SG0604
69263 0.390 1 836.3 2.3 14.45 55% SG0604
average | 0.39+0.01 852+15.5 2.3+£0.07 14.57+0.11  56%+2%
69252 3.299 0.840 852.3 2.4 14.56 58% SG0604
69261 3.305 1 878.6 2.4 14.56 60% SG0604
69262 3.305 1 846.2 2.3 14.63 55% SG0604
69264 3.174 0.510 869.2 2.2 14.71 58% SG0604
69265 3.378 0.484 881.0 2.2 14.84 59% SG0604
average | 3.29£0.07 865+15.6 2.31+0.1 14.661+0.12 58%+2%
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Figure 4.2. Electron and ion temperature profiles in a 1D-HYADES simulation of a high initial-gas density
shock-driven implosion, a) before (0.6 ns) and b) after (0.7 ns) shock rebound. The electron and ion
temperatures are decoupled throughout the implosion. Electron temperature is primarily set by the laser,
while ion temperatures are set by the shock heating process.

is short, then I & 1. Fully ionized D3He mixtures have the special property that (1 + Z) JA =1
regardless of the deuterium fraction, so equal mass density implies equal total particle number
(1+ Z)n; and the equation of state is identical regardless of deuterium fraction. This implies that,
given the same dynamic history of outside pressure influences, the systems are expected to evolve
identically. For example, the ion temperature of the shocked plasma would be given by T; = P/p;,
with the pressure and density given in terms of the Mach number and the sound speed in the
upstream plasma by Equations 1.24 and 1.25.

In practice, this is not expected to occur for shock-driven implosions because the electron-ion
equilibration times are generally quite long compared to the experimental timescales. Thermal
equilibration rates are comparable to the collision rate in Equation 1.15, and are given by:!®

AjAR)'? 22 Z2ni log A

e _ &
(A;Ti + ART;)%?

€

[4.4 x 107"2H ], (4.2)

where temperatures have units of keV and the density is in cm 3. For temperatures of 3 keV and
densities of 5 x 102! cm 3, the electron-ion thermal equilibration is calculated to be on the order
of 1 ns, longer than the duration of the implosion. Figure 4.2 presents profiles of the electron and
ion temperature both before and after shock rebound in a simulation of the high-density, fo=0.5
experiments. These figures demonstrate clearly that the electrons and ions are not equilibrated at
shock rebound and during fusion production. If I is retained in the ideal equation of state, the
solution for the shocked ion temperature becomes:

_P_ B-fp)
pi(1+(2- fp)T)
For long thermalization times, I' < 1, and the shocked ion temperature will be expected to vary

with deuterium fraction by up to a factor of 3/2. This behavior is observed in the simulated
burn-averaged ion temperatures, as will be discussed in the next section.

) (4.3)
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4.3 Experimental Results

Comprehensive nuclear diagnosis was performed to record the behavior of these implosions. For
all experiments, yields of DD-fusion neutrons (2.45 MeV) were measured using the neutron Time-
of-Flight (nTOF) diagnostic suite.!® Yields and spectra of D®He-fusion protons (14.7 MeV) were
recorded using the Charged Particle Spectrometers (CPS1 and CPS2) and Wedge-Range-Filter
proton spectrometers (WRF).2? Burn-averaged ion temperatures were inferred from the spectral
widths of the nuclear products, after correcting for instrumental broadening?"?? as introduced in
Section 1.3.1. 1D-radiation hydrodynamic simulations were performed using the code HYADES?
for comparison to the observed values. The simulations were constrained using the laser absorption
fraction, 24 which was measured to be 57% in these experiments, and the measured DD-neutron and
D3He-proton nuclear-bang times, recorded using the NTD 25 and PTD 26 instruments, respectively.
In addition, for the low- and high-density implosions on April 4th, 2013 the spatial burn profiles of
D3He-protons and DD-protons (3.0 MeV) were measured by penumbral imaging.2” Time-resolved
self-emission x-ray images were also recorded on this shot day.?® The results from these diagnostics
will be discussed in this section.

4.3.1 Yields

The measured yields show anomalous trends relative to the hydrodynamically simulated values, as
shown in Figure 4.3.° For each pg, the yield drops relative to the predicted yield as the deuterium
fraction is reduced from fp = 1. This trend occurs in addition to the reduction in yield with
decreasing py, which was previously reported in Reference [29] and can be clearly seen in the plots
of measured yield divided by the simulated yield (‘Yield-over-clean’ or YOC) shown in Figure 4.3c¢)
and d). The decrease in nuclear production with reduced fuel density was shown to be caused by the
increased importance of kinetic effects associated with long ion-ion mean-free-paths: ion diffusion
and reduction in fusion reactivity due to the loss of high-energy ions on the Maxwellian tail, the
so-called Knudsen reactivity reduction presented in Section 1.2.2.2% The study that demonstrated
this trend in YOC with fuel density was performed on the OMEGA laser on March 14th, 2013
using identical targets and laser impulses to the high- and low-density implosions presented in this
chapter. A key finding from that work showing the reduction in YOC with reduced fuel density
and increased Knudsen number is reproduced in Figure 4.4 for reference.

To highlight the trend with deuterium fraction, the observed yield divided by the predicted yield
is plotted in Figure 4.3e) and f), where each dataset has been normalized to the equimolar value
(“Yield-over-clean normalized,” or YOCn). The YOCn for each series varies by approximately 50%
with fp. These results provide the first conclusive experimental demonstration of a shock-yield
anomaly with fuel ion fraction. The YOCn increase monotonically in the range fp > 0.2. The
experiments with pp = 1.5 mg/cc and a 1 ns, 23 TW laser pulse were performed down to fp = 0.07,
and show a flattening of YOCn in the limit of low fp, rather than a continuous decay. These results
are unlike the anomalous trends in the compression yield, which showed a maximal reduction for
equimolar D3He and yield recovery approaching pure 3He,3 suggesting that a different mechanism
may be at work. The observed trend cannot be explained by turbulent fuel-shell mix, since the
Atwood number does not change with fp; Section 4.4 presents a more detailed investigation of
this claim. Two models including additional kinetic physics, decoupling of the D and 3He ion
temperatures (“2-Ti”), and species separation by ion diffusion (Reduced Ion Kinetic, or “RIK”),
capture the observed trends, and will be discussed in Sections 4.5 and 4.6.2, respectively.

°In subsequent figures, results from multiple implosions with the same nominal design are averaged.
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Figure 4.3. Yields of DD-neutrons (left) and D3He-protons (right) for the kinetic plasma dynamics implo-
sions. High- (3.3 mg/cc, red), medium- (1.5, green) and low-density (0.4, blue) are shown. (a,b) Absolute
yields for the campaigns (points). 1D-simulated yields for the shots (x’s) and simulated nominal trends with
deuterium fraction (lines) are shown for comparison. (c,d) The measured yield divided by the 1D-simulated
yield (‘Yield-over-clean’ or YOC) and (e,f) the yield-over-clean normalized to the value of each series at
fp = 0.5 (YOCn) emphasize the anomalous trend in the data as deuterium fraction is varied. (The black
dashed line in (e,f) represents agreement with the simulated trend, though not the absolute simulated values.)
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Figure 4.4. YOC relative to 1D DUED simulations for both DD-neutron and D3*He-proton reactions, as a
function of a) the initial gas-fill density pp and b) the Knudsen number Ny, defined as the ratio of the ion-ion
mean-free path at bang time to the minimum shell radius. The experiments in this figure used identical
shell and laser parameters to the low- and high-density implosions presented in this chapter. Figures were
originally published by M. Rosenberg, et al. as Fig. 2b) and Fig. 3 in Reference [29]

The modeled nuclear yields, which deviate significantly from the experiments, are given by:

Ybb f (n2D/2) (ov)ppdVdt, (4.4)
YD3He = annC{He(D"U)DSHedth. ’

Il

Yields depend on the evolution of the ion species densities np, nay, and the Maxwellian-averaged
fusion reactivities (ov)pp psge, which are strong functions of the ion temperature 7;. Examin-
ing the density and ion temperature in the experiments, which are accessible via other nuclear
diagnostics, will help isolate the physics behind the anomaly.

Mean-free-path effects

Although the mean-free-path in the plasma is a function of deuterium fraction for a given pg, these
long ion-ion mean-free-path effects do not directly cause the yield anomaly with fp. The physical
mechanisms that cause reduced yield with increased Knudsen number will play a role in these
experiments as well; however, careful examination indicates that the observed trend is opposite
to the trend expected from the long mean-free-path effects alone. Following Equation 1.15, the
mean-free-path for a fuel ion of species j for collisions with ions of species k scales as Aj; o
T?m;/ nkZJz- Zﬁm,.ed log A. The total mean-free-path is the inverse sum of the mean-free-paths for

-1
species ] relative to all plasma species: A; = - . Assuming thermalized ion species and
i gl g

ignoring variations in log A, the scaling of the mean-free-path for deuterons and *He in the plasma
can be calculated as a function of deuterium fraction:

10(3—fp)
AD = (5243—_11?1}%))\0, (4'5)
Afe = 3(5_43%)/\01
where the constant of proportionality Ao = (3/4)(4meo/e?)?*T?m,/(plog A). While the deuteron
mean-free-path is always 3.3x% that of a 3He ion to within 5%, the mean-free-path for each species
increases by a factor of over 3x as fp increases from 0 to 1. This reduced confinement with
increasing deuterium fraction stems from two sources. As the ratio of deuterium to 3He increases,

the average field ion charge decreases, allowing the mean-free-path to grow as Z~2. This is partially
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Figure 4.5. Comparison of measured (points) and simulated (lines) burn-averaged ion temperatures (7;)
for the a) DD- and b) D3®He-fusion reactions. The low- (blue, dashed), medium (green, dot-dashed), and
high-density (red, dotted) data and simulations are shown. The ‘clean’ 1D-simulations predict an increased
(T;) with decreased fp, which is roughly in agreement with the trends in the medium- and high-density data
but is not observed in the low-pg data. Measurement uncertainties for the data are comparable to the size
of the points where not shown. DD-neutron data courtesy of Vladimir Glebov, LLE.

balanced by an increase in the ion number density required to maintain the same mass density
with the intrinsically lighter deuterons. An average mean-free-path for the plasma, calculated by
weighting the species-specific mean-free-paths in Equation 4.5 by the ion species fraction, is then:

24+ 37fp —45f3 5A¢

(Aii) = (3 Jp) (24 —19fp)(5—4fp) 8 '

(4.6)

which is more than a factor of 10 greater for the pure deuterium plasma than for pure 3He. Based on
the scaling observed in Figure 4.4b), pure deuterium implosions would be expected to underperform
substantially compared to the D®He-filled implosions: this is the opposite of what is shown in
Figure 4.3. A very strong, heretofore unidentified physical mechanism must be at play in these
implosions to counteract, and in fact produce the opposite of, this expected trend.

The analysis as presented implicitly assumes that density and temperature evolve similarly as
deuterium fraction is changed. While this is not necessarily guaranteed in shock-driven implosions,
the following sections examine further nuclear data and demonstrate that the plasma does not
deviate from this assumption to within a factor of ~2.

4.3.2 Burn-averaged ion temperatures

The measured burn-averaged ion temperatures (T;) also demonstrate anomalous behavior compared
to the average-ion simulations, as shown in Figure 4.5. The ‘clean’ simulations predict increasing
temperature for reduced fp, because the equation of state depends on the deuterium fraction for
equal-mass-density mixtures, as introduced in Section 4.2. Equation 4.3 suggests that the shocked
plasma temperature, and therefore the burn-averaged temperature, should scale as (T;) o (3 — fp).
The simulated temperatures closely follow this expected trend. The observations for the medium-
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and high-density series also increase with reduced deuterium fraction, roughly in agreement with
the expected trend.? In contrast, in the low-density implosions the measured (T;) are roughly
constant with fp.

The observed anomaly in burn-averaged ion temperatures for the low-density fuels has not been
previously reported, and cannot be explained by invoking either atomic mix or long mean-free-path
effects, for the same reasons given in the preceding section. (For a simulation study of the impact of
atomic mix, see Section 4.4.) This result indicates that a new, non-hydrodynamic physical process
is dominant during the nuclear production in the low-density implosions. The observations can be
explained as a signature of ion thermal decoupling, which will be presented in Section 4.5 below.

4.3.3 Burn histories

The measured bang-times and burn-durations for these experimental campaigns are shown in Ta-
ble 4.2. One trend is notable in this data: the DD-neutron bang-time is observed to be earlier
for the low-density than the high-density implosions by about 10%, despite the fact that these
experiments had the same laser impulse. This trend is not observed in the D3He-proton bang-time.
This trend may offer some additional evidence for a separation of the ion species at the shock front.
However, caution is urged in interpreting this trend, since a fall-line mix model also shifts the DD-
neutron bang-time earlier for low-density implosions, without strongly affecting the D3He-proton
bang-time.

These implosions were used in the development of the multiPTD instrumental technique to
measure the DD-neutron and D3He-proton burn histories with high relative precision. However,
high-quality multiPTD data was not recorded for these implosions, so the relative bang-times are
only as precise as the instrumental cross-timing uncertainty of £50 ps. The development of this
capability is ongoing work which may in the future shed light on the details of the kinetic processes
that are important during shock propagation and shock-yield production.

4.3.4 Nuclear imaging

The radial profiles of nuclear production were measured using penumbral imaging of the DD-
protons and D3He-protons on the low- and high-density campaigns. The PCIS instrument was
fielded in TIM 2, with the aperture positioned 3.95 cm from TCC and the CR-39 59 cm behind
the aperture. Two pieces of 1000 um thick CR-39 were fielded to record both DD-protons and
D3He-protons along the same line of sight. The front piece of CR-39 was filtered with 5 pm Ta +
12.5 um Al, while the rear piece was filtered with 400-450 pum Al, depending on the thickness of
the front piece. As described in Section 1.3.4, a model of the nuclear production profile is fit to
the data to constrain two parameters: the radius containing 50% of the nuclear yield (r50), and the
‘peakedness’ (p). As a reminder, a p of zero indicates a volumetrically uniform (‘flat’) burn profile;
a positive p indicates a centrally-peaked profile, while a negative p indicates the profile is ‘hollow’.
The measured values of these parameters are shown in Figure 4.6, along with predictions from the
1D-HYADES simulations for comparison.

In the high-density implosions, the burn radii are measured to be significantly larger than the
simulated values: the DD-proton profile is nearly 2x larger than simulations, while the D3He-
proton profile is ~ 1.5x larger. At the same time, the shape of the burn profiles is in approximate
agreement with the simulations. This result suggests an undercompression of the high-density
implosions. Undercompression due to multiple-ion effects has been proposed as one explanation for

9The disagreement in the absolute value of yields and (T;) between measurements and 1D-simulations is comparable
to that observed in Reference [29].
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Table 4.2. Bang-times and burn durations (full-width at half maximum, or FWHM) from the kinetic
dynamics campaigns for DD-neutrons and D®He-protons, as measured using the NTD and PTD diagnostics,
respectively. All time values are in picoseconds. Typical cross-timing uncertainties are £50 ps. Instrument
analysis courtesy of Christian Stoeckl, LLE.

Shot # Initial gas fill Laser DD-neutrons D3He-protons
po (mg/cc)  fp | Energy (kJ) BT FWHM BT FWHM
61085 1.461 1 23.06 801 180 - -
61086 1.461 1 22.59 818 165 - -
61087 1.461 1 22.66 780 180 - -
61089 1.444 0.067 22.78 790 160 807 137
61090 1.469 0.066 22.60 - - 780 121
61091 1.457 0.066 22.83 - - 734 142
61093 1.444 0.067 22.64 - - 756 148
61094 1.453 0 29.42 - - - -
61095 1.453 0 29.32 - - - -
61096 1.436 0.464 22.48 759 182 753 132
61097 1.436 0.464 22.74 773 155 742 143
61099 1.436 0.464 22.41 803 166 797 137
average | 1.45+0.01 23.79+£2.61 | 789+20 170+11 | 767+28 13749
69249 0.384 0.509 14.52 727 189 - -
69250 0.388 0.835 14.65 713 162 865 211
69251 0.385 0.217 14.65 747 174 856 148
69254 0.385 0.507 14.60 730 174 835 188
69256 0.399 0.819 14.69 707 161 855 192
69257 0.424 0.198 14.36 731 185 855 159
69258 0.390 1 14.58 731 165 - -
69259 0.390 1 14.62 695 165 - -
69263 0.390 1 14.45 750 154 - -
average | 0.39£0.01 14.57+0.11 | 726£18 170+12 | 853+£11 180+£26
69252 3.299 0.840 14.56 800 173 857 151
69261 3.305 1 14.56 813 172 - -
69262 3.305 1 14.63 791 168 ~ -
69264 3.174 0.510 14.71 764 184 834 147
69265 3.378 0.484 14.84 780 179 851 146
average | 3.29£0.07 14.66+0.12 | 790+£19 1756 | 847+12 14842
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Figure 4.6. Measured (points) and simulated (x) parameters for the profiles of DD-proton and D3He-proton
nuclear production in the low- (blue) and high-density (red) implosions. Parameters shown include (a,b)
radii containing 50% of the nuclear production (rsp) and (c,d) the ‘peakedness’ of the profile (p), as defined
in Equation 1.36. For the high-density implosions, the burn radii are measurably larger than simulations,
but the profile shape is roughly in agreement with simulations. For the low-density implosions, the radii
are more accurately modeled, but the measured profile shape is much more centrally-peaked than in the
simulations.
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the yield anomaly observed in compression yield.!! The relative flow of the deuterium and 3He due
to ion diffusion introduces a source for resistive heating of the ion species. Additional heating of
the plasma by diffusion during the shock and implosion phase increases the adiabat of the fuel and
makes it harder to compress. The reduced density at shock burn also reduces the yield. However
these data are not of sufficiently high quality to address whether the radius at peak burn has a
trend with deuterium fraction. The data suggest that the 759 for the DD reaction is increased
more than the 59 for D3He. This is also a possible indicator of species separation, in that outward
diffusion of the deuterons compared to the 3He would weight the DD reactions to larger average
radius than the D3He-reactions. Performing higher-quality convergence measurements is a valuable
direction for future research.

In the low-density implosions, the burn radii are generally comparable to the simulations. The
DD-burn-radius is on average slightly larger than simulations, while the D3He-burn-radius is slightly
smaller (~80%). No clear trend with deuterium fraction is observed. The peakedness of the profiles
shows a clear difference between the data and simulations: the measured profiles are strongly
centrally peaked (p ~ 2 for DD and ~ 1.5 for D3He), while the simulations predict a nearly flat
burn profile (p ~ 0). Recent work has demonstrated that the shape of the profile in simulations
of shock-driven implosions is highly sensitive to the treatment of plasma viscosity and diffusion. 3
The 1D-HYADES simulations shown here do not include diffusion or physical viscosity.® The data
suggest that these effects are important in the plasma, and must be better understood.

4.3.5 Time-resolved x-ray imaging

The x-ray framing camera (XRFC1) was fielded in TIM3 to image the time-resolved self-emission
of the high- and low-density implosions.?® The camera setup described in Section 3.3.5 was used
on these experiments, with the exception that the filter material was varied from shot to shot: the
filtering used included 0.5, 1, and 2 mil Al, and 4 and 5 mil Be. The camera was fielded with a
magnification of 6x and the pinholes had a diameter of 10 uym. An example of the recorded x-ray
framing camera data from both a high- and a low-density implosion is shown in Figure 4.7a) and
b), respectively. For both of the images shown, the filtering was 5 mil beryllium and strip bias was
200 V. In both experiments, the first strip begins after the laser has already turned on. The target
mounting stalk is visible in the lower-right corner of the images.

In the low-density data, the first image is distorted by arcing on the micro channel plate. As
in the thin-CD implosions shown in Figure 3.9, the shell limb is clearly visible into the third strip,
but then disappears. A blurry background is apparent in the images near peak compression, which
is likely due to direct interaction of high-energy x-rays with the x-ray film. However the image of
emission from the compressed fuel is still visible. In contrast, in the high-density data the limb of
shell emission is clearly visible in all images, including at peak compression and the beginning of
expansion.

Since the electron density in the shell plasma is substantially higher than that in the fuel, the
bremsstrahlung emission is expected to be dominated by the shell plasma. The glass also has
additional pathways for the emission of recombination (line) radiation. In light of this expectation,
the clear limb in the high-density x-ray images at peak compression suggest that the implosion
remains highly spherical and the fuel-shell interface remains intact: that is to say, the fuel and shell
are not diffusively mixed. The blurriness of the low-density x-ray images at peak compression may
suggest that the fuel and shell are more mixed than in the high-density case. However the presence
of a background makes quantitative emission profile calculations from these images difficult. Future

°A ‘numerical viscosity’ is included to prevent unphysical solutions (such as negative zone volumes), but this is
not based on any physical theory.
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Figure 4.7. Example XRFC images from a) low-density (shot 69251) and b) high-density (69252) implo-
sions, recorded on April 4th 2013. For both experiments the camera was fielded with magnification of 6x,
pinhole diameter of 10 pm, 5 mil beryllium filtering, and strip bias of 200 V.

experiments could include a tracer layer at the fuel-shell interface that emits at a characteristic,
high-energy line. Filtering to observe this line emission would provide a precise location of the
fuel-shell interface and give a distinct signature for diffusion studies.

The analysis procedure presented in Section 3.3.5 was used to determine the implosion radius
as a function of time. Measured trajectories for the low- and high-density images in Figure 4.7
are shown in Figure 4.8, compared with the simulated location of the fuel-shell interface. For both
sets of data, the measured data follows the simulated location of the fuel-shell interface closely,
although for the low-density data the radius is more difficult to infer due to background.

The results from the high-density implosions hint at under-compression of the 50:50 D3He-filled
targets, relative to the Ds-filled targets, as shown in Figure 4.9. To zeroth order, the density of
the plasma at burn scales as CR ™3, where the convergence ratio CR is equal to the ratio of the
initial fuel radius to the radius at peak compression, Ry/Rpeak. Since the yield scales as the density
squared times the volume, the yield is estimated to scale very sensitively with the convergence
ratio: Y oc CR™3. The ~60% yield scaling factor observed for 50:50 D:*He mixtures in Figure 4.3
could thus be caused by a reduction in compression ratio of approximately 19%, relative to the
value for pure D3. The observed minimum x-ray emission radius for implosions with fp = 0.5
is approximately 11% larger than that predicted from 1D-radiation hydrodynamic simulations. In
contrast, the minimum x-ray emission radius for implosions with fp = 1 is approximately 5% larger
than predictions. From this difference, the yield for the D3He-filled targets would be expected to
be only 70-80% of the scaled yield from the pure-deuterium implosions, comparable to what was
observed. Unfortunately, the uncertainty in the measurement is comparable to the scale of the
effect; however the data is not inconsistent with resistive heating and inhibited compression as a
contributing factor for the observed yield anomaly. Improved future experiments might include
a high-Z dopant on the inner shell layer, so that line radiation may be used for more accurate
characterization of the fuel radius evolution during the implosion.
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Figure 4.8. Implosion radius as a function of time inferred from the XRFC images (points), for the a)
low-density (69251) and b) high-density (69252) images shown in Figure 4.7. The trajectory of the fuel-shell
interface in 1D-HYADES simulations of the implosions is shown for comparisons (orange line).
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Figure 4.9. Comparison of the XRFC-inferred implosion radius as a function of time (points) and simulated
fuel-shell interface trajectory (lines), for the high-density implosions filled with a) pure deuterium (69261,
69262) and b) 50:50 D3He (69264, 69265). The fp = 1 implosions present very good agreement between the
measured and simulated trajectories; in comparison, the fp = 0.5 implosions appear to reach a minimum
radius that is approximately 5% larger than expected.
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4.4 Trends in Fall-Line Mix Model

As has been noted, these shock-driven implosions are insensitive to hydrodynamic instability
growth.3! The physics of these capsules is similar to the implosions of thin-CD shells discussed
in Chapter 3, and instability growth is minimal for similar reasons, which will be summarized
here. Firstly, a high mass ablation velocity of the shell material (approximately 8 pwm/ns) sta-
bilizes the ablation-front instability growth. Glass ablates very efficiently due to a high ratio of
average ion mass to average charge. Glass also has a high laser absorption efficiency: the ab-
sorption was measured to be 57% for these experiments, compared to 53% for the CD; 4 used in
Chapter 3, when imploded with a comparable laser impulse.! Secondly, the entire shell rapidly
ablates (“burns through”), which limits the time available for ablation-front instability growth.
In these experiments, burn-through occurs at ~0.35 ns, after which the density gradient that
drives the ablative Rayleigh-Taylor instability is eliminated and the instability growth is truncated.
Thirdly, the comparatively small radial convergence of these shock-driven implosions limits the
scale of Rayleigh-Taylor instability growth: the x-ray framing camera images indicate these im-
plosions converge radially by only ~3-5x. This should be contrasted to the values of ~30-40x
typical of the ‘compressively-driven’ implosions used for ignition designs, where Rayleigh-Taylor
growth plays an important role. Finally, the negligible compression phase limits late-time insta-
bility growth. Because the shell burns through, the imploding shell mass is not large enough to
significantly compress the fuel after the initial shock rebounds. The 2D-hydrodynamic simulations
of thin-CD shell implosions described in Section 3.4.2, which showed negligible instability growth
at peak nuclear production, had comparable shell mass and gas-fill density to these experiments.

Although atomic mix may occur in a 1D manner to some extent, this will not impact the
observed trends with varying deuterium fraction. Hydrodynamic instability growth is governed by
the Atwood number at the fuel-shell interface, which is defined in Equation 3.1 and is a function
of the shell and fuel density only. By design, the fuel density remains unchanged as the deuterium
fraction is varied; as such, the Atwood number and the resulting hydrodynamic mix at peak nuclear
production is also constant with varying deuterium fraction. Thus, even though 1D mix might occur
at some level, it cannot lead to a yield or temperature trend with varying deuterium fraction.

In support of this argument, a fall-line analysis of the 1D-hydrodynamic simulations was per-
formed, which showed that no level of mixing was able to produce the observed trends in yield and
temperature. Figure 4.10 shows a Lagrangian (radius vs time) plot for a hydrodynamic simulation
of a low-initial density target, illustrating the fall-line mix model and its effect on the yield. The
“fall-line,” which was introduced in Section 3.4.2, is defined as the projection of the fuel-shell inter-
face from the point of the fastest implosion velocity, and therefore defines the furthest distance that
shell material can penetrate into the fuel kinematically. A penetration depth for mix is defined as a
fraction of the distance from fuel-shell interface to the fall-line. For this simple model, it is assumed
that no yield is produced within the penetration region. Following the results of the 2D-simulations
presented in Section 3.4.2, a 20% penetration fraction is taken as an extreme upper bound for the
amount of mix present in the experiment. This value only reduces the simulated yield by ~5% for
the high-density implosions and ~30% for the low-density implosions. The trends of simulated yield
and temperature with deuterium fraction for a fall-line mix model with 20% penetration fraction
are shown as dashed lines in Figure 4.11. The trends in YOCn are virtually indistinguishable from
the ‘clean’ 1D hydrodynamic simulation, as expected. The burn-averaged ion temperatures are
slightly increased by the fall-line mix model, since the penetration region truncates the coldest part
of the nuclear production that occurs near the fuel-shell interface; however the trend is unchanged

fThese values were measured with a laser intensity of 10'® W/cm?.
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Figure 4.11. Comparison of the DD-neutron and D*He-proton normalized yield-over-clean (points) with
the results from the fall-line mix model, assuming 20% mix penetration fraction (dashed lines). Data and
simulations for both the 3.3 mg/cc (red) and 0.4 mg/cc (blue) fills are shown. (left) The trend of yield-over-
clean normalized (YOCn) with deuterium fraction is not changed, although the absolute yields are changed
by the mix model. (right) The trend for burn-averaged ion temperature in the mix model is the same as
the trend in the clean model, and is in slightly worse agreement with the data due to the truncation of the
coldest regions of nuclear burn.
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from the clean model. In summary, hydrodynamic mix is not significant in these implosions and
also cannot produce the observed trends with deuterium fraction.

4.5 Ion Thermal Decoupling

The observed ‘flat’ trend in the low-density burn-averaged ion temperature data is a signature of
thermal decoupling between the deuterium and helium-3. Two physical processes play a role in
creating this trend: differential heating of the ion species by the shock, and a long ion-ion equili-
bration time that allows this differential heating to subsist for experimentally-relevant timescales.
The shock delivers different amounts of energy to the two ion species as it transits the fuel, de-
pending on their charges and masses. Ion heating from collisional strong shocks scales with the ion
mass (T; o« m;v%,, where vg, is the shock velocity), as a consequence of the hydrodynamic shock
equations derived in Section 1.2.1. If the shock is an electrostatic collisionless shock, it gives the
shocked ions an amount of energy that scales with the ion charge (T; o< Z;A®p, where @, is the
electric potential). In either scenario, the 3He ions receive more energy than the D, by a factor of
1.5 or 2, respectively. This difference persists for the thermal equilibration timescale. Table 4.3
shows the calculated timescales for thermal equilibration between ion species using the measured
plasma conditions at shock burn.!®:# Comparing the inter-species equilibration timescales to the
measured burn durations, it is likely that ion temperatures are unequilibrated during shock burn
in the low-density implosions."

Because the shell and laser drive are the same within each experimental series, the shock proper-
ties (vsp, A®gp) are expected to be constant for a fixed pg, regardless of the deuterium fraction.! The
shocked ion temperatures depend only on these shock properties and pg, so the shocked deuterium-
and 3He-temperatures are also constant with deuterium fraction for a fixed py. Assuming the
species do not equilibrate prior to nuclear burn, the burn-averaged ion temperatures will then be
constant as well. This signature of ion thermal decoupling is observed in the low-density data in
Figure 4.5, and contrasts with the fully equilibrated expectation that scales with the average-ion
mass (m;) = (3 — fp)mp. The observed (T;) indicate that multi-ion kinetic physics is important
for thermal evolution in the low-py experiments.

To determine the effect of thermal decoupling on the yield, the low-pg simulations were post-
processed with an empirical model that was fit to the measured (T;). The D and 3He temperatures
were defined in terms of the simulated ion temperature (7;,,) and fp as:

Rt
fo+Rr(1- fp)’

where the ratio of temperatures Rr(= Tsy./Tp) and the scalar fr are free parameters. This for-
mulation conserves the thermal energy in the plasma up to the scalar fr, since Ty fr = fpTp +
J3ueTs g, The effective temperature for fusion reactivity was defined as Tpf¢ i = (miTj+myT;)/(mi+
m;), following Reference [12]. The effective temperature that was burn-averaged for comparison
with the spectral (T;) measurements was defined as Typect,ij = (miT; + m;T;)/(m; +m;j), following
Ref [13]. The best-fit of this model to 15 measured (T;) from the low-py experiments was given

T3He = TDRT = Tsime (47)

£The medium-density series are not included, as this calculation makes use of the PCIS data for burn-averaged
number density.

"The calculated values in Table 4.3 confirm the previous argument in Section 4.2 that the electrons will be fully
thermally decoupled from the ions for most of the experiment: ion-electron equilibration requires approximately
v/mi/me > 60x longer than ion-ion equilibration.

"The 1D-HYADES simulations confirmed the invariance of shock speed in the fuel with the deuterium fraction for
a constant fuel mass-density.
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Table 4.3. Thermal equilibration timescales between ion species (Tp/sye,T3pe/p) and thermalization
timescales within ion species (7p, T3, ) for various pp and fp, calculated according to Ref [18]. Bold values
exceed the measured DD-burn duration 7yyr, (full-width at half maximum), which are also included. All
time values are in picoseconds.

Density | fp Ion-ion equilibration time

(mg/cc) TD/3He| T3He/D| ™D | T3He Thurn

0.4 0.2 240 930 2730 | 70 180
0.5 330 320 980 90 180
0.8 890 190 600 250 160
1 140 440 160

3.3 0.5 120 130 380 40 180
0.8 240 50 150 70 170
1 40 120 170

by Rt = 1.3+ 0.1, fr = 0.61 £+ 0.02, and is shown in Figure 4.12a) and b). This model improves
agreement with the observed yield trends, as shown in Figure 4.12c) and d). No reasonable fit
to the high-py (T;) data could be found using this model, suggesting that thermal decoupling is
not a dominant effect. This is not surprising given the much shorter equilibration times for the
high-density implosions, as shown in Table 4.3.

It is worth noting that the long ion-ion equilibration times at shock convergence imply that
neither ion species is well-described as a thermal distribution. Thermalization and collisional
timescales are comparable, implying that decoupled plasmas are also collisionless. If the shock
itself is collisionless, this does not change the argument presented in this section: as noted earlier,
a collisionless shock also delivers less energy to the D than to the *He. While this condition holds,
long equilibration times imply that the average deuteron energy will remain low compared to the
thermal expectation. The average center-of-mass energy for D-D collisions is then also low com-
pared to the thermal expectation, directly reducing the inferred (7;) and the yield. Fully kinetic
simulations incorporating Monte Carlo fusion production are required to better evaluate the effects
of non-thermal ion distributions on the measured data.

4.6 Measurements of Species Separation

Separation of the ion species by diffusion has been put forward as an additional explanation for
the observed yield trends.”® To determine whether the ion species are separated prior to fusion
production, the comprehensive nuclear data were examined. Although the ion species fraction
during burn is not measured directly, quantities proportional to the ion densities can be inferred
by inverting Equations 4.4. The yield, (T;), burn duration, and radius containing 50% of the
nuclear burn (r59) are measured for both the DD and D3He reactions. Using these quantities, the
burn-averaged density products can be calculated for ion species i,j as:

o (146;)Y
(ninj) ((UU)((1}))(47rr§0/3)7'bum),-]- ,

where quantities are measured for the i-j fusion reaction, and ¢;; is the Kronecker delta. This
value was calculated for eight low-density implosions and two high-density implosions on which all
of the requisite data was available, and the results are shown in Figure 4.13. The 1D-HYADES
simulations were also post-processed using the same formulation, and the simulated burn-averaged

(4.8)
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Figure 4.12. A model of decoupled D and *He ion temperatures in 1D-simulations (“2-T;”) was fit to
the measured burn-averaged ion temperatures in the low-pg series. The data used in the fit (blue points),
‘clean’ simulated trend (blue line), the best-fit of the “2-T;” model (black dashed) and the £1lo models
(grey dotted) are shown for a) DD-neutron (7}) and b) D®He-proton (T;) data. The best-fit parameters for
the model were: Ry = 1.3 £0.1, fr = 0.61 £ 0.02. The yield produced by the best-fit and £1¢ models is
compared to the measured yields of ¢) DD-neutrons and d) D*He-protons, and better captures the observed
trend in the data. Note that the yield data was not used in the fitting procedure.
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Figure 4.13. The burn-averaged density products inferred as a function of deuterium fraction: a) (npnp}),
calculated using the DD-fusion observables (the square-root is plotted, for comparison to the deuterium
ion density) and b) (npnsg.), calculated using the D3He-proton observables. Measured data (points) and
simulations (x) follow similar trends, though slight undercompression may be observed with reduced fp.
The ratio of measured to simulated values is shown in (c,d), respectively.
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Figure 4.14. “Burn-averaged deuterium fraction” (fp) evaluated from the experiments for low-density
(blue) and high-density (red) implosions, compared to 1D-clean simulations (lines). Simulated values for
(fp) differ slightly from the fuel fp due to differences in the D*He and DD reactivity. Reduction of the
deuterium in the core prior to burn is inferred for all implosions.

density products are shown for comparison. Note that in the simulations, the ‘burn-averaged’
densities calculated in this way were approximately half of the actual plasma density during burn.

The measured values are lower than the predictions by a factor of 2-3 in all cases. Because the
density naively scales as n; oc CR?, this reduction in the deuterium density would seem to imply
radial undercompression of 26-44%, which is greater than is expected from the time-resolved x-
ray images but comparable to the result for the nuclear burn region, especially for the high-density
implosions. While there is significant scatter in the data, they suggest that the deuterium-poor shots
have a lower burn-averaged deuterium density than the deuterium-rich shots (this trend appears
more evidently in the high-density data). In contrast, the burn-averaged product (npnag,) is less
suggestive of a trend with deuterium fraction. As introduced in Section 1.2.2, the mass flux from
ion diffusion between two ion species is expected to be equal and opposite in direction. If diffusion,
rather than undercompression, is causing a trend in the deuterium density as a function of fuel
deuterium fraction, then the helium-3 density would be expected to show the opposite trend, and
the product (npnsg,.) would be nearly constant. The uncertainties in the data are unfortunately
too large to assert that these expected trends are clearly observed; however, the data are suggestive
that ion diffusion is redistributing the D and 3He in the fuel.

Based on the burn-averaged density products defined in Equation 4.8, the burn-averaged deu-
terium fraction is then defined as:

-1
(o= (1 + m%g’)) : (4.9)

This definition is mathematically equivalent to the definition of fp in the limit (n;) = n;. The value
of (fp) is not expected to be identical to the initial gas fp, because the D®He and DD reactions
are weighted differently by the plasma temperature in the implosion. However, the definition is
proportional to ion species fraction to first order, and can be compared directly to simulations.
Figure 4.14 shows the inferred burn-averaged deuterium fractions during burn for the low- and
high-density implosions, compared to the 1D-simulated value of the same quantity. The measured
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(fp) are lower than the predicted values, implying that species separation significantly perturbs the
ion distributions prior to bang-time. This is the first direct evidence of ion species separation in an
ICF-relevant plasma. For the high-density implosions, the amount of species separation appears to
depend on the deuterium fraction. Comparing the high-py equimolar result to the simulated trend,
the fuel deuterium fraction at bang-time is reduced from fp = 0.48 to 0.277 [+0.094, —0.107]. In
contrast, the high-py implosion with fp = 0.84 implies a fuel deuterium fraction at bang-time of
0.804 [+0.057, —0.095], which is consistent with little or no species separation. For the low-density
implosions, all the experiments appear to be similarly affected: the initial deuterium fractions of
fp = 0.21, 0.51, and 0.83 were reduced to 0.059 [+0.038, —0.038], 0.395 {+0.073, —0.084], and
0.729 [+0.065, —0.077], respectively.

While these measurements are indicative of species separation, they do not require a particu-
lar mechanism for the species separation. Ion diffusion is a likely candidate for the high-density
implosions, which behave relatively hydrodynamically. For the low-density implosions, which have
already been shown to be nearly collisionless during burn, diffusion is unlikely to play a significant
role, because it is fundamentally a collisional mechanism. Several possible explanations for the low-
density species separation exist. Diffusion early in the implosion may seed the species separation,
which subsists when the plasma becomes collisionless. Alternatively, the deuterium may be ‘more
collisionless’ than the *He (the mean-free-path of a deuteron was shown to be ~3.3x that of a
3He-ion in Section 4.3.1) and fuse at larger radii than the 3He. A third possibility is that the bulk
fuel ions may remain collisional throughout the implosion and the species separate diffusively, while
the high-energy ions on the tail of the Maxwellian distribution become collisionless, producing the
flat trend in (T;) observed in Section 4.5. Distinguishing the actual dynamics underlying the species
separation in the plasma remains as future work, and may require improved diagnostic precision.
Because eight measurements are involved in each calculated value for (fp), the final uncertainty of
the inferred value is difficult to control. Improvements in the diagnostic accuracy — in particular,
better knowledge of the plasma burn-averaged ion temperatures — could improve the accuracy of
this technique in future experiments.

4.6.1 Burn-averaged mean-free-path

To demonstrate that long ion-ion mean-free-path effects are not the cause of the observed yield and
temperature anomalies, a burn-averaged ion-ion mean-free-path has been evaluated based solely
on the experimental data. From the burn-averaged density products inferred using Equation 4.8,
the burn-average density can be estimated, providing the necessary information for a burn-average
ion-ion mean-free-path.

The result of these calculations is shown in Figure 4.15. A factor of ~5x increase in the
Knudsen number is observed in the low-density implosions, as deuterium fraction increases from
20% to 100%. This trend is approximately half as extreme as is expected from the theoretical
arguments given in Section 4.3.1, due in part to an observed reduction in burn-average total ion
density with reduced deuterium fraction. However the finding confirms that the kinetic physics
which has previously been studied as a source for anomalous reduction of the shock yield, such as
Knudsen-layer ion loss and ion diffusion, are not responsible for the yield variation as a function of
deuterium fraction.

4.6.2 Reduced Ion Kinetic simulations

Using a 1D-radiation hydrodynamic simulation incorporating a model of plasma ion kinetic trans-
port and other reduced ion kinetic (RIK) models, 32 the effect of species separation in these experi-
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Table 4.4. Parameters for the Reduced Ion Kinetic (RIK) simulations, calibrated to a high-density (po =
3.1 mg/cc) and a low-density (0.4 mg/cc) 50:50 D*He-gas filled thin-glass implosion performed on March
14th, 2013. Parameter used include laser absorption fraction (fs); electron flux limiter (f.); Knudsen-layer
reactivity reduction (fgnu), ion kinetic transport (figifm), ion thermal conduction (ficndm ), and ion thermal
flux-limit multiplier (f;fizm). The atomic mix model parameter (fmi.) was set to zero.

Shot # po | fis Je Srknu fidifm Jiendm  fiftem
69055 3.1 |0.63 0.06 0.1 1.2 1 0.3
69066 0.4 | 0.63 0.06 0.1 0.1 6 1.0

ments was investigated. The RIK simulations were provided by Nels Hoffman, LANL. Two sets of
RIK model parameters were calibrated using an earlier set of shock-driven implosions performed on
March 14th, 2014 using identical targets and laser impulses to the high- and low-density campaigns
described here.?” The best-fit to five observables from equimolar (fp = 0.5) high- and low-pg im-
plosions (3.1 and 0.4 mg/cc, respectively) was found by varying the RIK parameters, which were
introduced in Section 3.5.1. The best-fit RIK parameters for the high- and low-density cases are
shown in Table 4.4. For the high-density model, a slightly better fit was obtained by allowing the
ion thermal flux limit multiplier f; i, to vary, which was set to 1 for the thin-CD study presented
in Section 3.5.1. These high- and low-density models were applied while varying fp to obtain RIK-
simulated yield and temperature trends, which are compared to the observed high- and low-density
data in Figures 4.16a-b) and c-d), respectively. The RIK simulations captured the yield trend for
the high-density experiments, while also matching the measured (T3).

A radial profile of the ion species densities at bang-time from the equimolar, high-py RIK
simulation is shown in Figure 4.17. In this simulation, ion diffusion had reduced fp in the core from
0.5 to 0.33 prior to shock-bang, in agreement with the results in Figure 4.14. The deuterium was
redistributed to the outer regions of the fuel, where it fuses less efficiently due to lower temperatures
and admixture with the shell plasma.

As discussed in Section 3.6, the RIK models include flux-limited ion thermal conduction, and
account for Knudsen-layer reactivity reduction. Due to these effects, the model closely matches
the absolute observed temperatures and yields for both the high- and low-density data. However,
the RIK simulations do not capture the observed (T;) trends for the low-py data. This is not
surprising, as the models do not include separate ion thermal distributions. More fundamentally,
the RIK models are kinetic perturbations on bulk hydrodynamic evolution, which may not extend
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Figure 4.16. Trends with deuterium fraction in (a,b) DD-n and D3He-p Yield-over-clean, normalized and
(c,d) DD-n and D3He-p burn-averaged ion temperature, from the Reduced Ion Kinetic simulations (dotted
lines), compared to the high- (red points) and low-density data (blue points), and 1D-simulations (solid
lines). The “2-T;” model best-fit to the low-density (T}) is included for comparison (dashed blue). The RIK
simulations, which include models of kinetic ion mass- and energy-transport as well as Knudsen-layer fusion
reduction, match the trend in both yield and temperature for the high-density implosions. The absolute
temperatures of the low-density implosions are closely matched, but the observed ‘flat’ trend is not captured.
RIK simulations provided by Nels Hoffman, LANL.
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Figure 4.17. Density profiles near bang-time
for an equimolar D3He implosion with pqg
3.3 mg/ce, comparing 1D-average-ion ‘clean’
simulations (dotted) with simulations includ-
ing reduced ion kinetic models of ion diffusion,
ion thermal conduction, and tail-ion loss (solid).
The deuterium (blue) diffuses to larger radii and
3He (red) is concentrated in the core, such that
at peak burn fp = 0.33. The RIK simula-
tions reproduce the observed yields, as shown
in Figure 4.16. RIK simulations provided by
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to describe the fully kinetic behavior implied by thermal decoupling. This discrepancy supports
ion thermal decoupling as a dominant physical effect in the low-density regime.

4.7 Summary

A series of D3He-gas-filled shock-driven implosions have demonstrated anomalously low yields as
deuterium fraction is reduced. In addition, the implosions containing the lowest initial gas den-
sity (0.4 mg/cc) generated burn-averaged ion temperatures that were anomalously invariant with
deuterium fraction. These anomalies were shown not to be caused by hydrodynamic instabilities,
turbulent atomic mix, or previously-observed kinetic plasma effects associated with long ion-ion
mean-free-paths. Two kinetic processes associated with multiple ion species were proposed to
explain these anomalies: ion thermal decoupling and species separation.

The ‘flat’ burn-averaged ion-temperature trend in the low-density implosions was found to
be a signature of thermal decoupling between the deuterium and 3He ion populations. Ion-ion
thermalization times in the low-density implosions were calculated to be in excess of the burn
duration, suggesting that the preferential heating of *He ions by the shock subsists through the peak
nuclear production. This thermal decoupling leads to constant deuterium and 3He ion temperatures
as deuterium fraction is varied, producing the observed invariant trends in (7;). A 1D-radiation
hydrodynamic simulation was post-processed to allow for different D and *He temperatures, and
fit to the burn-averaged temperature data. The best fit of this model to the observed (T}) produces
yields in better agreement with the observed trends.

A burn-averaged deuterium fraction was inferred from comprehensive nuclear measurements,
and was lower than expected in all experiments. This result provided the first direct evidence of
ion species separation in ICF implosions. Simulations including ion diffusion, among other reduced
ion kinetic (RIK) models, demonstrate significant reduction of the core deuterium fraction prior
to bang-time, in agreement with the experimental data. These simulations produce trends in yield
and burn-averaged temperature in agreement with the high-density observations.

These experimental results strongly imply that ion kinetic effects play an important role in
the low-density, strongly-shocked plasma of the incipient hotspot in ICF ignition implosions. The
incipient hotspot plasma has both a comparable mass density (0.3 mg/cc) and a comparable shock-
strength (M~10-50) as the experiments presented in this chapter. The kinetic effects described
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here may impact the hotspot adiabat, affecting the efficiency of the compression phase. Moreover,
species separation seeded prior to shock-bang may persist until peak compression and burn. Fully
kinetic simulations, which are now under development, will be required to simultaneously capture
the impact of both non-thermalized ions and species separation, and help us to better understand
the role these kinetic effects play in ICF ignition designs.
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Conclusion

In this thesis, laser-driven spherical implosions were used to produce strongly shocked, high-energy-
density plasmas, with the goal of studying the emergence of kinetic dynamics in plasmas relevant
to inertial confinement fusion (ICF). The implosions were performed on the OMEGA laser facility,
and are comparable in both initial vapor density (~0.4 mg/cc) and shock strength (Mach number
M~10-50) to the central plasma of hot-spot ignition experiments on the National Ignition Facility
(NIF) during the shock-transit phase. Due to a combination of low plasma density and high plasma
temperature, the ions have an average mean-free-path that is comparable to the scale size of the
experiment. In this situation, the hydrodynamic equations that are typically used to predict the
evolution of the plasma begin to break down. The work of this thesis documents the emergence of
kinetic behaviors in shock-driven implosions, primarily through the interpretation of comprehensive
nuclear diagnostic signatures.

In support of this research and the broader ICF ignition effort, new diagnostics for the nuclear
bang-time were developed, as described in Chapter 2. The Particle Time-of-Flight (PTOF) diag-
nostic, a CVD-diamond based high-voltage diode detector, provides unique diagnostic capability
at both OMEGA and the NIF. The time of peak nuclear fusion production in ICF experiments
is inferred from the PTOF data by subtracting the time-of-flight for these products to the PTOF
detector from the recorded detection time. On OMEGA, PTOF can measure the bang-time using
D3He-proton yields of 10%, well below the sensitivity of other burn history diagnostics. On the
NIF, PTOF is the only diagnostic capable of reporting the nuclear bang-time using neutrons with
yields below 10!3, and is the only diagnostic capable of measuring the bang-time using DD-neutron
and D3He-proton signals. Additionally, PTOF has recently measured the bang-time of both D>He-
protons from the shock-phase and DD-neutrons from the compression-phase on a single implosion:
a first at the NIF. This accurate measurement of the compression-shock bang-time differential
(“ABT”) strongly constrains the modeling of implosion dynamics, especially in combination with
the measurement of the areal density of the implosion at shock bang-time from the WRF proton
spectra.

The PTOF detector cannot record the D3He-proton shock-bang time if the x-ray background is
too large, as is the case for the standard gas-filled hohlraum target used in the ignition design and
ignition-surrogate implosions. To provide this dual shock- and compression-bang time measurement
on ignition-scale implosions, a diagnostic upgrade of the PTOF was also designed. The Magnetic
Particle Time-of-Flight (MagPTOF) diagnostic includes a magnet to bend the charged D3He-
protons onto the detector around substantial line-of-sight x-ray shielding. The detectors, cabling,
and electronics are identical to the PTOF to preserve cross-timing. The MagPTOF is predicted
to reduce the x-ray background by a factor of 1000 compared to the unshielded detector, while
delivering D3He-protons in the energy range 6-16 MeV to the detector. Simulations of neutron
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transport indicate that the DD-neutron signal, while reduced by scattering, will provide a robust
DD-neutron bang-time. This new diagnostic will directly probe the shock dynamics of the D3He-gas
filled surrogate-ignition implosions, and should directly confirm that the ABT varies by a factor of
2 with shot parameters, which is not predicted by the hydrodynamic simulations and suggests that
kinetic physics is playing an important role in the shock phase. The MagPTOF is currently being
manufactured for initial shot operations in 2015.

Experiments using the OMEGA laser to directly investigate the role of kinetic physics in fuel-
shell mix were presented in Chapter 3. Implosions of thin-walled (5 pm) deuterated plastic targets
filled with pure 3He produced D®He-proton yields comparable to implosions of identical targets filled
with pre-mixed 50:50 D3He gas. The targets with the initially-separated reactants can only produce
the observed D3He-proton yields by substantial atomic mixing of the deuterium from the shell into
the gas. The turbulent mix processes that have been studied extensively in ICF are produced by hy-
drodynamic instability growth at the fuel-shell interface, which was shown to be negligible in these
experiments. Rapid burn-through of the shell material truncates ablation-phase instability growth;
small radial convergences (~4-5) and negligible remaining shell mass make Rayleigh-Taylor mode
growth in the compression phase insignificant. This expectation was confirmed by 2D-DRACO sim-
ulations of the implosions, which demonstrated highly 1D implosion behavior. Of several kinetic
mechanisms considered, diffusive ion mass transport is the likeliest explanation for the substantial
mix observed. In the 200 ps between shell burn-through and peak nuclear production, the temper-
ature of the fuel-shell interface increases by over an order of magnitude, dramatically increasing
the diffusion coefficient which scales as D o T%2. Post-processing of 1D-simulations with a simple
diffusion model demonstrated the development of a diffusion layer prior to shock rebound. Simu-
lations with an integrated ion diffusion model along with other reduced ion kinetic (RIK) models
were able to capture the trends in both D3He-proton and DD-neutron yields and burn-averaged ion
temperatures in these experiments. Several alternative kinetic models were investigated, including
electrostatic ion acceleration at the shock front and beam-target fusion scenarios. An upper bound
on the shock-acceleration of shell deuterons into the 3He fuel is calculated to be comparable to the
level required to produce the observed yields. All the beam-target mechanisms were predicted to
produce yields an order of magnitude below those observed. These experiments provide a valu-
able benchmark for ion diffusion theory and simulations in high-energy-density plasmas. Ion mass
transport in plasmas remains an active area of research, and is important in the ablation of the
cryogenic DT fuel that forms the main mass of the hotspot in the ICF ignition design.

A series of experiments to study multiple-ion kinetic dynamics relevant to the shock-phase of ICF
implosions was presented in Chapter 4. Thin-walled (2.3 pm) glass targets were filled with various
ratios of deuterium and 3He at high-, medium-, and low-initial mass density, and imploded on the
OMEGA laser. The nuclear production in these implosions scaled anomalously with the deuterium
ion fraction, when compared to simulations. The 3He-rich implosions produced less nuclear yield
by 50% compared to the pure deuterium implosions with the same gas density. Additionally, in the
lowest initial-density implosions (0.4 mg/cc) the burn-averaged ion temperatures were observed to
be invariant with deuterium fraction, while hydrodynamic simulations predicted an increase in (T})
with reduced deuterium. Two kinetic effects were invoked to explain these anomalous observations:
thermal decoupling of the D and *He ion populations, and separation of the ion species by diffusion.

The invariance of the burn-averaged ion temperature was shown to be a signature of ion thermal
decoupling. The shock heats the 3He ions more than the deuterium ions, and the shocked tem-
peratures of the individual species depend only on the properties of the shock, which are identical
for a given mass density in the gas. If the equilibration time is short compared to the burn, these
ion temperatures equilibrate to an intermediate value that depends on the ion species fractions, as
simulated. If the equilibration time is long enough that the temperature difference subsists through
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nuclear production, as was calculated for the low-density implosions, then the burn-averaged tem-
peratures will be invariant for a given mass density, as observed. This is the first demonstration
of thermal decoupling between multiple ion species in an ICF implosion. A model of thermal de-
coupling was implemented by post-processing of 1D-simulations, and produced a good fit to the
measured ion temperatures. This model was found to produce better agreement with the observed
yield trends as well.

Comprehensive nuclear data (including the yields, temperatures, burn durations, and burn
profile radii from two reactions) were used to calculate a burn-averaged deuterium fraction in the
experiments. This value was reduced from the expected value for all experiments: for example, in
the high-density 50:50 D3He implosion, the burn-averaged deuterium fraction was consistent with
fp = 0.28 & 0.10 in the core plasma. This is the first observation in an ICF implosion of ion
species separation, which has been proposed as an explanation for previously-reported anomalies
in the compression yield. Reduced ion kinetic simulations including ion diffusive mass transport
demonstrate diffusion of deuterium out of the core, producing a deuterium fraction during burn
in agreement with the measured values. These simulations recapture both the absolute yields and
yield trends observed in the data.

The experiments presented in this thesis conclusively demonstrate that the kinetic effects as-
sociated with multiple-ion species — in particular, ion diffusion and ion thermal decoupling — play
an important role in ICF-relevant plasmas. Ion diffusion actively redistributes the ion species in
plasmas with moderate bulk ion-ion mean-free-paths relative to the scale lengths of the experiment.
This redistribution is shown to occur during the shock phase in multiple-ion species plasmas, such
as the DT plasma in the ignition design, and is predicted to occur during the compression phase as
well. Hydrodynamic modeling of the ignition experiments does not incorporate ion diffusion, which
may significantly impact the assembly of the fuel at the precise levels required for ignition. Future
experiments may directly measure the species separation in the compression phase using similar
techniques to those developed here. For example, the burn-averaged deuterium fraction may be
measured in compressively-driven D3He-filled implosions by imaging the DD-neutrons to obtain
the burn region (rather than the DD-protons, which will not escape). Such experiments would
conclusively determine whether species separation directly causes the anomalies observed in the
compression-yield, or whether a related effect (for example, resistive heating) is the primary cause.
In contrast, thermal decoupling is a fully-kinetic phenomenon that occurs only in the shock-phase of
the low-density experiments. The shock phase of the ignition design has a comparable density and
shock strength to these experiments, strongly suggesting that the central plasma may go through
a decoupled period prior to the deceleration phase. Such decoupling could redistribute mass and
energy in the incipient hotspot and modify its entropy, thereby changing the initial conditions for
compression and ignition. Additional experiments will help to better understand the scale of this
effect and the properties of the resulting plasma. To fully account for the impact of these effects
in ICF, fully kinetic simulations of the ICF implosion must be developed: the results in this thesis
will provide a valuable benchmark for verification of these new techniques.

Ultimately, the work presented in this thesis contributes to a better understanding of the phys-
ical processes that are important in these highly dynamic, high-energy-density states, which is an
essential prerequisite for the success of inertial confinement fusion.
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Appendix A

Definitions of Plasma Parameters

A.1 Derivation of the Collision Frequency and the
Mean-Free-Path

The collision frequency in a thermal plasma vy, is typically derived from the rate of momentum
loss for a particle in that plasma:®

dp ldp

—=—VUp = Vp=-———. Al
a ~ P th= "t (A1)
Under this definition, the thermal collision frequency is essentially the rate at which the directed
momentum of a particle is lost: one might think of it as the rate at which the particle’s momentum
is ‘scrambled.” This momentum is not lost to the system as a whole, but is redistributed through
collisions to other particles.

This definition suggests that the mean free path of a particle A can be analogously defined as

the distance scale for momentum loss, as follows:

dp

p —

The momentum loss for a particle (1) from a single interaction with another particle (2) follows
from Coulomb scattering as Ap, = 2pz(m,/m1)(1 — cos x.), where m, is the reduced mass and
Xe = 2cot™!(b/bgg) is the scattering angle in the center-of-mass frame. Here, b is the impact
parameter and bgg = q1q2/(4megm,v?) is the impact parameter for 90° scattering. Assuming small-
angle scattering, the term (1 — cos x.) =~ 2b%,/b%>. The rate of momentum loss as a function of
unit distance for a single particle colliding with a field of (identical) particles is then given from an
integral over the impact parameter, which results in:

dp ma 2
— =ngp1———4nbgyIn A. A3
dl 2Py mi+mg 0 (A-3)
The time derivative of momentum is simply dp/dt = (dp/dl)v,, where v, is the relative velocity of
the particles.
To obtain the thermal collision frequency and mean-free-path, the rate of momentum loss must
be integrated over the distribution function of both the ‘test’ and ‘field’ species. As discussed,

2This derivation follows closely the derivation of collision frequency found in Reference [1], which has been extended
here to derive the mean free path as well.
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the mean-free-path is given directly by /\t_hl = —(1/p) [ (dp/dl) f1 fad3v1d3vy, whereas the collision
frequency is given by vy, = —(1/p) [ v, (dp/dl) f1f2d>v1d3vq. The two distributions fi, f are treated
as counter-flowing Maxwellians with a temperature T and drift velocity v4 in the center-of-mass

frame, )
3 — —
L (miN: _ mi(U; — Uai)
fi=mi (27rT) e"p[ 2T ] (A-4)
where m, Uy = m194 = —maUz and vg < 2T/m.P The product f;f, can be expanded to first

order in ¥y as follows:
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or, in the center-of-mass frame (v, = ¥ — ¥, V = (myv1 + mava)/(m1 + m2), M = m1 + ma):

3
M \2/m, \3 MV?  mu? m,
= — — _— —_— "T . A.
fifa = mng (%T) (27rT) eXp[ oT T (1 T % ) (A-6)

This formulation breaks the symmetry of the integral of dp/dl over d3v, allowing an answer to be
evaluated.

After removing constant terms and evaluating the integral over center-of-mass velocity, the
remaining integral for mean free path becomes

1 1 q;q; 2 me \ 5 m,vq v2 m,v2 3
L L (595) g, (22 )F ( P2 o | TR | g, .
Aij s 4 (47rco In Anin; 2T T ) U;ied P 2 dv (A7)

where we have selected without loss of generality 7 = v42. Since v, is spherically symmetric, there
is nothing special about vy, and so [v2, f(v;) = [v2, f(vr) = [vZ,f(vr) = (1/3) [v2f(vr). The
remaining integral is then a Gaussian integral. Taking species 1 for the test species, the momentum
density is p; = n1mivg and the answer follows:

1 4r (g2 \? nam,
—_= In A. A.
/\12 3 (47‘1’60) T2m1 . ( 8)
The collision frequency follows from similar evaluation of its integral:
4/2 % ngymy
Vig = T (9% n2y In A. (Ag)
3 dmey ) m T3/2

From these two equations, the relationship between the mean free path and the collision frequency

is determined to be
2T
VizA12 = . (A.10)

m,

The common definition, A12 common = Vth,1/v12 for v 1 = /2T /my, is observed to be equal to
the more accurate value derived here multiplied by a factor of \/(mmgz)/(m1 + mg). This factor
determines that the actual mean free path varies from 7=1/2 ~ 56% of the typical value up to

Effectively we are looking at small fluctuations in the relative drift velocities. There has to be some momentum
flux in order for it to change over time (or distance): taking vg = 0 causes the total momentum to be zero and the
integral vanishes due to symmetry. Random scattering in the plasma will generate such small fluxes that do not
persist for more than a few collision times.
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vmi/mam > 1, depending on the masses of the colliding particles. For example, in deuterium-
helium-3 scattering, the mean free path is ~73% the common value; whereas for 3He-D scattering
the mean free path is ~89% the common value. Except in the case of heavy particles scattering
on light ones, this multiplier is less than 1. This implies that in the cases of ion-ion collision
considered in this thesis, the mean free path effects become important in slightly lower-density or
higher-temperature plasmas than is naively expected.

A.2 The Coulomb Logarithm

The Coulomb logarithm In A appears generally in collisional plasma processes from the integral over
possible impact parameters. For Coulomb collisions, collisional quantities of interest (for example,
the energy or momentum lost in a collision) scale as ((b/bgg)? + 1)~1, for the impact parameter b
and the impact parameter for 90° scattering bgy = g1¢2/(4meom,v?). The integral of this quantity
over possible impact parameters:

/ - 1 27bdb = mb2, 1 (1+ bz)
. S _ 0 o
o (b/bg)?+1 %0 b3o

diverges in the limit & — 00.2 This occurs because while the Coulomb field falls off as r =2, the
differential area available for collisions increases as b2 ~ r2 and so collisions are important out to
arbitrarily large distances.

The divergence is resolved by limiting the upper limit of the integration by,q;. In a plasma, this
limitation is justified because the field due to a point charge is screened by attracting oppositely-
charged particles and repulsing same-charged particles. The screening distance is given by the
Debye length, of which a general form is as follows:3

o0

= 2mbZ, In(A), (A.11)

0

2 [ 72
e n
ADe = _Z( i_,ﬂ) . (A.12)
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€0

It is important to note that all species in the plasma participate in screening, not just the two
colliding species.

Interestingly, as bgg approaches the radius of the nucleus, quantum effects can become important
for scattering. The theoretical lower limit on the impact parameter is approximately the de Broglie
wavelength of the two colliding particles, given by (i/pc) = (h/2m,v,) in the non-relativistic limit.®
(The factor of 2 includes the de Broglie wavelengths of both colliding particles.) In practice, it is
convenient to replace bgg in Equation A.11 with the root-mean-square sum of bgg and the de Broglie
wavelength, p, = [bd, + (A/2m,v,)?] /2 This results in the following definition for the Coulomb
logarithm:

Py

In(A) = %m [1 + ( ADeﬂ. (A.13)

In strongly-coupled plasmas where In(A) < 1, the kinetic mechanisms of individual collisions
become important to calculating the average value of In(A). A recent parametrization by Scott Baal-
rud extends to In(A) < 1, in which regime it agrees well with molecular dynamics simulations (see

°For ICF plasmas with temperatures no greater than T ~ 10 keV <« M. = 511 keV, the non-relativistic limit is
a good approximation for all particles.
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Figure A.1. Ratio of the thermal average rel- <v.> /V .

ative velocity {(v,), defined by Equation A.14, to r simple
the ‘simple’ approximation vsimpte = (v + v?)l/z, 1.000
where v, is the test particle velocity and vy = 0.995}
/8T /mmy is the Maxwellian-averaged thermal ve-
locity of the field particle. The ratio is plotted as a 0.990!
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Reference [4]). This parametrization is occasionally used in this thesis for numerical calculations
of In(A) when dealing with simulations of plasmas that may be moderately- or strongly-coupled.

Note on thermal-average relative velocity

Equation A.13 is technically valid only for collisions of particle species with well-defined relative
velocities, v, = (v; — v2). When the Coulomb logarithm appears in an integral (such as in the
derivation of the mean free path in Sec. A.l), it should in principle be integrated along with
other terms over the particle distributions. However this approach is typically analytically in-
tractable. Instead, the Coulomb logarithm is usually carried out of the integral and the velocity
terms are replaced with a thermal-average relative velocity, (v,). This term is often approximated
as (v2)1/2 = ((v?) + (v3))'/2, which is readily evaluated using the Maxwellian-averaged thermal
velocities, v3 = (v?) = 8T /7m. However in the case of a test particle with velocity v; transiting a
thermal field plasma with vy = vy 5, (v;) can be calculated directly. This case arises in stopping
power calculations, and the correct form is evaluated as:

T2 42
+ o (1 4 8—5) erfl o 4 l . (A.14)

0F L

4vt2
(vr) = 5 €XP [—ﬂ—v}

Figure A.1 plots the ratio of Eqn. A.14 with the typical approximation, vsimpte = ((v2) + (v}))l/ %
The thermal average relative velocity differs from the approximate equation near v; = vy, where it
is lower by a maximum of ~2.5%.
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Appendix B

Line Broadening due to the CPS Aperture

The charged particle spectrometers (CPS1 and CPS2) described in Section 1.3.3 provided valuable
measurements for the work presented in Chapters 3 and 4, including both the absolute yields and
spectral widths for nuclear fusion products. The D3He-proton spectra were especially critical for
providing the burn-averaged ion temperature of the D3He-reaction, which presents the signature
of thermal decoupling in the low-density shock-driven implosions (see Sections 4.3.2 and 4.5).

As discussed in Section 1.3.1, the burn-averaged ion temperature (T;) can be inferred from the
spectra of the nuclear products, which have a characteristic width proportional to the square root
of the ion temperature: !

Wewaym = 2V2In20,, = wo (1 + 64) VT3, (B.1)

where Wpw gar is the full-width at half-maximum of the spectral peak, T; is the ion temperature
of the fusing plasma, oy, is the Gaussian width, wyg is a constant of proportionality for the reaction
in question with units of keV/2, and 8, is a positive, temperature-dependent correction (less than
2.5% for T; < 20 keV). The constants of proportionality wg and d,, have been calculated by Ballabio,
et al. in Reference [1], including relativistic corrections; a few of the most commonly-used values
of wp are copied in Table B.1.

From a diagnostic point of view, a spectral width d,cqsured is recorded. This width includes
not only the incident spectral width produced by the fusing plasma, but also the instrumental
broadening of the diagnostic instrument. For CPS, the instrumental broadening function is not
a Gaussian, but is approximately a square response or ‘boxcar.” The characteristic boxcar width
(W) depends on both the width of the CPS aperture and the energy and species of the incident
particle; however the MIT CPS Analysis program includes the capability to calculate W from the
CPS magnetic fields, given these inputs. The convolution of the boxcar with an incident Gaussian
spectrum produces a measured spectrum that is nearly Gaussian, as illustrated in Figure B.1. To
obtain the burn-averaged ion temperature from this measured data, the instrumental broadening
must be removed.

Practically speaking, the removal of the instrument broadening can be readily performed if
one knows the effective Gaussian broadening of a boxcar with width W, designated as o.¢s. This

Table B.1. Common coefficients relating plasma ion-temperature and produced fusion-product spectral
width. Values taken from Ballabio, et al., 1998 (Reference [1])

Reaction | D(d,n)°He D(d,p)T T(d,n)a D(*He,p)c
wo (keV1/2) 82.542 91.599  177.259 180.985
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Figure B.1. Illustration of spectral broadening of an incident spectrum (red) by the CPS instrument
response function (blue). The instrument response is approximately a boxcar, such that the convolution
with an incident Gaussian of spectral width oypermar creates a signal (green) that is almost, but not quite,
Gaussian with a spectral width ~ 0,,eq5ured- The instrument response must be removed to determine the
incident spectral width and determine a burn-averaged ion temperature.

Figure B.2. Calculated ratio of effective CPS 14

response width o.rf to the boxcar response D. Hicks calculated value

width W, as a function of the dimensionless ra- 12

tio of boxcar width to spectral thermal width

osh (blue). The ratio is plotted as (W/oesf)?, to 10

highlight the limiting value of 12 which was cal- ®

culated by D. Hicks (red).? Corrections to this E 8 7

limiting value become important for W > oy, ™8

and approach a constant limiting value of ap- « 6

proximately 8 in the limit W > oy,. =
4} i
2f A
00 2 4 6 8 10

Boxcar width / spectral sigma (Wioy ool

quantity is defined as the RMS difference between the incident and measured widths: agf ;=
02 cas — 05 Although in principle the convolved signal is not Gaussian, in the data analysis the
signal is usually fit with a Gaussian to obtain a yield and spectral width. As such o,,,.4s is defined

here as the width of the Gaussian fit to the measured signal.

The effective width o,y is a function of both the response width W and the thermal width oy;
however the dimensionless ratio W/o.ss is a function only of W/ay,. This function was calculated
numerically, by convolving boxcars with Gaussian spectra and fitting a Gaussian to the resulting
signal; the results of this study are shown in Figure B.2. In the limit of a narrow boxcar compared
to the incident spectral width (W/oy, < 1), the ratio (W/o.ss) approaches a value of v/12. This
value was reported by Damien Hicks in his PhD thesis,? and can be determined by analytical
arguments. However as the boxcar width becomes comparable to and exceeds the thermal width,
corrections to this coefficient become important. As an example of this, Figure B.3 compares the
real plasma ion temperature to the ‘measured’ (7;) inferred using Hicks’ coefficient value of 12. For
a ratio W/oy, = 2, the inferred (T;) is higher than the actual value by 3%; for W/ay, = 3, this
discrepancy increases to 14%.
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Ratios W/oy, in excess of 3 are readily possible in experimental data, especially on low-yield
shots for which broad apertures must be fielded. The physical slit widths range from 0.1 to 10 mm,
which correspond to an energy range of W from 61 keV to 6.1 MeV for D?He-protons. In compari-
son, by using Equation B.1 and the values in Table B.1 it is calculated that a 10 keV ion temperature
produces a D3He-proton spectral line with a thermal width of oy, = 146 keV. Thus, significant cor-
rections are necessary for D3He-proton measurements made using slit widths of 0.5 mm or more.

In practice, the thermal width is not known a priori (it is, after all, the value we are trying to
determine). However the trend in the effective broadening can be recast as a function of the boxcar
width W and the measured signal width o,eqs, as shown in Figure B.4a). This trend was fit with
a 3rd-order polynomial, to facilitate calculating the correct value of the effective broadening for a
given dataset. The best-fit to the numerical calculations is as follows:

W2
2

%¢f1 = Z0.00664R5 + 0.0373R* — 0.398R? + 12.02’
written as a function of R = W/0peas, the ratio of the boxcar width to the measured spectral
width. The fit was not constrained to the limiting value of 12, in order to minimize the total error
of the fit: as shown in Figure B.4b), the fit matches the numerical trend to better than 0.5% over
the entire range. Equation B.2 was used to remove the instrumental broadening from Gaussian fits
to the measured CPS data, in order to determine the incident spectral width and the burn-averaged
ion temperatures presented in this thesis.

The approach developed here represents a significant improvement over the previous technique
of using a constant correction. However, it is not ideal. In reality, the response width W is
dependent on the incident particle energy, and is not a perfect boxcar. In pursuit of a more
accurate model of the instrument response, one could construct a 2-dimensional response matrix
for each slit width from the model of the magnetic field: Wi = Wi (Ein, E,,;). This matrix
translates an impulse of particles with energy Ej, to a spectrum of particles with “energy” i
inferred from their position in the detection plane.* Having constructed this matrix, the model
of the CPS signal S is then obtained by: S(E}) = Y(E,-)WSM(E,-,E}). The model signal can be

(B.2)

*It might be preferable to parametrize in terms of a spatial coordinate rather than E..., as this is not a real
energy.
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Figure B.4. a) Effective instrumental broadening for CPS as a function of the ratio of the boxcar width to
the total measured width, W/omeqs (blue). A 3rd-order polynomial (red) was fit to the numerical function
to facilitate estimates of the correct effective broadening value for a particular dataset. b) The error in the
parametrized function relative to the numerical trend is less than 0.5% for the entire range.

fit to the actual CPS signal while varying the model spectrum Y(E) to obtain the best fit. Such
an approach would require highly detailed understanding of the CPS magnets, and might require
remapping the magnetic fields, after more than a decade of operation in the high neutron-fluence
environment of the OMEGA laser. Both the difficulty and the importance of developing such a
detailed model are unclear at this time, and therefore this significant effort is left to future work.
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Appendix C

The Effect of Aperture Charging on
Penumbral Imaging Data

Penumbral imaging of the charged fusion products was used to measure the size and profile of
the nuclear burn region, as reported in Chapters 3 and 4. The principles of penumbral imaging
as implemented in the Proton Core Imaging Diagnostic (PCIS) on OMEGA were introduced in
Section 1.3.4. On several shots, the recorded images presented unexpected radial structures; an
example is shown in Figure C.1. The fluence on the axis of the DD-proton (3.0 MeV) image is
clearly reduced from the peak by nearly a factor of 2; a slight reduction in the fluence is also
observed at ~80% of the image radius, well inside the edge of the penumbra. Similar features
are not observed in the D3He-proton (14.7 MeV) image, which was recorded coaxially with the
DD-proton image on the same shot.

The anomalous features were hypothesized to be produced by electric charging of the aperture
during the shot. Given the circular shape and axial alignment of the unexpected features, the
most likely source was considered to be the imaging aperture or its surrounding hardware. The
apertures are well characterized and verified to be free of obstructions prior to their assembly, so
scattering is an unlikely candidate for these features. Large fluences of electrons are produced by
the laser-plasma interactions, which can charge the target to an electrical potential of hundreds of
kV while the lasers are on.! These electrons could collect on the PCIS nose tip hardware, which
is positioned 3 or 4 cm from the target chamber center, charging it negatively before the fusion
products arrive. Alternatively, x-rays generated by the target could liberate electrons from the
aperture itself, charging it positively. The electric fields thus generated would perturb the path
of the charged fusion products as they pass through the aperture. Since the D3He-protons have
approximately five times the kinetic energy of the DD-protons, they would spend less time in the
vicinity of the aperture and therefore would be affected less by the fields, as is observed.

Two approaches were used to determine the impact of aperture charging on the PCIS data. An
analytical model of particle deflection was developed to assess and correct for the aperture charging
in the measured data, and is presented in Section C.1. This model is a generalization of a technique
originated by Fredrick Séguin? to include relativistic effects. Monte Carlo transport simulations
through a numerical model of the electric fields produced by aperture charging were also used to
produce synthetic PCIS images, which are presented in Section C.2.

C.1 Analytical correction for electric field effects

The DD-proton and D3He-proton images exhibit different apparent magnifications, as determined
from the radius of the image on the detector and the known radius of the aperture. Since the
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Figure C.1. Example of PCIS penumbral imaging data recorded on OMEGA shot 69250 (Om130404)
showing anomalous radial features. a) The DD-proton aperture image (left) shows clear evidence of fluence
variation in the aperture image, which is expected to be uniform except near the edge. The radial lineout
(right) indicates a reduction of fluence on axis (R = 0 ¢m), and a ‘lip’ (near R = 1.3 ¢m) where the fluence is
reduced slightly before the edge of the image (R = 1.6-1.8 cm). The radius of the DD-proton aperture image
is Rpp = 1.69 cm (red dashed). b) The D*He-proton aperture image (left) and radial lineout (right) do not
show the features observed in the DD-proton image and lineout, although they were recorded coaxially with
the DD-proton image. The radius of the D3He-proton aperture image is Rpsy, = 1.62 cm, approximately 4%
smaller than the DD-proton image. The experiment was a D3He-filled thin-glass target with py = 0.4 mg/cc,
fp = 0.8, imploded with a 14.4 kJ, 0.6 ns laser impulse; the PCIS magnification was M = 15.1.

Figure C.2. Geometry for an analytical model r =
of proton deflection by electric fields at the PCIS
aperture. The protons (red) that define the »i5

outer radius of the image on the detector pass 5
near to the radius of the aperture, R,. The o
aperture is positioned an axial distance d; from E-field %
the source; the detector is an axial distance ds scale length L o

from the aperture. The pinhole magnification is
M = d3/d;. The electric field, present near the
aperture and covering a scale-length L, deflects
the protons (red) from their initial trajectory
(red dashed) and changes the radius of the im-
age on the detector.

source
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particles have different energies, this measured difference can be used to constrain the strength of
the electric fields at the aperture. The particles that define the radius of the image are those that
pass closely to the edge of the aperture, as shown schematically in Figure C.2. These particles
have an initial velocity vips = vr7 + v, 2, with v, /v, = tan€ = R,/d;. Assuming that the electric
field introduces a radial impulse on the particle as it passes the aperture, the radial velocity will be
shifted by Av, = qEAt/m~, where q is the particle charge, E the electric field, At the amount of
time spent near the electric field, m the particle mass, and -y is the relativistic gamma. The electric
field has a fixed geometry with a spatial scale L, and so the product v, EAt = EL is taken to be
a constant with units of volts. The radius of the image on the detector is given by:

Ur + q(EL)/(m’Y'Utot) Md]_
v, ’

Tdet = fa + (Cl)

where M is the ‘true’ (expected) pinhole magnification M = dz/d;. The radius of the aperture
is known, and the radius of the image is measured using two particles with different velocities.
Equation C.1 can therefore be solved for the two unknowns, M and (EL). For the case of measuring
DD- and D3He-protons, the mass and charge of the particles are equal and fall out of the algebra.
This results in the following equations:

M= _1_ ('Yﬁzrdet)DD - (762rdet)D3He
R, (’Y:BZ)DD - (752)1)3He
Bl — mR, cos ("‘det,DD - Tdet,D3He) (’Yﬁz)DD (7,32)1_—,3;;6
gqdy (v82) pare (Taet. D31 — Ra) — (¥8%) pp (Tdet,p — Ra)

-1, (C.2)

(C3)

where 8 = vt/ is the relativistic velocity. The true magnification M is a function only of 74,
R,, and the particle velocities, while the electric deflection constant EL depends additionally on
the particle mass, charge, and aperture offset.

This technique was applied to determine the correct magnification for the analysis of the PCIS
data reported in Sections 3.3.4 and 4.3.4. This typically resulted in a 4% correction to the measured
burn radius for DD-protons, and a 1% correction to the measured burn radius for D>He-protons.
The measured electric deflection constants had an average value and standard deviation of EL =
6.6 £ 1.0 kV over seven thin-glass shell implosions recorded on April 4th, 2013. Considering that
the scale length L should be comparable to the thickness of the apertures, which were made of
500 pm-thick tantalum, this value implies an electric field on the order of 10° V/cm. The greater
outward deflection of the DD-protons relative to the D3He-protons implies that the apertures were
negatively charged.

C.2 Monte Carlo particle transport simulations

To confirm that the observed features were generated by electric charging of the aperture, Monte
Carlo simulations of proton transit through an electrically-charged PCIS aperture were performed.
The electric field structure near the PCIS aperture was estimated using a partial differential equa-
tion solver. The simulated electric potential and electric field structures are shown in Figure C.3.
The dimensions for the PCIS nosecone hardware were taken from LLE mechanical drawings. The
program solved Poisson’s equation assuming cylind