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Abstract

This thesis focuses on the development and application of time-resolved nuclear diag-
nostics to probe plasma evolution in Inertial Confinement Fusion (ICF) implosions.

On the OMEGA laser facility at the Laboratory for Laser Energetics (LLE) in
Rochester, New York, the impact of kinetic and multi-ion effects on ICF implosion
performance is studied using the Particle X-ray Temporal Diagnostic (PXTD). PXTD
is a versatile streaked instrument for measurements of multiple X-ray-emission and
nuclear-reaction histories with high relative timing precision, and developed to probe
the time evolution of plasma conditions during the shock phase of ICF implosions.
Assessing the roles kinetic and multi-ion effects play in ICF implosions is especially
important because ICF implosion simulations heavily rely on radiation-hydrodynamic
codes that do not model these effects. However, most experimental results thus far
made use of only time-integrated observables. Using PXTD, time-resolved observa-
tions of fuel-ion species dynamics in ICF implosions have been made using multiple
nuclear reaction histories. These time-resolved measurements have also been extended
to infer ion and electron temperature histories in ICF implosions.

On the National Ignition Facility (NIF) at the Lawrence Livermore National Lab-
oratory (LLNL), implosion dynamics from shock to compression are probed using the
magnetic particle time-of-flight (magPTOF) diagnostic. magPTOF is designed to
simultaneously measure the shock and compression timings in D3He-gas-filled implo-
sions on the NIF. In combination with other nuclear and X-ray diagnostics, magPTOF
is used to assess areal density, areal density asymmetry, implosion velocity, and mix.
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Thesis Co-Supervisor: Miklos Porkolab
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Chapter 1

Introduction

1.1 Fusion energy

The fusing of lighter nuclei into a heavier nucleus - nuclear fusion - is the primary

energy-producing mechanism in stars. The Sun - a main sequence star - is the perfect

example of a gravitational confinement fusion reactor. In the proton-proton chain,

a series of nuclear reactions converts hydrogen to helium, and this fusing of lighter

nuclei releases energy that in turn powers the Sun. At the core of the Sun, the

outward expansion of the plasma is balanced by the inward pull of gravity, and the

high-density (∼ 150 g/cm3 ) and high-temperature (∼ 15 million Kelvin) plasma has

continuously generated 3.8 × 1026 W in a stable equilibrium for the last 4.6 billion

years.

This ubiquitous energy source in nature has been difficult to reproduce in the

laboratory because of the high density and temperature needed for fusion reactions to

occur. Yet, when considering fossil fuel’s impact on global climate, solar technology’s

current limitation, and fission power’s issues with nuclear waste and non-proliferation,

the prospect of clean, sustainable fusion energy is attractive despite the enormous

scientific and technical challenges.

1 kg of oil, 800 mg of uranium, and 140 mg of deuterium have the same energy

content. This enormous difference in energy density is associated with the differences

21
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between chemical and nuclear reactions. The mass of a nucleus is always less than

the sum of the protons and neutrons that make up the nucleus. This mass difference

is referred to as the binding energy of the nucleus. In a stable nucleus, the binding

energy is the energy needed to disassociate the nucleus into its component neutrons

and protons. Figure 1-1 shows the binding energy per nucleon as a function of atomic

number. 56Fe is the most strongly-bound nucleus as it has the highest binding energy

per nucleon. Nuclei lighter than 56Fe can reach a more stable configuration by fusing

into heavier nuclei. Nuclei heavier than 56Fe can reach a more stable configuration

by splitting into lighter nuclei..
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Figure 1-1: Binding energy per nucleon as a function of atomic number. 56Fe is the most
strongly bound nucleus as it has the highest binding energy per nucleon.

Nuclear fusion refers to the fusing of light elements into heavier elements. The

energy released or supplied in the reaction is the mass difference between the final

products and the initial reactants, in accordance with Einstein’s mass-energy rela-

tionship, 𝐸 = 𝑚𝑐2.7 Fusion of light ions releases energy, whereas fusion of heavy ions

requires energy.

Protons and neutrons are held together in a nucleus by the nuclear strong force,

which has a very short effective range of ∼1 fm. For two nuclei to fuse together, they
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must overcome the weaker, but longer-range Coulomb repulsion between protons in

the different nuclei. The energy needed to place two light nuclei close enough for

them to physically overlap and fuse is on the order of MeV. The actual temperature at

which light-ion fusion occurs is on the order of keV, because once the two light ions are

sufficiently close, there is a probability for their wavefunctions to overlap. Quantum

tunneling through the Coulomb potential allows fusion reactions to occur at a much

lower temperature.i Nuclear fusion cross sections for common light-ion reactions are

tabulated as Maxwellian-averaged reactivities as a function of ion temperature.8
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Figure 1-2: Maxwellian-averaged reactivity as a function of ion temperature for common
light-ion reactions of interest.

Of the six light-ion reactions shown in Fig.1-2, the DT, DD, and D3He reactions

are especially important for fusion energy research, as their fusion products are often

used to diagnose plasma conditions in the laboratory.

The D+D reaction has two branches: a neutron branch that generates a 2.45-MeV

neutron, and a proton branch that generates a 3.02-MeV proton:

D+D → n(2.45MeV) + 3He(0.82MeV) (1.1)

iA treatment of quantum tunneling and parameterization of fusion rates is given in this refer-
ence.8
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D+D → p(3.02MeV) + T(1.01MeV) (1.2)

The branching ratios for these two reactions in a 10-keV plasma are ∼0.503 for

the DD-n branch, and ∼0.497 for the DD-p branch.

The D+3He reaction provides a 14.7-MeV proton and a 3.6-MeV alpha particle:

D+ 3He → p(14.7MeV) + 𝛼(3.6MeV) (1.3)

Finally, the 𝐷 + 𝑇 reaction is the most important light-ion fusion reaction for

energy production, as it has the highest cross section at ∼ keV temperature.

D+T → n(14.1MeV) + 𝛼(3.5MeV) (1.4)

The 14.1-MeV neutron also serves important diagnostic purposes.

1.1.1 Fusion in the laboratory

A simple but inefficient approach to create fusion products is to fire a beam of particles

into a stationary target, for example, a beam of deuterons into a target containing

deuterium. This is referred to as beam-target fusion. Beam-target fusion is not a

viable approach for energy production because the Coulomb scattering cross section

is much larger than the fusion cross section. What is needed for efficient fusion energy

production is a confined thermal plasma that redistributes kinetic energy through

collisions among the ions.

Efforts to create controlled fusion energy in the laboratory are split between two

main research directions. In Magnetic Confinement Fusion (MCF), fusion plasma is

confined in a reactor vessel by magnetic fields. The number density in a magnetic

confinement fusion device is limited by the magnetic pressure that can be applied.

For a plasma temperature ∼10 keV ,and a magnetic field strength ∼10 T, balanc-
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Table 1.1: Typical fusion conditions in the Sun and laboratory

The Sun
Magnetic

Confinement
Fusion (MCF)

Inertial
Confinement
Fusion (ICF)

Number density 𝑛𝑖 (cm
−3) 1026 1014 1025

Temperature (keV) 1.3 5 5
Pressure (bar) 3.5× 1011 10 1011

Temporal scale (s) 1017 1 10−10

Spatial scale (m) 108 1 10−4

ing magnetic pressure and plasma pressure leads to an ion number density limit of

∼1014 cm−3.

In Inertial Confinement Fusion (ICF), a target filled with fusion fuel is imploded

using lasers, compressing the fusion fuel to high temperature and density. The fusion

fuel is confined by its inward inertia, and during this brief confinement time, suffi-

cient fusion reactions occur to reach net energy gain. Whereas magnetic confinement

fusion is more or less steady state, inertial confinement fusion is inherently pulsed.

Table 1.1 lists typical fusion conditions in the Sun, in MCF experiments, and in ICF

experiments. Despite the many orders of magnitude difference in scale, fusion energy

production is based on two common principles: the creation of a hot dense plasma,

and a means to confine the plasma long enough for sufficient fusion reactions to occur.

1.1.2 Fusion energy gain and Bremsstrahlung loss

A basic requirement in a fusion plasma is that fusion energy gain must exceed radiative

energy loss in the plasma. A simple exercise illustrates the temperature necessary for

a fusion reactor. The thermonuclear power produced per unit volume for a DT plasma

(𝑊𝐷𝑇𝑓𝑢𝑠𝑖𝑜𝑛) can be parameterized as:

𝑊𝐷𝑇𝑓𝑢𝑠𝑖𝑜𝑛 =
1

4
𝑛2⟨𝜎𝑣⟩𝐷𝑇 𝑄𝐷𝑇 = 7.04× 10−6 n2⟨𝜎𝑣⟩𝐷𝑇 erg s−1cm−3 (1.5)
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Figure 1-3: Energy balance between DT fusion energy gain (red) and radiative
Bremsstrahlung energy loss (blue) in a plasma.

The 14.1-MeV DT-n carries away 80% of the fusion energy from the plasma. In

this calculation, it is assumed that the remaining 20% of the energy carried by the

DT-𝛼 are redeposited in the plasma.

The main energy loss mechanism in the plasma is radiative cooling through

Bremsstrahlung emission (𝑊𝐵𝑟𝑒𝑚𝑠), which can be parameterized as:

𝑊𝐵𝑟𝑒𝑚𝑠 = 𝐶𝑏𝑛
2
𝑒𝑇

1/2 = 5.34× 10−24𝑛2𝑇 1/2erg s−1cm−3 (1.6)

where density is in units of cm−3, and temperature is in units of keV. Here, other

loss mechanisms such as thermal conduction and electron-electron Bremsstrahlung

are not considered, and the plasma is assumed to be optically thin. Plotting eq.1.5

and eq.1.6 in Fig.1-3 shows that in this simplified scenario, the DT plasma needs to

be higher than ∼5 keV for net energy gain.
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1.2 Inertial Confinement Fusion (ICF)

1.2.1 Direct-drive and indirect-drive ICF

In Inertial Confinement Fusion, a small target filled with fusion fuel is compressed

to create the necessary temperature and density for fusion reactions to occur, and

confinement is achieved by the inward inertia of the imploding target.

Figure 1-4: Conceptual illustrations9 of directly-driven and indirectly-driven ICF targets.
In a direct-drive ICF implosion, laser beams directly ablate and implode the target. In
an indirect-drive ICF implosion, laser beams irradiate a high-Z hohlraum surrounding the
target, generating X-rays that in turn ablate and implode the target.

In a direct-drive configuration, laser beams directly irradiate the target to achieve

a symmetric implosion. In an indirect-drive configuration, the fusion target is placed

inside a hohlraum (high-Z cavity). Laser beams irradiate the inside of the hohlraum,

generating X-rays that in turn implode the target. These two schemes are described

conceptually in Fig.1-4. While indirect drive couples a smaller fraction of the initial

laser energy to the target, the drive is more spatially uniform.ii

Generally, an ICF ignition target consists of an outer layer called an ablator, a

layer of cryogenic DT ice, and a center region of DT vapor in pressure equilibrium

with the DT ice (Fig.1-5). X-rays or lasers irradiate the target, ablating the outer

layer of the target. This begins compression of the target and launches shocks into

iiA more detailed description of indirect-drive ICF implosions is presented in Sec.6.1.
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the DT gas. The shocks propagate inward and rebound, heating the DT gas to fusion

temperature while the target continues to compress. As the target reaches peak

compression ("stagnation"), the center hot spot becomes hot enough to generate

DT-n and DT-𝛼, and dense enough to stop the DT-𝛼. DT-𝛼 energy deposition in

the hot spot increases the hot spot temperature and create even more DT reactions,

generating an outward propagating, self-sustaining burn wave that burns up much of

the surrounding DT-ice fuel.

Figure 1-5: ICF implosion timeline. 1) X-rays or lasers irradiate the cryogenic DT target.
2) Laser ablation compresses the target and launches shocks into the DT gas. 3) Shocks
propagate inward and rebound, heating the hot spot while the target continues to compress.
4) Target reaches peak compression.

In an ideal scenario, a properly assembled implosion can generate an energy gain

(fusion energy gain over initial laser energy input) between 10-100 by burning up a

significant fraction of the DT fuel before confinement is lost. In practice, a combi-

nation of 3-D asymmetries, laser imprints, hydrodynamic instabilities, kinetic effects,

and other effects severely degrade implosion performance.

1.2.2 Timeline for an ICF implosion

This section will add to the qualitative picture in the previous section by discussing the

typical temporal and spatial scales in an ICF implosion using a radiation-hydrodynamic

simulation. Many ICF experiments do not use a DT ice layer because of the technical

challenges and extra resources needed to field a cryogenic target. Figure 1-6 shows
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the hydrodynamic simulation output of a 24-𝜇𝑚-thick CH shell target filled with 18

atm of equimolar D3He and driven with 20 kJ of laser energy delivered in a 1 ns

square pulse. The Lagrangian radiation-hydrodynamic code HYADES10 is used for

this simulation. The timeline of this ICF implosion is as follows:

� 0.0 to 0.4 ns - laser or X-ray ablates the capsule surface, driving a strong
shock into the shell. Shock breaks out into the gas.

� 0.4 to 1.5 ns - shock breakout and shock convergence - shock propagates
inward, shock-heating the fuel.

� 1.5 to 1.7 ns - shock rebound - shock rebounds from the center, re-shocking
the fuel and further heating the fuel to fusion temperature. This period of
temperature-driven fusion production is the shock burn.

� 1.5 to 2.0 ns -deceleration - The outward-propagating shock hits the inward-
accelerating shell, slowing the shell down.

� 2.0 ns - stagnation - The ICF implosion reaches maximum compression. Ki-
netic energy of the inward-accelerating shell is converted to thermal energy in
the fuel. This period of density-driven fusion production is the compression

burn. The time of peak thermonuclear production is the bang-time.

� 2.0 ns onward - disassembly - the capsule expands and disassembles.

Figure 1-6a shows the laser pulse shape and the DD nuclear reaction history. The

fusion reactions occur in two periods: first during shock rebound (shock burn), and

then again at stagnation (compression burn). Figure 1-6b shows the radius-time (La-

grangian) diagram for this implosion, each line representing the trajectory of a fluid

element in the simulation. The volume-averaged ion temperature history is also plot-

ted. Figure 1-6b highlights common features in all ICF implosions: shock breakout,

shock convergence, shock rebound, deceleration, stagnation, and disassembly.
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Figure 1-6: ICF implosion simulation for an 24-𝜇𝑚-thick CH shell filled with 18 atm
of equimolar D3He. a) The target is driven with 20 kJ of laser energy delivered in a 1 ns
square pulse (purple). Plotted in blue is the DD fusion reaction history. b) The radius-time
diagram for this implosion showing acceleration, compression, deceleration, and stagnation
of the target. The volume-averaged ion temperature in the fuel as a function of time is
plotted in red.

1.2.3 Implosion observables and diagnostics overview

To characterize laser and implosion performance, typically 20-40 optical, X-ray, and

nuclear diagnostics are fielded to diagnose each implosion. The goal of ICF is to

produce a hot plasma, and then confine the plasma long enough so that sufficient
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fusion reactions can occur. Correspondingly, the most important measurements used

to quantify implosion performance are the nuclear yield (number of fusion reactions),

the ion temperature (how hot the plasma is), and the areal density (𝜌R, how well the

plasma is confined). All three metrics are measured using nuclear fusion products

that escape the implosions.

Typically, ion temperature is measured using the observed thermal Doppler broad-

ening in the energy spectrum of a monoenergetic fusion product such as D3He-p, DT-

n, DD-n, or DD-p. Areal density (𝜌R) is a metric for assessing confinement, and is the

product of the implosion density 𝜌 and implosion radius R at the time of peak nuclear

emission. 𝜌R can be inferred from the energy spectrum of monoenergetic charged par-

ticles by observing their energy downshifts from their initial kinematic birth energy.

This energy downshift is proportional to the areal density the charged particles ex-

perience as they escape an implosion. Figure 1-7 illustrates the energy lost by the

14.7-MeV D3He-p as they escape the implosion. The 12.5-MeV and 8-MeV peaks

correspond to protons that are generated during the shock and compression phase

of the implosion, respectively. For this shot, the 𝜌R is 73 mg/cm2 during the shock

phase. During the compression phase, the 𝜌R is 195 mg/cm2, leading to a larger

energy downshift.

For many ICF experiments, the gas fill in the target does not affect the physics

being studied, but it does affect the fusion products available for diagnosing the im-

plosion. The information from these fusion products can be time-resolved, spatially-

resolved, spectrally-resolved, or integrated over the nuclear burn duration.

Neutron-time-of-flight (nTOF) diagnostics11 measure the temporal broadening of

a (DD or DT) neutron signal to infer a burn-averaged ion temperature. The magni-

tude of the signal also provides an absolute reaction yield.

For spectral measurements, Charged-Particle-Spectrometers (CPS)12 can measure

the energy spectra of DD-p, D3He-p, and DT-𝛼, depending on the gas fill. Wedge-
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Figure 1-7: D3He-p spectrum as measured by a Wedge-Range-Filter (WRF) proton spec-
trometer on shot -001. The D3He-p are born at 14.7 MeV, and lose energy as they escape
the capsule. Higher energy loss corresponds to higher areal density. The 12.5-MeV peak
corresponds to protons that are generated during the shock phase of the implosion, when
the areal density is relative low. The 8-MeV peak corresponds to protons that are generated
during the compression phase of the implosion, when the areal density is higher.

Range-Filter (WRF) spectrometers13 are compact proton spectrometers that measure

the D3He-p spectrum to infer implosion 𝜌𝑅 (example data in Fig.1-7).

For time-resolved measurements, the Particle X-ray Temporal Diagnostic2 (dis-

cussed in chapter 2) measures the reaction histories of D3He-p, DT-n, and DD-n. The

Particle time-of-flight (pTOF) diagnostic14 and the magnetic particle-time-of-flight

(magPTOF) diagnostic15 (discussed in chapter 5) measure the peak emission times

of D3He-p, DT-n, and DD-n.

Optical and X-ray diagnostics provide a wealth of information for characterizing

implosion performance, and they will be introduced as needed throughout the thesis.

An example of optical diagnostics is the Full Aperture Backscatter Station (FABS)16

for measuring time-dependent laser backscatter from the target. X-ray diagnostics

include emission histories detectors such as the Hard X-ray Detector (HXRD)17 and

the DANTE18 soft X-ray spectrometer. Examples of imagers are X-ray framing cam-

eras19 and the framed Kirkpatrick-Baez microscope (KB-framed).20 Crystal-based

X-ray spectrometers (XRS)21 provide absolute X-ray emission spectrum and spectro-

scopic measurements.
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1.3 ICF facilities

There are two major ICF research facilities in the United States: the 60-beams, 30-kJ

OMEGA laser facility at the Laboratory for Laser Energetics, and the 192-beams, 2-

MJ National Ignition Facility (NIF) at the Lawrence Livermore National Laboratory.

1.3.1 The OMEGA laser facility

Figure 1-8: OMEGA laser and port configuration. Laser beam entrance ports are indicated
by numbered and colored disks. The 60 OMEGA laser beams are arranged symmetrically to
maximize implosion symmetry and are divided into three "legs". These three "legs" (denoted
by blue, red, and green colors) can have different pulse shapes. Six Ten-Inch-Manipulator
(TIM) diagnostic inserters allow flexible rearrangement of diagnostics for different experi-
mental configurations.

The OMEGA laser facility22 is a 60-beam laser facility operated by the Laboratory

for Laser Energetics (LLE) at the University of Rochester, NY. The 60 laser beams are

arranged in a spherically symmetric geometry (Fig.1-8), and can deliver up to 30 kJ of

laser energy over 1 ns at a wavelength of 351 nm. Smoothing-by-Spectral Dispersion

(SSD) and phase plates are available for all 60 beams. Laser non-uniformity is on

the order of 1% - 2%, with beam-to-beam power balance less than 4% RMS (root-

mean-square) on target.9 The laser system can fire once every 45 minutes, which is
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set by the cooldown of the flash lamps used to amplify the lasers. Approximately 11

- 14 target shots can be expected on each experimental campaign day, depending on

experiment complexity.

The primary goal for LLE’s ICF experimental program is to study the physics of

hot-spot formation close to ignition conditions using cryogenic targets. Its flexible

laser configuration and extensive array of optical, nuclear, and X-ray diagnostics also

make it a versatile facility for conducting high-energy-density plasma experiments.

In fiscal year 2015, the OMEGA facility conducted 1,380 target shots, approximately

one-third in support of ICF.9

1.3.2 The National Ignition Facility (NIF)

Figure 1-9: NIF laser beams enter the target chamber at 23.5°, 30.0°, 44.5°, and 50.0° polar
angles to irradiate a vertically-mounted indirect-drive hohlraum target. Three individually
tunable wavelengths (denoted by blue, red, and yellow beams) are available to control
implosion shape.23

The National Ignition Facility (NIF) is a 192-beam laser facility operated by the

Lawrence Livermore National Laboratory in Livermore, CA. The 192 laser beams are

arranged in a configuration optimized for indirect-drive ICF experiments (Fig.1-9),
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and can deliver up to 2MJ of laser energy over ∼10-20 ns at a wavelength of 351 nm.

NIF is currently the largest and most energetic laser facility in the world. In fiscal

year 2015, NIF conducted 356 target shots, approximately one-third in support of

ICF.24 The typical shot rate is approximately 1-3 shots per day, depending on laser

configuration, target type, and experimental complexity.

1.4 Kinetic and multi-ion-fluid effects in ICF

One major research question addressed in this thesis is the impact of kinetic and

multi-ion-fluid effects in ICF implosions. Kinetic physics refers to phenomena that

occur at the time-scale or length-scale of particle collisions, and kinetic effects refers

to differences in plasma evolution as compared to hydrodynamic evolution, which

assumes that the collisional scales are much smaller than the temporal and spatial

scales of interest. This is often referred to as long mean-free-path effect.25

Multi-ion-fluid physics refers to interactions between different ion populations in a

plasma. Multi-ion-fluid effects refer to interactions between different ion populations

not captured in average-ion hydrodynamic simulations. The average-ion approxima-

tion - which is the current standard approach - treats the ion population as a single

population with an average mass and an average charge, even if the fuel is composed

of different particles.

An indirect-drive ICF implosion transitions through a large range of plasma con-

ditions inside the hohlraum and inside the capsule. Ion density varies between 1019

- 1025 cm−3. Ion temperature varies between 0.01 - 30 keV. The ion-ion collision time

𝜏𝑖𝑗 and ion-ion collision mean free path 𝜆𝑖𝑗 for a test ion 𝑖 in a background plasma 𝑗

are parameterized as follows:

𝜏𝑖𝑗 =
𝐴𝑖√

𝐴𝑟𝑒𝑑𝑍2
𝑖 𝑍

2
𝑗 𝑙𝑛Λ

(︁ 𝑛𝑗

1020 𝑐𝑚−3

)︁−1(︁ 𝑇𝑖

1 𝑘𝑒𝑉

)︁3/2
[4.65 𝑛𝑠] (1.7)
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𝜆𝑖𝑗 =
𝐴𝑖

𝐴𝑟𝑒𝑑𝑍2
𝑖 𝑍

2
𝑗 𝑙𝑛Λ

(︁ 𝑛𝑗

1020 𝑐𝑚−3

)︁−1(︁ 𝑇𝑖

1 𝑘𝑒𝑉

)︁2
[1.15𝑚𝑚] (1.8)

where 𝐴𝑖, 𝐴𝑗 are the atomic masses, 𝐴𝑟𝑒𝑑 is the reduced mass, 𝑍𝑖, 𝑍𝑗 are the

charge states, lnΛ is the Coulomb logarithm, 𝑛𝑗 is the ion number density of ion

population 𝑗, and 𝑇𝑖 is the ion temperature of the test ion 𝑖. For most plasmas

of interest, the Coulomb logarithm varies between 5 and 15. For a plasma with

multiple ion populations, the average mean free path for a test ion 𝑖 is the inverse

sum of mean free paths with respect to all components in the plasma as given by

𝜆𝑖 =
(︀∑︀

𝑘 𝜆
−1
𝑖𝑘

)︀−1
. A useful dimensionless number for characterizing the degree to

which a system is kinetic is the Knudsen number (𝑁𝐾), defined as the average ion-ion

mean free path over the typical length-scale of the system.

Consider typical plasma conditions during the shock phase of an ICF implosion,

when the ion temperature is ∼15 keV, and the ion number density is ∼1022 cm−3.

Using Eq.1.8, the ion-ion mean free path for a D ion in a D3He plasma is ∼340𝜇m.

In contrast, the capsule radius at this time is ∼170𝜇m. An approximate Knudsen

number, 𝑁𝐾 , for this implosion during the shock phase is ∼2. Even though so far the

discussion has focused on the kinetic nature of the ICF fuel plasma during the shock-

phase, strong shock convergence and rebound is a universal feature in hot-spot ICF

ignition design. The high-temperature, relatively-low-density plasma during shock

rebound is highly kinetic. Later in time during deceleration and stagnation, the fuel

density is sufficiently high that the plasma is once again collisional.

The impacts of kinetic and multi-ion-fluid effects in ICF implosions is important

to address because standard radiation-hydrodynamic codes used to design and un-

derstand ICF implosions treat the plasma as an average-ion-fluid. The average-ion

approximation assumes interactions between ion species can be neglected. The fluid

approximation assumes that the plasma is collisional. Recent experiments26–29 have

demonstrated that at least during the shock phase of ICF implosions, the plasma
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does not behave as an average-ion fluid, nor in fact, as a fluid at all. Development of

kinetic models and new experiments to validate these models are important to first,

assess deviations from hydrodynamic frameworks, and second, evaluate whether these

deviations negatively and substantially impact implosion performance.

1.5 Thesis outline

A common theme in this thesis is using time-resolved nuclear diagnostics to probe

kinetic/multi-ion physics and shock dynamics on OMEGA and the NIF.

On OMEGA, most ICF experiments in the literature studying kinetic and multi-

ion-fluid physics are based on time-integrated nuclear observables such as yields and

burn-averaged ion-temperatures. A natural extension of these works is therefore to

conduct precision measurements of multiple nuclear burn histories. The role of kinetic

and multi-ion-fluid effects in ICF plasmas are studied in a time-resolved sense using

relative timing of peak burn, burn duration, and evolution of the yield ratio between

different nuclear reactions. Chapter 2 traces the development and implementation

of the Particle X-ray Temporal Diagnostic (PXTD) on OMEGA for high-precision

measurements of multiple nuclear-reaction and X-ray emission histories. Chapter

3 describes experimental results from shock-driven implosions on OMEGA, and as-

sesses the impacts of kinetic and multi-ion-fluid effects in ICF plasmas. Chapter 4

outlines an ongoing experimental effort to measure time-resolved ion and electron

temperatures using PXTD.

On the NIF, MIT-developed nuclear diagnostics are used to assess implosion per-

formances in surrogate D3He-gas-filled implosions. Chapter 5 reports on the design

and characterization of the magnetic particle-time-of-flight (magPTOF) diagnostic

for shock and compression bang-time measurements. Chapter 6 discusses implosion

dynamics and comparison with simulations using magPTOF data.
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Finally, chapter 7 summarizes the major elements in this thesis. Several self-

contained diagnostic and physics topics are discussed in the Appendix.



Chapter 2

The Particle X-ray Temporal

Diagnostic (PXTD)

This chapter describes the design, implementation, and characterization of the Par-

ticle X-ray Temporal Diagnostic (PXTD) on OMEGA. PXTD is a versatile streaked

instrument for simultaneous measurements of multiple X-ray-emission and nuclear-

reaction histories in ICF implosion. This chapter begins with the physics motivation

for the PXTD, and then describes its operating principles and hardware components.

The data survey serves both as an abridged diagnostic development history and a

sampling of PXTD data in ICF experiments. PXTD’s sensitivity to charged par-

ticles, neutrons, and X-rays are discussed, along with the timing uncertainties for

these particles. This chapter concludes with a discussion on the analysis procedure

for PXTD signals.i

2.1 Motivation for reaction history measurements

Assessing the impacts of kinetic and multi-ion effects on ICF implosion performance

is an active area of research. Kinetic effects such as tail-ion loss30, as well as multi-

ion effects such as ion species separation caused by different ion mass31 and charge32,

are predicted to degrade ICF implosion performance. These effects are approximately

iThe major results in this chapter have been published in an invited instrumentation paper.2

39
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modeled in an ad-hoc fashion in average-ion-fluid hydrodynamic codes with additional

physics such as ion diffusion and ion viscosity33,34, as well as in kinetic simulations of

ICF implosions.35,36

Recent experimental results reported increasing disagreement with average-ion-

fluid simulations as ICF implosions become more kinetic27,28, as well as evidences of

ion species separation and thermal decoupling.29 However, these experimental results

thus far have all relied on time-integrated nuclear observables such as yields and

burn-averaged reaction temperatures.

If, however, time-resolved rates for the DD, DT, and D3He reactions are available,

that provides information on the D, T, and 3He ion number density and temperature

profiles - and how these profiles evolve relative to each other - as a function of time.

The reaction rates are related to the ion temperature and number density profiles as:

𝑌𝐷𝐷(𝑡) =
1

2

∫︁
𝑛2
𝐷⟨𝜎𝑣⟩𝐷𝐷(𝑇𝑖,𝐷)𝑑𝑉 (2.1)

𝑌𝐷𝑇 (𝑡) =

∫︁
𝑛𝐷𝑛𝑇 ⟨𝜎𝑣⟩𝐷𝑇 (𝑇𝑖,𝐷, 𝑇𝑖,𝑇 )𝑑𝑉 (2.2)

𝑌𝐷3𝐻𝑒(𝑡) =

∫︁
𝑛𝐷𝑛3𝐻𝑒⟨𝜎𝑣⟩𝐷3𝐻𝑒(𝑇𝑖,𝐷, 𝑇𝑖,3𝐻𝑒)𝑑𝑉 (2.3)

where 𝑛 is the number density, 𝑇𝑖 is the ion temperature, and ⟨𝜎𝑣⟩ is the Maxwellian-

averaged reactivity. In the average-ion framework, 𝑛𝐷, 𝑛𝑇 , and 𝑛3𝐻𝑒 are related by

the initial gas-fill ratio, and the ion temperatures for all three ion species (𝑇𝑖,𝐷, 𝑇𝑖,𝑇 ,

𝑇𝑖,3𝐻𝑒) are the same.

To motivate the physics requirement for PXTD, the left panel of Fig.2-1 shows

the DT and D3He reaction histories as simulated by the average-ion hydrodynamic

simulation DUED37 for a representative ICF implosion. The target is ∼860 𝜇m in

diameter with a 2.3-𝜇m-thick SiO2 shell. The target is filled with approximately
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equimolar D3He gas, and a trace amount of T2. It is driven by 14 kJ of laser energy

with a 0.6 ns square pulse shape. In a kinetic-ion LSP simulation36, the D, T, and

3He ion species can evolve to have different temperature and density profiles. As

a result the LSP-simulated DT and D3He reaction histories are different compared

to the DUED-simulated reaction histories, as shown in Fig.2-1. Specifically, Fig.2-

1 shows a ∼50 ps timing difference between the LSP-simulated D3He and the DT

reaction histories. Later sections will discuss how this timing difference arises from

multi-ion physics.

D3He +
T2

2.6 μm SiO2

50% : 49% : 1% 
D : 3He : T

ρ0, gas = 2.2 mg/cc

P0, gas = 14.8 atm

Reaction histories
Average-ion hydro simulation

Reaction histories
Kinetic-ion simulation

DUED LSP

DT
D3He

DT
D3He

Figure 2-1: DT (green) and D3He (red) reaction histories for OMEGA shot 82615 as sim-
ulated by the average-ion hydrodynamic code DUED (left), and the Particle-In-Cell (PIC)
kinetic-ion code LSP (right). DUED simulation is provided by Stefano Atzeni (Universita
di Roma). LSP simulation is provided by Ari Le (LANL)

PXTD has been designed to measure these reaction histories simultaneously in

ICF implosions, and Fig.2-1 is a helpful figure to illustrate the precision needed

for these reaction history measurements. The durations of the DT and D3He re-

action histories are ∼100 ps, and the reaction histories’ timing difference between the

average-ion simulation and the kinetic-ion simulation is ∼50 ps. Therefore, reaction

history measurements need to be made with a timing precision of ∼10-20 ps in order

to distinguish between the different simulations.
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Previously, measuring multiple reaction histories incurs ∼50 ps relative timing

uncertainty as more than one diagnostic is needed. Using PXTD, the relative timing

uncertainty between the different signals can be as low as ∼10 ps. It is this innovation

which is crucial to capturing the relative timing between different nuclear burns with

sufficiently high precision to enable meaningful comparison between measurements

and simulations.

2.2 PXTD design

The first ICF neutron-reaction-history diagnostic implemented at a laser facility is

the Neutron Temporal Diagnostic (NTD)38 on the NOVA39 laser facility in the mid-

1990s. The diagnostic concept was ported over to the OMEGA facility, with the

H5-NTDii as the first-generation NTD on OMEGA. This was followed by the TIM-

basediii cryoNTD40 in early 2000s, and finally the most recent P11-NTD41iv in 2016.

The operating concept behind all the neutron-reaction-history diagnostics de-

scribed above is the coupling of a fast-rise scintillator to an optical streak camera, a

common approach to time-resolving X-ray and nuclear emission in the ICF time scale

(emission duration ∼100ps). In 2003, building on this concept, the Particle Temporal

Diagnostic (PTD)42 was built to measure charged-particle emission history.

2.2.1 Optical system

The Particle X-ray Temporal Diagnostic (PXTD)2 discussed in this chapter is a direct

upgrade to the OMEGA Particle Temporal Diagnostic (PTD) system. PXTD shares

the same optical relay and streak camera as the PTD, but uses a more complex filter

and scintillator setup in the nosecone to record multiple nuclear-reaction and X-ray-

iiH5 is the OMEGA port number for this first-generation NTD
iiiTen-inch-manipulate (TIM) is a general diagnostic insertion platform on OMEGA. The OMEGA

target chamber has six TIMs.
ivP11 is the OMEGA port number for this second-generation NTD
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Figure 2-2: PXTD conceptual layout on OMEGA. PXTD uses a 3.5-m optical relay to
transport light emission from the scintillators positioned at 9 cm from the implosion to an
optical streak camera outside the target chamber. The front-end nosecone hardware close
to the implosion is visually expanded for clarity.

emission signals simultaneously. The scintillators are positioned at 9 cm away from

the implosion and are sensitive to charged particles, neutrons, and X-rays (Fig.2-2).

The light emissions from the scintillators are collected by a f/2 lens, transported

through a 3.5-m optical relay system, and de-magnified 3:1 onto the input plane of

a fast optical streak camera positioned outside of the target chamber. Part of the

PXTD optical relay is shown in Fig.2-3 prior to its insertion into TIM-5. The zoomed

area of Fig.2-3 is the front-end of the PXTD diagnostic containing the X-ray filters

and scintillators. The simulated optical resolution of this system is ∼0.5 mm at the

streak camera plane (corresponding to ∼1.5 mm at the scintillator plane at 9 cm from

the implosion). The optical resolution defines the minimum spatial separation needed

between individual scintillators to avoid cross-talk between the different scintillator

channels.
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nosecone

Figure 2-3: PXTD hardware in TIM-5, prior to insertion into the target chamber. The
bulk of the diagnostic contains the optical elements needed to transport the scintillator light
emission to the streak camera outside of the target chamber. The front-end nosecone of the
diagnostic is positioned at 9 cm away from the implosion.

2.2.2 Standard nosecone at 9 cm

The back-end of PXTD is the optical relay and the streak camera, and the front end

of the PXTD system (see Fig.2-4) is a nosecone positioned close to the implosion.

The nosecone is tapered to clear the OMEGA laser beams, and houses the X-ray

filters, scintillators, and light attenuation filters needed for measurements of multiple

emission signals. For simultaneous measurements of the nuclear-reaction and X-ray

emission histories, the standard PXTD nosecone houses either two or three optically-

isolated scintillators, each with its own X-ray filters on the front (implosion-facing)

side, and its own light-attenuation filter on the back (camera-facing) side. To prevent

signal overlap between the different scintillators, each scintillator is spatially separated

by 5 mm. The filtering in front of a scintillator determines the X-ray energy cutoff for
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Light filters

Scintillators

X-ray filters

X-rays filters X-rays cutoff

200μm Ti > 14 keV

610μm Fe + 100μm Ta > 36 keV

610μm Fe > 30 keV

Nosecone

9-cm PXTD nosecone

Figure 2-4: An exploded view of the PXTD 9-cm nosecone, showing three individual scin-
tillator channels. Each scintillator channel has its own X-ray filters in front of, and its own
light-attenuation filter behind the scintillator. The bottom right table lists one example
X-ray filter configuration and the corresponding X-ray cutoffs.

Two 
scintillator
channels

Three 
scintillator
channels

Figure 2-5: The standard 9-cm PXTD nosecone The scintillator-filter stack for the 9-cm
PXTD nosecone is 25 mm in diameter, and can be set up with either two or three scintillator
channels.

that scintillator channel, and how sensitive it is to charged particles and X-rays. The

light-attenuation filter immediately behind the scintillator equalizes the scintillator

light emission relative to the other scintillator channels. A light-tight seal (to block

the laser light and plasma emission) is formed by the mechanical pressure of the
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scintillator-filter stack against the lip of the nosecone.

2.2.3 Alternate "in-close" nosecone at 3.1 cm

filters

b)a) lens

scintillators

spacer

Figure 2-6: a) An exploded view of the 3.1-cm PXTD nosecone, showing two individual
scintillators positioned at 3.1 cm from the implosion. b) A sliced view of the 3.1-cm PXTD
nosecone, showing the three additional lens in the nosecone that relay the scintillator light
emissions to the rest of the PXTD optics.

Moving the PXTD scintillator closer to the implosion reduces timing uncertainty

and improves temporal resolution, especially for slow particles such as the DD-nv.

Doppler broadening is often the dominant broadening source for DD-n, and reducing

the time-of-flight to the detector directly reduces Doppler broadening. Reducing

Doppler broadening also increases photon statistics, as more photons will be collected

per unit time. In contrast, fast particles such as the D3He-p and the DT-n are much

less sensitive to Doppler broadening. The temporal broadening (measured at the

Full-Width-Half-Maximum, or FWHM) at detector distance 𝑑 for a fusion product

generated in a plasma with ion temperature 𝑇𝑖 is given by:

Δ𝑡𝐷𝐷,𝐹𝑊𝐻𝑀 [𝑝𝑠] = 7.78
√︀
𝑇𝑖 [𝑘𝑒𝑉 ] 𝑑[𝑐𝑚] (2.4)

Δ𝑡𝐷𝑇,𝐹𝑊𝐻𝑀 [𝑝𝑠] = 1.12
√︀
𝑇𝑖 [𝑘𝑒𝑉 ] 𝑑[𝑐𝑚] (2.5)

vMore discussion in Sec.2.6
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For a 10-keV plasma and a 9-cm detector distance, the Doppler-broadening FWHMs

are 221 ps and 32 ps, for DD-n and DT-n, respectively. These numbers should be

compared to the ICF implosion burnwidth, typically ∼100 ps.

New 3.1 cm nosecone
(3 lenses + scintillator)

Existing 9cm optics 
& mechanics Streak

camera

Implosion

3.1 cm

Figure 2-7: The new 3.1-cm nosecone in the context of the entire PXTD optical system. As
all three new lens elements are housed inside the 3.1-cm nosecone, changing between 9-cm
and 3.1-cm insertion distance is accomplished by simply switching between the 9-cm and
the 3.1-cm nosecone.

This new 3.1-cm noseconevi has the same solid angle as the 9-cm nosecone. The

scintillator filter stack is 8 mm in diameter and, due to the smaller scintillator size,

only two scintillator channels can be accommodated (Fig.2-6a). This 8-mm diameter

image at the scintillator plane is de-magnified to 4.8-mm diameter at the streak

camera photocathode. The overall light collection efficiency of the optics is f/2.08,

similar to the standard 9-cm system.

A key design feature is that the new lens elements are housed in the nosecone

itself (Fig.2-6b). Therefore, switching between 9-cm and 3.1-cm insertion distance is

accomplished by simply switching the nosecone, as no change is made to the PXTD

optics past the nosecone (Fig.2-7). This 3.1-cm nosecone is shown in Fig.2-8. Timing

viMechanical engineer Mark Bedzyk and optical engineer Dave Weiner at LLE are responsible for
the mechanical and optical design, respectively. Hong Sio is responsible for the physics design.
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Two scintillator
channels

Figure 2-8: The in-close 3.1-cm PXTD nosecone The scintillator stack for the 3.1-cm PXTD
nosecone is 8 mm in diameter, and is designed to accommodate two scintillator channels.

improvement using this new 3.1-cm nosecone design is discussed in more detail in

Sec.2.6.

2.2.4 Light attenuation filter

The main challenge when simultaneously measuring multiple nuclear-reaction and X-

ray-emission histories is to keep all signals within the dynamic range of the streak

camera. The 14.7-MeV D3He-p produces ∼ 600x more scintillator photons than the

2.45-MeV DD-n, and ∼ 200× more scintillator photons than the 14.1-MeV DT-n. The

scintillator efficiency for protons is much higher because, while every proton incident

on the scintillator deposits energy in the scintillator, only a small fraction of incident

neutrons interacts in the scintillator. For an ICF implosion with approximately the

same D3He and DD yields, the scintillator light emission from the proton channel

would be 600× higher than the scintillator light emission from the neutron channel,

well outside the dynamic range of the streak camera (∼100×). The same design
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concern applies to X-ray emission histories, as the Bremsstrahlung continuum signal

above different cutoff energies (for instance, above 6 keV, 12 keV, and 20 keV) can

vary up to 1000×. For robust measurements of nuclear-reaction and X-ray-emission

histories, all signals of interest should be within a factor of five in magnitude. This is

accomplished by careful planning of each channel’s X-ray and light-attenuation filters

based on expected yieldsvii.

EJ-232 
emission spectrum

Kapton 
transmission

weighted
transmission

Figure 2-9: EJ-232 scintillator emission spectrum (black), and optical light transmission for
Kapton (blue). The weighted transmission (green) is the Kapton transmission, weighted
by the scintillator light emission.

Outside the target chamber, neutral-density (ND) filters can be inserted into the

optical pathway for additional attenuation. However, ND filters are not used inside

the PXTD nosecone. The typical thickness of commercial ND filters is ∼1-mm-thick,

and cannot be accommodated in the nosecone because of space constraints. Instead,

the PXTD nosecone uses Kapton films as light-attenuation filters. EJ-232 emits

scintillator photons with a peak wavelength at ∼370 nm (Fig.2-9). Kapton’s light

transmission has an ultraviolet cutoff near 400 nm, depending on the thickness of the

Kapton. Polyetherimide (PEI) - another type of plastic film - is also used as light at-

tenuation filter, and provides additional optical attenuation options. As calibrated on

OMEGA shots, 12-𝜇m-thick Kapton attenuates scintillator light emission by ∼60×.
viiPXTD data examples will be discussed later in Sec.2.3.
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6-𝜇m-thick Kapton attenuates scintillator light emission by ∼10×. 100-𝜇m-thick PEI

film attenuates scintillator light emission by ∼2×.

2.2.5 Streak camera

At the end of the optical path, scintillator photons generated close to the implosion are

relayed to the entrance slit of a streak camera. Scintillator photon interactions in the

streak camera photocathode generate photoelectrons through the photoelectric effect.

As these photoelectrons traverse across the streak tube inside the camera, a rapidly-

varying electrical pulse deflects the photoelectrons onto different spatial locations at

the image plane of the streak camera. A photoelectron generated early in time would

arrive at a different spatial location at the image plane than a photoelectron generated

later in time, and in this way the temporally-varying profile of the scintillator emission

is translated to a spatially-varying emission profile at the image plane of the streak

camera, where a phosphor screen resides. The emission from the phosphor screen is

lens-coupled to a Charge-Coupled-Device (CCD), and read out digitally as a streak

image.

The PXTD system on OMEGA uses a LLNL "Blue-Box" streak camera with a

P510 streak tube. This class of streak camera was developed at Lawrence Livermore

National Laboratory in the 1980s and 1990s in support of the ICF program at the

NOVA laser facilityviii. Appendix B.1 has an extended discussion on streak image

characterization.

2.3 Survey of PXTD data

This section provides a survey of PXTD data in chronological order to show the

hardware evolution from 2013 to 2017, and how PXTD has been utilized on different

viiiand, as the name suggests, the streak camera housing is painted blue
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ICF experiments. More than half of the data presented in this section were taken as

a "ridealong", where PXTD was fielded on an experiment to test a new functionality

or troubleshoot an existing problem. As OMEGA experimental days are scheduled

months in advance, ridealong opportunities are essential for diagnostic development

that must take place at the OMEGA laser facility. As PXTD is a fixed OMEGA

diagnostic, incremental development, upgrade, and testing of diagnostics occur over

the "OMEGA time-scale", which is typically months.

Each shot presented in this section is identified by an "Om" number that denotes

the experiment date, and a five-digit shot number. For example, Om130314 69060

is a short-hand for OMEGA shot 69060, which was executed on March 14th, 2013.

Normally, only the five-digit shot number is needed to uniquely identify an OMEGA

shot, but the inclusion of the shot date also helps provide chronological context for

this section.

The following survey provides a small but representative sample of PXTD data.

Between 2013-2018, PXTD has been fielded on more than 30 OMEGA experiments

for diagnostic development, troubleshooting, and physics measurements. A complete

list of OMEGA experiments that the PXTD has participated in can be found in

Appendix A.

2.3.1 D3He-p signal in a D3He-gas-filled implosion (2013)

As discussed in Sec.2.2.1, the Particle Temporal Diagnostic (PTD) is the predecessor

to the Particle X-ray Temporal Diagnostic (PXTD), and is designed to measure D3He-

p, DT-n, or DD-n. Figure 2-10 shows a typical PTD streak image of the D3He-p

signal in a D3He implosion. The OMEGA fiducial system is used to generate a series

of eight light pulses spaced 548 ps apart, which is delivered via an optical fiber and

imaged onto the streak camera for an absolute timing reference. The fiducial pulse

train appears at the top of the streak image, and is used to correct for sweep-speed
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nonlinearity in the streak camera. The intensifier in this particular streak camera

has a defect region (see Fig.2-10, center), which generally does not affect data as the

emission history information is in the rising edge of the streak signal.

Om130314 69060

D3He-p
(2.6e10)

D3He

2.4 μm SiO2

51% :  49%
D  :  3He

ρ0, gas = 1.5 mg/cc

Streak camera
defect region

P0, gas = 10.2 atm

Filtering ( + 100 μm Al)

100 μm Ta

OMEGA
timing fiducials

0.548 ns

Figure 2-10: PTD streak image on Om130314 69060. PTD measured D3He-p signal in a
D3He-gas-filled implosion. The OMEGA timing fiducials appeared at the top of the streak
image to provide absolute timing for the diagnostic. The spacing between each fiducial is
548 ps. The dip in the D3He-p signal is due to a defect in the streak camera’s intensifier,
and does not affect the data. The target parameters (outer-diameter, thickness, gas-fill) and
filtering for the PXTD channel (color-coded) are shown on the right.

For a D3He-gas-filled implosion, the relevant nuclear products that can be mea-

sured with PXTD are the 14.7-MeV D3He-p and the 2.45-MeV DD-n given by:

D+D → n(2.45MeV) + 3He(0.82MeV) (2.6)

D+ 3He → p(14.7MeV) + 𝛼(3.6MeV) (2.7)

This implosion produced ∼ 1010 DD-n, which also interacted in the scintillator.

However, because the scintillator is ∼ 600× more sensitive to D3He-p than DD-n, the

scintillator emission is dominated by D3He-p.
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2.3.2 D3He-p and DD-n signals in a D3He-gas-filled implosion

(2013)

Om131121 71538 

D3He-p (4.1e10)

DD-n (2.9e10)

D3He

2.3 μm SiO2

52% :  48%
D  :  3He

ρ0, gas = 1.4 mg/cc

P0, gas = 9.5 atm

Filtering ( + 100 μm Al)

600 μm Ta

100 μm Ta

Figure 2-11: PXTD streak image on Om131121 71538. PXTD measured D3He-p and DD-n
signals in a D3He-gas-filled implosion. The target parameters (outer-diameter, thickness,
gas-fill) and filtering for the PXTD channels (color-coded) are shown on the right.

A conceptual design was developed in mid-2013 to upgrade the PTD to measure

both D3He-p and DD-n simultaneously on a single diagnostic using two scintillator

channels. This involved new nosecone hardware that can optically separate the two

scintillator channels and provide individual filtering for each scintillator. As the

plastic scintillator is much more sensitive to D3He-p than DD-n, light-attentuation

filters must also be added behind one of the two scintillators to equalize the light

emission.

After several ridealong tests, the first proof-of-principle simultaneous measurement

of D3He-p and DD-n was made in late 2013. Figure 2-11 shows the PXTD streak

image on Om131121 71538. PXTD measured D3He-p and DD-n signals in a D3He-

gas-filled implosion. The D3He-p scintillator light emission is ∼ 1000× higher than

the DD-n scintillator light emission, but the D3He-p scintillator light emission is also



54 Sec.2.3

immediately attenuated after the scintillator. On the streak image, the D3He-p and

DD-n signals are within the same order of magnitude, and the two signals are (mostly)

spatially separated. Because both signals are measured on the same diagnostic, the

relative timing precision between the D3He-p and DD-n signals is∼ 20 ps (versus

∼ 50 ps, if cross-timing between two diagnostics). A thorough discussion of relative

timing between different particles is provided in Sec.2.6.

2.3.3 D3He-p and DT-n signals in a DT3He-gas-filled implo-

sion (2014)

Om140529 73594 

D3He-p (3.7e9)

DT-n (1.1e12)

T3He +
D2

3.1 μm SiO2

1% : 30% : 69% 
D : 3He : T

ρ0, gas = 1.1 mg/cc

P0, gas = 6.6 atm

Filtering ( + 75 μm Al)

575 μm Ta

75 μm Ta

Figure 2-12: PXTD streak image on Om140529 73594. PXTD measured D3He-p and DT-n
signals in a DT3He-gas-filled implosion. The target parameters (outer-diameter, thickness,
gas-fill) and filtering for the PXTD channels (color-coded) are shown on the right.

In mid-2014, PXTD was fielded as a ridealong diagnostic on a DT3He-gas-filled

implosion experiment. The gas-fill pressure in the targets is 6.6 atm, with an atomic

composition of 30% 3He, 69% T, and 1% D. The trace amount of deuterium in the

gas fill is an unavoidable by-product of the filling process. The resulting DT reaction

is given by:
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D+T → n(14.1MeV) + 𝛼(3.5MeV) (2.8)

The presence of deuterium in the gas fill also provided D3He-p, which is useful for

diagnostic purpose. Because of the relatively high percentage of deuterium impurity

in the gas fill, PXTD primarily measured D3He-p and DT-n in this experiment. The

DT-n and D3He-p signals arrived roughly at the same time at the streak image in

Fig.2-12, as the DT-n and D3He-p have similar energies. A new scintillator holder

was introduced to increase the spatial separation between the scintillators, and as a

result the spatial separation between signals on the streak image is much improved

in Fig.2-12 as compared to Fig.2-11.

The streak signal did contain some trace of T3He fusion products, and they are

discussed in more detail in the next example.

2.3.4 X-ray, T3He-p, T3He-d, and DT-n signals in a DT3He-

gas-filled implosion (2015)

In mid-2015, PXTD participated as a ridealong diagnostic in another DT3He exper-

iment with similar gas-fill composition (see Fig.2-13). However, because the trace

amount of deuterium in the gas fill in this experiment is only 0.2% (versus 1% in the

2014 experiment), the T3He and TT fusion reaction products are better measured

(because of the much lower DT-n and D3He-p signals). The relevant TT and T3He

fusion products for PXTD are given below, although whether a particular fusion prod-

uct can be realistically detected depends on gas-fill composition and laser conditions.

The TT-n produced in the TT reaction are not monoenergetic, as the TT reaction

has three bodies in the final state:

T+T → 2 n(𝑄 = 11.3MeV) + 𝛼 (2.9)
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Figure 2-13: PXTD streak image on Om150715 77953. PXTD measured X-ray (> 20 keV),
T3He-p, T3He-d, and DT-n signals in a DT3He-gas-filled implosion. The target parameters
(outer-diameter, thickness, gas-fill) and filtering for the PXTD channels (color-coded) are
shown on the right.

The T3He reaction has a branch that produces a monoenergetic 9.5-MeV deuteron,

a branch that produces a monoenergetic 9.3-MeV proton, and a branch that produces

a proton continuum:

T+ 3He → d(9.5MeV) + 𝛼(4.8MeV) (2.10)

T+ 3He → p(9.3MeV) +5 He(1.9MeV) (2.11)

T+ 3He → p(𝑄 = 12.1MeV) + 𝛼 + n (2.12)

The PXTD streak image in Fig.2-13 demonstrates the utility of a versatile, multi-

channel diagnostic for this type of experiment, as multiple charged particles and

neutrons can be measured simultaneously as long as they are sufficiently separated

in their arrival times. For the neutron channel (blue), the signal does not have a
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characteristic scintillator decay after the arrival of the DT-n signal because of the

TT-n continuum that arrived later in time. For the charged-particles channel (red),

the D3He-p yield (∼ 6×108) is sufficiently low that PXTD primarily measured T3He-p

and T3He-d.

This experiment was also the first time that PXTD was intentionally fielded as an

X-ray emission diagnostic. Typically, X-rays measured on the PXTD are considered as

background. In this experiment, alongside the charged-particles and neutron signals,

an X-ray emission signal (> 20 keV) was also measured. X-ray emission histories

provide additional data to constrain plasma conditions in ICF implosions because

X-ray emission is a function of electron number density and temperature, whereas

nuclear-reaction rates are a function of ion number density and temperature.

The streak image on Fig.2-13 also showed a rapid blip in the red channel that

slightly preceded the X-ray signal. This was a light leak in the diagnostic and not

a scintillator emission signal, because it decayed too rapidly as compared to the fall

time of the scintillator. This light leak in the diagnostic had not been noticed in the

past because it was far (in arrival time) from the charged particles and neutron signals

that PTD and PXTD were designed for. However, this light leak did affect the X-ray

emission signal on this shot, and must be fixed before PXTD can fully function as an

X-ray emission diagnostic.

2.3.5 Three X-ray signals in a CD-foam implosion (2016)

In early-2016, PXTD participated as a ridealong diagnostic on an experiment con-

ducted by Los Alamos National Laboratory (LANL). The experiment itself used a

23-𝜇m-thick CH shell filled with CD foam and 10 atm of T2 gas. The goal of the

experiment is to investigate the role of atomic versus bulk mix in ICF implosions.

The mixing between the CD foam and the T2 gas will produce DT-n, the diagnostic

mix signature of interest for this experiment. These implosions also served as X-ray
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Figure 2-14: PXTD streak image on Om160315 80705. PXTD measured three X-ray (> 10,
17, and 30 keV) signals in a CD-foam implosion. The target parameters (outer-diameter,
thickness, gas-fill) and filtering for the PXTD channels (color-coded) are shown on the right.

sources for PXTD diagnostic development. For the first time, PXTD was fielded with

three separate scintillator channels to measure three X-ray emission histories above

different X-ray energy cutoffs (> 10, 17, and 30 keV), as shown in Fig.2-14. This is

important for three reasons.

First, this experiment demonstrated that the PXTD system has sufficient spatial

resolution to optically separate three independent emission signals. This provided

additional capabilities for future physics experiments.

Second, this experiment demonstrated that X-ray emission signals above different

X-ray energy cutoffs can be robustly measured on PXTD for ICF implosions. Shortly

after this experiment, a light baffle was installed on PXTD to completely eliminate

the light leak issue observed in Fig.2-13.

Third, the simultaneous measurement of three X-ray emission histories above dif-

ferent X-ray energy cutoffs opened up the possibility of inferring a time-resolved,

spatially-averaged electron temperature in ICF implosions. Many ICF targets do not

have any mid-Z or high-Z elements at all, and X-ray emissions above ∼10 keV for
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these implosions are entirely from thermal Bremsstrahlung emission, which can be

characterized by an exponentially-decaying spectrum. At each moment in time, a

spatially-averaged electron temperature that determines the slope of the X-ray emis-

sion spectrum can be inferred from the instantaneous signal ratios between the three

emission histories. More details on time-resolved electron temperature measurements

in ICF implosions will be discussed in Chapter 4.

2.3.6 Three X-ray, D3He-p, and DT-n signals in a DT3He-gas-

filled implosion (2016)

Om160824 82617 

D3He-p (3.8e10)

DT-n (6.8e10)

X-ray > 14 keV

X-ray > 36 keV

X-ray > 30 keV DT-n (6.8e10)

D3He +
T2

2.6 μm SiO2

50% : 49% : 1% 
D : 3He : T

ρ0, gas = 0.7 mg/cc

P0, gas = 4.9 atm

Filtering ( + 180 μm Al)

610 μm Fe

610 μm Fe + 100 μm Ta

200 μm Ti

Figure 2-15: PXTD streak image on Om160824 82617. PXTD measured three X-ray
signals (> ∼14, 30, 36 keV), as well as D3He-p and DT-n signals in a DT3He-gas-filled
implosion. The target parameters (outer-diameter, thickness, gas-fill) and filtering for the
PXTD channels (color-coded) are shown on the right.

In late-2016, PXTD was fielded as a primary diagnostic to study kinetic and multi-

ion-fluid physics in ICF implosion. The shot-time allocation and target-fabrication

support for this experiment were provided by the Lawrence Livermore National Lab-

oratory (LLNL) ICF program. This experiment used targets with a thin-glass shell,

filled primarily with D3He, and a trace amount of 𝑇2. The presence of the trace
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amount of T2 in the gas fill provided DT-n, which is important for diagnostic pur-

poses but also vastly complicated experiment preparation because of tritium presence.

The gas fill for this experiment was planned one year in advance and required coor-

dination between three laboratories.

Shortly before this experiment, the PXTD streak camera was also realigned to

better improve spatial resolution, and as part of this process, the OMEGA timing

fiducials were moved to the bottom of the streak image, as seen in Fig.2-15.

Figure 2-15 demonstrates the full capabilities of the current PXTD. Three X-ray

emission signals (above ∼14, 30, and 36 keV), the D3He-p signal, and the DT-n signal

were measured simultaneously on the PXTD. The X-rays from the implosion arrived

first, ∼0.3 ns after emission. The 14.7-MeV D3He-p and the 14.1-MeV DT-n from the

implosion arrived later, ∼1.7 ns after emission. The time-of-flight separation between

X-rays and nuclear particles enables PXTD to measure both X-ray and nuclear signals

on a single scintillator channel.

2.3.7 D3He-p, DT-n, and DD-n signals in a DT3He-gas-filled

implosion (2017)

In late-2017, PXTD was again fielded as a primary diagnostic in a DT3He-gas-filled

implosion experiment. Based on the success of the previous experiment in late-2016

(Sec.2.3.6), this experiment also made use of a primarily D3He gas fill, with a trace

amount of T2 for diagnostic purposes. The gas fill composition was adjusted to 90%

D, 10% 3He, and 0.1% T, to increase the DD-n yield relative to DT-n yield. The

primary goal of this experiment was to measure DD, DT, and D3He reaction histories

simultaneously in an ICF implosion with high relative precision.

This shot day also made use of the new 3.1-cm PXTD nosecone described in

Sec.2.2.3, which greatly improved the quality of the DD-n measurements. Figure 2-16

shows the streak image for Om170913 87036. The D3He-p is measured on the charged-
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Om170913 87036 
D3He-p 
(2.2e10)

DT-n 
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DD-n
(1.2e11)

D3He +
T2
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100 μm Ta
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Figure 2-16: PXTD streak image on Om170913 87036. PXTD measured D3He-p, DD-n,
and DT-n signals in a DT3He-gas-filled implosion. This shot, in contrast to the previous
examples, made use of the 3.1-cm PXTD nosecone discussed in Sec.2.2.3. The target param-
eters (outer-diameter, thickness, gas-fill) and filtering for the PXTD channels (color-coded)
are shown on the right.

particles (red) channel, while the DT-n and DD-n are measured on the neutron (blue)

channel. As designed, the DD, DT, and D3He yields are similar.

2.4 Nuclear response

This section will discuss PXTD’s sensitivity to D3He-p, DT-n, and DD-n. In prin-

ciple, other charged particles such as the DD-p or the D3He-𝛼 can be detected on

PXTD. In actual experiments, they are stopped completely in PXTD’s X-ray fil-

ters before they can deposit their energies in the scintillator. PXTD uses a type of

fast-rise, polyvinyltoluene-based scintillator (commercially, BC-422, or equivalently,

EJ-232). The charged-particle and neutron responses of PXTD are effectively set by

the charged-particle and neutron responses of the plastic scintillator.
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2.4.1 Sensitivity to charged particles

Charged-particles incident on the scintillator will slow down and deposit energy in

the scintillators. The energy lost in the scintillator is calculated using cold-matter

stopping power.43

An example is presented in Fig.2-17 for 14.7 MeV D3He-p. Figure 2-17a-b shows

the energy deposition for 100-𝜇m Ta + 100-𝜇m Al + 1000-𝜇m EJ-232, which is sub-

optimal as the D3He-p leave the scintillator without depositing all of their energy.

Figure 2-17e-f shows the case for 300-𝜇m Ta + 100-𝜇m Al + 1000-𝜇m EJ-232, which

is sub-optimal as well as the D3He-p exit the X-ray filters with fairly low energy.

The standard D3He-p setup for the PXTD is 200-𝜇m-thick Ta + 100-𝜇m-thick

Al, followed by 1000-𝜇m-thick scintillator (EJ-232). The charged-particles response

for this setup is described in Fig.2-17c-d. Figure 2-17c shows the energy of a 14.7

MeV D3He-p as it traverses through the Ta filter, and then the Al filter, and finally

stops completely in the scintillator. Figure 2-17d shows the rate of proton energy

deposition in the filters and in the scintillator, which is dependent on both the proton

energy and the material. For this setup, the 14.7-MeV D3He-p is completely stopped

in the scintillator, maximizing energy deposition (and scintillator photons generation)

in the scintillator. The rate of proton energy deposition peaks at ∼800 𝜇m into the

scintillator.

Finally, Fig.2-17g-h shows the case for 400-𝜇mTa + 100-𝜇mAl + 1000-𝜇m EJ-232,

in which the X-ray filters completely block the proton. This is a setup for detecting

neutron signal, as the D3He-p are completely stopped in the X-ray filters and deposit

no energy at all in the scintillator. Table 2.1 provides the total energy deposited in a

1-mm-thick plastic scintillator, for a given set of X-ray filtering.
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Figure 2-17: 14.7 MeV D3He-p energy deposition in PXTD filters and scintillator. Four
X-ray filters and scintillator setups are included here: (a-b) 100-𝜇m Ta + 100-𝜇m Al +
1000-𝜇m EJ-232, (c-d) 200-𝜇m Ta + 100-𝜇m Al + 1000-𝜇m EJ-232, (e-f) 300-𝜇m Ta + 100-
𝜇m Al + 1000-𝜇m EJ-232, and (g-h) 400-𝜇m Ta + 100-𝜇m Al + 1000-𝜇m EJ-232. Figures
a), c), e), and g) show the 14.7-MeV D3He-p energy as they travel through each filter set
and scintillator. Figures b), d), f), and h) show the rate of energy deposition as the D3He-p
travel through each filter set and scintillator.
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Table 2.1: D3He-p energy deposition and scintillator photon generation in 1-mm-thick EJ-
232 scintillator, for different X-ray filter configurations. 1 MeV of energy deposited in the
scintillator generates approximately 2000 scintillator photons.

X-ray filtering
Energy deposited
in scintillator

(MeV)

Scintillator
photons per

proton

100-𝜇m Ta + 100-𝜇m Al + 1000-𝜇m EJ-232 5.32 1.1×104
200-𝜇m Ta + 100-𝜇m Al + 1000-𝜇m EJ-232 8.17 1.6×104
300-𝜇m Ta + 100-𝜇m Al + 1000-𝜇m EJ-232 3.72 0.7×104
400-𝜇m Ta + 100-𝜇m Al + 1000-𝜇m EJ-232 0 0
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2.4.2 Sensitivity to neutrons

Neutrons interact in the scintillator in a more probabilistic manner because of its

neutral charge, and only a very small fraction of incident neutrons undergoes collisions

in the scintillators. As a result, the scintillator efficiency is two to three orders of

magnitude lower for neutrons than for charged-particles. Generally, filtering less

than ∼1 mm does not affect neutrons due to low interaction probability.

The lower detection limits for D3He-p, DT-n, and DD-n for PXTD are ∼107, 109,

and 3×109, respectively. PXTD is approximately 200×more sensitive to D3He-p than

DT-n, and approximately 600× more sensitive to D3He-p than DD-n. These values

change as PXTD filters change, as the filtering affects the D3He-p energy deposited in

the scintillator (as discussed in Table 2.1). The values provided here assume a PXTD

filtering of 100-𝜇m Ta + 100-𝜇m Al, which slows the incident 14.7-MeV D3He-p to

11.35 MeV prior to entering the scintillator.

An experiment44 measuring the relative scintillator light yield for different energy

neutrons at an accelerator facility found that scintillator material is approximate 3×

more sensitive to DT-n than to DD-n, consistent with what is observed on OMEGA.

2.5 X-ray response

2.5.1 X-ray interactions in the scintillator

In ICF implosions, most X-rays are produced in the energy range between 0 and 40

keV, and this section will discuss PXTD’s sensitivity to these X-rays, or equivalently,

the plastic scintillator’s sensitivity to these X-rays. X-rays interact and deposit energy

in the scintillator through incoherent scattering and photoelectric absorptionix. The

interaction probabilities for these processes are given in terms of the mass-attenuation

coefficients 𝜇/𝜌 tabulated by NIST.45 The mass-attenuation coefficient is related to

ixX-rays generated in ICF experiments are below the threshold for electron-pair production.
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Figure 2-18: Photon mass attenuation coefficients for polyvinyltoluene.45

transmission probability through the following relation:

𝐼

𝐼0
= exp

(︁
− 𝜇

𝜌
Δ𝑥
)︁

(2.13)

which models a narrow beam of monoenergetic photons with incident intensity 𝐼0

passing through a layer of material with density 𝜌 and thickness Δ𝑥, and emerging

with intensity 𝐼. As shown in Fig.2-18 for polyvinyltoluene, below ∼20 keV, photo-

electric absorption is the dominant energy deposition mechanism in the scintillator.

Above ∼20 keV, incoherent scattering is the dominant energy deposition mechanism.

These mass-attenuation coefficients are useful for quickly estimating X-ray energy

deposition in the scintillator, but they are insufficient to establish the sensitivity of

PXTD to different-energy X-rays. This is because these mass-attenuation coefficients

do not capture the experimental geometry around the scintillator. X-ray fluorescence

and scattering in the X-ray filters, scintillator holder, and nosecone hardware must

also be considered, and for that Monte-Carlo simulations are used.
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Figure 2-19: Geant4 model of the PXTD 9-cm nosecone, including all front-end X-ray filters
and scintillator components as seen in Fig.2-4. In each Geant4 simulation, monoenergetic
X-rays (green) are transported through the PXTD nosecone and energy depositions in the
scintillators are tallied.

2.5.2 Geant4 simulation

Geant446–48, a toolkit for the simulation of particles’ passage through matter, is used

to simulated the response of PXTD to different-energy X-rays. Geant4 is widely used

in the field of high-energy, nuclear, medical, and accelerator physics.

A complete CAD model of the PXTD nosecone is imported into Geant4, including

X-ray filters, scintillator holder, and the scintillators (Fig. 2-19). For each run (∼

108 particles), monoenergetic X-rays are emitted from the implosion toward PXTD,

depositing their energies directly in the scintillators, or indirectly through interactions

with the X-ray filters and nosecone. X-ray energy deposition in all three scintillator

channels are tallied for each run. These runs scan the initial, monoenergetic X-ray

energy from 1 to 100 keV, and in this way PXTD’s response to different X-ray energies

is established. An example is shown in Fig. 2-20, for the X-ray filter configuration

used on OMEGA shot 82617 (Fig.2-15).

A direct comparison of X-ray energy deposition calculated using NIST-tabulated
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Figure 2-20: Geant4-simulated PXTD X-ray response, for the X-ray filter configuration used
on OMEGA shot 82617 (Fig.2-15). X-ray energies deposited in each scintillator channel
behind different sets of X-ray filtering are tallied in Geant4 and plotted as a function of
initial X-ray energy.

coefficients and Geant4x is shown in Fig. 2-21, for different incident X-ray energies.

There is an interesting 20% discrepancy at ∼ 4 keV X-ray energy, although the agree-

ment for X-ray energies above 10 keV is much better. PXTD generally measures

X-rays above 10 keV in ICF implosions; thus, even though the discrepancy at low

X-ray energy between NIST-tabulated coefficients and Geant4 is puzzling, this par-

ticular issue is not a major source of uncertainty in the analysis.

xThe Geant4 simulations used for this comparison only model the scintillator.
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Figure 2-21: X-ray energy deposition in polyvinyltoluene-based scintillators per incident
photon. The blue curve is the energy deposition as modeled by Geant4. The red curve is
the energy deposition calculated using NIST-tabulated attenuation coefficients.

2.6 Timing uncertainty

This section outlines the different contributions to the relative timing uncertainty

between X-rays, D3He-p, DT-n, and DD-n measured on the PXTD.

Diagnostics at the OMEGA laser facility are absolute timed to the OMEGA lasers

by a set of timing fiducials distributed to time-resolved diagnostics. An X-ray impulse

timing shot is used to absolutely time the diagnostic to the OMEGA laser system

to ∼50 ps. As diagnostics are inserted, retracted, re-inserted, and reconfigured, the

absolute timing of the diagnostic may drift from the calibrated value, until it is

corrected again at the next set of timing shots. Cross-timing signals on two different

OMEGA diagnostics inherits this 50-ps absolute timing uncertainty, as both signals

need to be referenced against the absolute OMEGA timing. To circumvent this issue

and assess timing differences between X-ray and nuclear emissions from the implosion

at the 10-ps level, PXTD measures all signals on the same diagnostic. As all signals

are recorded on the same streak image, the relative timing between these emission

signals is unaffected by systematic timing uncertainty or diagnostic jitters.
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However, uncertainties in the particles’ energies and diagnostic distance do lead

to uncertainties in PXTD timing. Diagnostic response such as the streak camera’s

sweep speed is also a source of uncertainty, albeit a small one.

Uncertainty in the energy (Δ𝐸) of a particle translates directly to uncertainty

in the time-of-flight to the PXTD. The time-of-flight (TOF) of a particle with velocity

𝑣, kinetic energy 𝐸, and mass 𝑚 traveling a distance of 𝑑 are related by the following

relativistic equations:

𝐸(𝑣,𝑚) = 𝑚𝑐2
(︂

1√︀
1− 𝑣2/𝑐2

− 1

)︂
(2.14)

𝑣(𝐸,𝑚) = 𝑐

√︃
1− 1

1 + 𝐸/𝑚𝑐2
(2.15)

𝑇𝑂𝐹 (𝑑,𝐸,𝑚) =
𝑑

𝑣

1√︀
1− 𝑣2/𝑐2

(2.16)

where 𝑐 is the speed of light. As the 14.7-MeV D3He-p and the 14.1-MeV DT-n

travels at approximately 0.17𝑐, relativistic corrections are small, but non-negligible.

The TOF uncertainty introduced by the energy uncertainty ΔE is given by:

Δ𝑇𝑂𝐹Δ𝐸 =

(︂
𝜕

𝜕𝐸
𝑇𝑂𝐹

)︂
Δ𝐸 (2.17)

These TOF uncertainties are calculated in Table 2.2 for four particles (X-rays,

D3He-p, DT-n, DD-n) and two different distances (9 cm, 3.1 cm). X-rays always

travel at the speed of light and have zero TOF uncertainty. D3He-p incurs a 6-ps

TOF uncertainty at 9 cm, from an energy uncertainty of ∼100 keV as measured using

Wedge-Range-Filter proton spectrometers.13 DD-n and DT-n have relatively small

energy uncertainty (∼20 keV), as neutron scattering in the implosion is minimal for

𝜌R less than 50 mg/cm2. However, the TOF uncertainty for DD-n is the largest, as
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it is the slowest particle.

Table 2.2: Timing uncertainty for the PXTD

Uncertainty in X-rays
D3He-p

(14.7 MeV)
DT-n

(14.1 MeV)
DD-n

(2.45 MeV)
Mean energy (ΔE, keV) 0 100 20 20

Timing uncertainty due to uncertainty in energy
Timing (at 9 cm, ps) 0 6 1 17

Timing (at 3.1 cm, ps) 0 2 0 6

Systematic uncertainties
Distance (Δd) 0.03 cm
Sweep nonlinearity (Δs) ∼ 5 ps

Uncertainty in the insertion distance Δd of the diagnostic is considered as

a systematic uncertainty in the analysis, as it affects all particles, albeit to different

degrees. The TOF uncertainty introduced by insertion distance uncertainty Δd is

given by:

Δ𝑇𝑂𝐹Δ𝑑 =

(︂
𝜕

𝜕𝑑
𝑇𝑂𝐹

)︂
Δ𝑑 (2.18)

Uncertainty in the sweep speed (Δ𝑡𝑠𝑤𝑒𝑒𝑝) of the streak camera reflects un-

certainty in the temporal linearity of the streak camera sweep. The sweep speed is

largely - but not perfectly - corrected using the OMEGA fiducial train recorded on

every streak image (see Fig.2-10). The uncertainty in the sweep speed is estimated

to be ∼5 ps.

The design goal for the PXTD system is to measure multiple particles on a single

diagnostic with high relative precision. Therefore, the relevant timing uncertainty

is how well two signals can be aligned on the same time axis. The relative timing

uncertainty between two particles (Δ𝑡1,2) is given by:
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(Δ𝑡1,2)
2 =

[︂(︂
𝜕

𝜕𝐸
𝑇𝑂𝐹 (𝑑,𝐸1,𝑚1)

)︂
Δ𝐸1

]︂2
+[︂(︂

𝜕

𝜕𝐸
𝑇𝑂𝐹 (𝑑,𝐸2,𝑚2)

)︂
Δ𝐸2

]︂2
+

(𝑇𝑂𝐹 (Δ𝑑,𝐸1,𝑚1)− 𝑇𝑂𝐹 (Δ𝑑,𝐸2,𝑚2))
2+

(Δ𝑡𝑠𝑤𝑒𝑒𝑝)
2

(2.19)

Each of the terms in Eq.2.19 represents an independent source of uncertainty that

may affect the relative timing between two particles. The first and second terms relate

to the energy uncertainty of particle 1 and 2, respectively. The third term relates to

how uncertainty in the insertion distance changes the inferred timing between particle

1 and 2. Finally, the fourth term is the uncertainty in the sweep speed of the streak

camera. The first three terms in Eq.2.19 scale linearly with insertion distance, and

are significantly reduced by moving the nosecone from an insertion distance of 9 cm

to 3.1 cm (see Sec.2.2.3).

Table 2.3 and Table 2.4 summarize the relative timing uncertainty for the PXTD

between different particles at 9 cm and at 3.1 cm, respectively. The values are cal-

culated using Eq.2.19. For example, the relative timing uncertainty between D3He-p

and DD-n is 20 ps at 9 cm, and only 11 ps at 3.1 cm.

Table 2.3: Relative timing uncertainty for the PXTD between two different particles, calcu-
lated for an insertion distance of 9.0 cm.

(in ps) X-rays D3He-p DT-n DD-n
X-rays 8 6 21
D3He-p 8 20
DT-n 20
DD-n

To approximately summarize the relative timing uncertainty between particles for

PXTD:

� The relative timing uncertainty between fast particles (X-ray, D3He-p, DT-n)
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Table 2.4: Relative timing uncertainty for the PXTD between two different particles, calcu-
lated for an insertion distance of 3.1 cm.

(in ps) X-rays D3He-p DT-n DD-n
X-rays 6 6 14
D3He-p 5 11
DT-n 11
DD-n

is ∼10 ps at 9-cm insertion distance

� The relative timing uncertainty between a fast particle (X-ray, D3He-p, or DT-

n) and a slow particle (DD-n) is ∼20 ps at 9-cm insertion distance

� Relative timing uncertainty improves, especially for DD-n, as insertion distance

changes from 9 cm to 3.1 cm

In summary, measuring multiple X-ray-emission and nuclear-reaction signals on

a single diagnostic eliminates the need for cross-calibrations between different diag-

nostics. This reduces the relative timing uncertainty from ∼50 ps (cross-calibrating

between two or more diagnostics) to ∼10-20 ps.

2.7 Analysis procedure

This final section discusses how the scintillator signals measured with PXTD are

analyzed to recover the emission histories from the implosion. The first part focuses

on the different components that contribute to the measured scintillator signal, and

how these components are characterized for PXTD. In the analysis, these components

are combined into a forward fit, which is an analytical representation of the expected

signal given all known responses of the particles and the instrument.

For PXTD, the measured scintillator emission signal is comprised of four compo-

nents. The first component is the Impulse Response Function (IRF) of the instru-

ment. The second component is broadening in the signal due to finite thickness of the
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scintillator. The third component is the time-of-flight broadening introduced by the

Doppler-broadened energy spectrum of the incident particles. The fourth component

is the emission history of the particles. The above discussion applies whether the

particles are X-rays or nuclear fusion products. For X-rays, some of these broadening

components are very small or nonexistent.

2.7.1 Impulse Response Function (IRF)

Scintillator emission signals measured on the streak camera are characterized by a

rapid rise followed by a long decay. To zeroth-order this behavior is the response of

the instrument, caused by the emission characteristics of the scintillator. The plastic

scintillator has a rapid rise time (< 20 ps) and a long fall time (∼1.4 ns). Thus, the

entire X-ray or nuclear emission history (∼100-200 ps) is encoded in the rising edge of

the scintillator emission signal. In the limit of instantaneous rise time and infinite fall

time, the scintillator signal behaves like an ideal integrator circuit, and the X-ray or

nuclear emission history would be recovered by simply differentiating the signal. To

model the finite rise time of the PXTD instrument response, the Impulse Response

Function (IRF) is parameterized by the following expression:

𝐼𝑅𝐹 (𝑡, 𝜏𝑟𝑖𝑠𝑒, 𝜏𝑓𝑎𝑙𝑙) = Θ(𝑡)(1− 𝑒−𝑡/𝜏𝑟𝑖𝑠𝑒)𝑒−𝑡/𝜏𝑓𝑎𝑙𝑙 (2.20)

where Θ(𝑡) is the Unit step function, 𝜏𝑟𝑖𝑠𝑒 is the rise time, and 𝜏𝑓𝑎𝑙𝑙 is the decay

time. As inferred from PXTD signals on X-ray timing shots, 𝜏𝑟𝑖𝑠𝑒 is set to be 89 ps,

and 𝜏𝑓𝑎𝑙𝑙 is set to be 1.4 ns. Figure 2-22 shows the behavior of this IRF. The rise time

is dominated by the rise time of the streak camera. The decay time is dominated by

the decay time of the scintillator. An extended discussion on characterization of the

PXTD IRF is in Appendix B.2.
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Figure 2-22: Impulse Response Function (IRF) for the PXTD using Eq.2.20, with 𝜏𝑟𝑖𝑠𝑒 set
to 89 ps, and 𝜏𝑓𝑎𝑙𝑙 set to 1.4 ns. In a), the decay behavior of this function is shown. In b),
the rise behavior of this function is shown.

2.7.2 Scintillator transit time broadening

Transit time broadening refers to the time-of-flight broadening introduced by X-rays’

and neutrons’ uniform interaction probability throughout the scintillator volume.

Scintillator light produced at the front of the scintillator is produced at an earlier

time than scintillator light produced at the back of the scintillator. This timing dif-

ference is the transit time of the particle through the scintillator. To model this effect,

it is assumed that X-rays and neutrons interact volumetrically in the scintillator (this

is an excellent assumption for DD-n, DT-n, and X-rays >10 keV). This effect is an-

alytically represented as a boxcar function with a width equal to the transit time of

the particle through the scintillator. Typically, the scintillator thickness is 1mm.

The transit times through a 1-mm-thick scintillator are 46 ps, 20 ps, 19 ps, and

3 ps, respectively for the 2.45-MeV DD-n, the 14.1-MeV DT-n, the 14.7-MeV D3He-

p, and X-rays. For X-rays and DT-n, transit time broadening in the scintillator is

usually not the dominant broadening source. For the D3He-p, this treatment may

not be applicable depending on filtering because energy deposition in the scintillator

is not uniform.
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Figure 2-23: Transit time broadening in a 1-mm-thick scintillator for a) DD-n and b) DT-n,
modeled using a boxcar function. The width of the boxcar function is the transit time of
the particle through the scintillator thickness.

2.7.3 Doppler time-of-flight broadening

The D3He-p, DT-n, and DD-n energies are monoenergetic and kinematically deter-

mined because the D3He, DT, and DD reactions are two-body reactions. However,

each nuclear reaction occurs at a different center-of-mass energy because of the veloc-

ity distribution in the plasma. This leads to broadening of the monoenergetic energy

spectrum. This spread in the energy spectrum leads to a spread in the arrival time

at the detector, broadening the signal temporally.

For a two-body nuclear reaction of the form 𝐴+𝐵 → 𝐶+𝐷, the energy spectrum

of product C in a Maxwellian plasma49 is given by:

𝑓(𝐸𝐶) ∼ exp
(︁
− (𝐸𝐶 − 𝐸𝐶)

2

2 Σ2

)︁
(2.21)

where

𝐸𝐶 =
𝑚𝐷

𝑚𝐶 +𝑚𝐷

𝑄

Σ2 =
(︁ 2𝑚𝐶𝑚𝐷

(𝑚𝐶 +𝑚𝐷)(𝑚𝐴 +𝑚𝐵)
𝑄𝑇
)︁ (2.22)
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Here, 𝑇 is the temperature of the plasma, and 𝑄 is the mass difference between

the reactants and the products. 𝑚𝐴 ,𝑚𝐵, 𝑚𝐶 , 𝑚𝐷 are the masses of nucleon 𝐴, 𝐵, 𝐶,

and 𝐷, respectively. This is a non-relativistic treatment with all terms of order 𝑇/𝑄

dropped. A more precise, relativistic formulation50 with parametrized corrections to

𝐸𝐶 and Σ2 in Eq.2.21 is used in the actual analysis code. In the case of the D3He-p,

at least three charged-particle spectrometers13 are fielded for on-shot measurements

of the D3He-p proton spectrum, as the D3He-p proton spectrum may be downshifted

from slowing down in the fuel and in the shellxi. The Doppler-broadened energy

spectra for D3He-p, DT-n, and DD-n in a 10-keV plasma is shown in Fig.2-24a.
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Figure 2-24: Doppler broadening of the DD-n, DT-n, and D3He signals. In a), Doppler
broadening broadens the monoenergetic lines, and this energy spread translates into a tem-
poral spread in the arrival time of the signal in b) at the detector at 9 cm away from the
implosion.

Figure 2-24b shows the arrival time spread at the detector (at 9 cm away from

the implosion) for DD-n, DT-n, and D3He-p. For illustration, these fusion products

are produced in a 10-keV Maxwellian plasma instantaneously at 𝑡 = 0 ns. The

14.7-MeV D3He-p and the 14.1-MeV DT-n take ∼1.7-1.8 ns to arrive at the detector.

The FWHMs of their temporal signals are ∼60 ps. In contrast, the 2.45-MeV DD-n

xiThis is not an issue for DT-n and DD-n.
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arrives at the detector at ∼ 4.2 ns, and its temporal signal has a FWHM of ∼220 ps.

The large Doppler broadening in the DD-n signal is the reason why later OMEGA

experiments focused on measuring the DT-n signal whenever possible.

At this point, the response of the PXTD and the major broadening sources in the

measured X-ray and nuclear signals have been discussed. Generally, the resolution of

the emission histories is limited by the rise time of the streak camera (∼110-120 ps

FWHM, as discussed in Sec.2.7.1), by the transit time broadening in the scintillator

(∼20-50 ps, as discussed in Sec.2.7.2), and by Doppler broadening (∼50-250 ps, as

discussed here).

2.7.4 Source function

The final component of the streak signal is the X-ray-emission or nuclear-reaction

history, referred to as the source function. The goal of the analysis is to recover

this component. The source function should be an analytic function that resembles

the general shape of the data, with parameters that can be adjusted using least-

square fitting to best match the data. This component is modeled as a skew-Gaussian

function, which represents fairly well the typical shape of the emission history in ICF

implosions. The skew-Gaussian function is an extension of the Gaussian function with

an extra parameter that defines the skewness of the function. It is parameterized by

a temporal translation parameter 𝑡0, a width parameter 𝜎, and a skewness parameter

𝛼:

𝑆(𝑡, 𝑡0, 𝜎, 𝛼) =
1√
2𝜋

Exp
(︁
− (𝑡− 𝑡0)

2

2𝜎2

)︁1
2

(︁
1 + Erf

(︁ 𝛼√
2

(𝑡− 𝑡0)

2𝜎

)︁)︁
(2.23)

where Erf is the Gaussian Error Function. A linear superposition of skew-Gaussian

functions can be used to describe data with more complex temporal evolution. Ex-
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ample skew-Gaussian shapes used to fit ICF emission histories are shown in Fig.2-25.
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Figure 2-25: Area-normalized skew-Gaussian functions with different skewness parameters.
All three functions have parameters 𝑡0 = 0ns and 𝜎 = 0.07 ns. The skewness parameters
are: 𝛼 = 0 (black), 𝛼 = 2 (blue), and 𝛼 = 4 (green).

2.7.5 Forward fit analysis

Previous sections discussed the different components that contribute to the measured

scintillator signal, and how these components are characterized for PXTD. In a for-

ward fit analysis, the source function (Fig.2-26a), Doppler broadening (Fig.2-26b),

scintillator transit time broadening (Fig.2-26c), and the instrument response (Fig.2-

26e) are convolved together and fitted to the data iteratively until a best fit is found.

These components are combined into a forward fit (Fig.2-26f), which is an analytical

representation of the expected signal given all known responses of the particles and

the instrument.

The forward fit process is the same as a standard least-square fit, with a more

complicated function definition that involves multiple convolutions. Generally, a lin-

ear combination of skewed Gaussians is used as the source function in the forward fit

analysis. In thin-glass shock-driven exploding pushers which have little compression

yield, a single skewed Gaussian describes the data very well. For more compressively
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Figure 2-26: A summary of the forward fit process for PXTD analysis. The four major
components of the forward fit are a) the source function, b) the Doppler broadening, c)
scintillator transit time broadening, and e) the instrumental response function. The in-
termediate step d) is a convolution of a), b), and c). The light emission history in d) is
convolved with the instrument response function in e) to obtain the final forward fit in f).
The forward fit is an analytical representation of the expected signal given all known re-
sponses of the particles and the instrument, and is compared directly to the measured streak
signal.

driven implosions, two skewed Gaussians may be used as there are two distinct burn

periods.

Figure 2-27 illustrates the forward fit process for D3He-p and DD-n signals mea-

sured with the PXTD on a D3He-gas-filled exploding pusher implosion (71538, see

Fig.2-11). The signal lineouts are shown in the top plot, and the center plots show

the forward fits to the rising edges of the D3He-p and DD-n signals. Finally, the bot-

tom plots show the reaction histories (source functions) from the forward fits. In the

fitting the parameters in the source function are adjusted, and this changes the shape

of the forward fit. However, if the streak signal is dominated by Doppler broadening,
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then adjusting source function parameters would have a relatively small impact in the

forward fit shape. This translates directly to larger fitting parameter uncertainties.

This concludes discussions of the PXTD system on OMEGA, and the next two

chapters will describe how the X-ray-emission and nuclear-reaction histories mea-

sured with the PXTD are used to understand and diagnose plasma conditions in ICF

implosions.
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Figure 2-27: (Top) D3He-p and DD-n signal lineouts measured with the PXTD on a D3He-
gas-filled exploding pusher implosion (Om131121 71538, see Fig.2-11). (Center) The forward
fits (black, dashed) to the D3He-p and DD-n signals. (Bottom) The D3He and DD reaction
histories from the forward fits. D3H-p and DD-n quantities are represented in red and blue,
respectively.



Chapter 3

Studies of kinetic and multi-ion

effects on OMEGA

The motivation for the development of the Particle X-ray Temporal Diagnostic (PXTD)

on OMEGA is to understand and assess the impacts of kinetic and multi-ion effects in

ICF implosions. This research area is important because ICF implosion simulations

and modeling heavily rely on hydrodynamic average-ion codes. Understanding the

roles these effects play has become more important since the start of the National

Ignition Campaign in 2009i, as highlighted by recent theoretical30–32,51,52, simula-

tion33–35,53–55, and experimental26–29,56–61 studies.

However, the experimental results thus far have all relied on time-integrated nu-

clear observables such as yields and reaction temperatures. In contrast with these

previous studies, this chapter discusses the first time-resolved observation of fuel-ion

species dynamics in ICF implosions using multiple reaction histories. Sec.3.1 provides

an overview of shock propagation and shock-driven ICF implosions. Sec.3.2 briefly

reviews current literature on kinetic and multi-ion effects in ICF implosions. Sec.3.3

outlines the gradient forces driving ion species separation in a plasma. Sec.3.4 and

Sec.3.5 discuss OMEGA experiments using D3He and DT3He gas fills, respectively.

iThe National Ignition Campaign at the NIF is discussed in Chapter 6

83
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3.1 Shocks and shock-driven implosions

3.1.1 1-D shock structure

All high-energy-density and ICF experiments involve the generation and propagation

of one or more shock waves, and in particular, heating of the ICF fuel begins with

shock propagation into the fuel. This section discusses the basic results of 1-D planar

shock propagation and the challenges of properly modeling shock phenomena in ICF

plasmas.
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Figure 3-1: Idealized 1-D planar shock propagation in the shock frame.62 Upstream (un-
shocked) quantities are denoted with the subscript "1", and downstream (shocked) quantities
are denoted with the subscript "2". In the lab frame, the shock is propagating to the left
with velocity 𝑢𝑠.

A shock carries energy and moves at the shock velocity 𝑢𝑠, heating and accelerating

materials as it passes. The Mach number 𝑀 characterizes the strength of the shock,

and is defined as ratio of the shock velocity 𝑢𝑠 over the local sound speed of the

upstream (unshocked) material. A strong shock has 𝑀 ≫ 1, whereas a weak shock

has 𝑀 & 1.

Fig.3-1 shows the propagation of an idealized 1-D planar shock in the shock frame.

In the lab frame, the shock is moving to the left with velocity 𝑢𝑠. At the shock
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front (which is stationary in the shock frame), there is a discontinuity in pressure,

temperature, and density. Enforcing conservations of mass, momentum, and energy,

the jump conditions relating the upstream and downstream hydrodynamic quantities

are:

𝜌1𝑢1 = 𝜌2𝑢2 (3.1)

𝜌1𝑢
2
1 + 𝑃1 = 𝜌2𝑢

2
2 + 𝑃2 (3.2)

𝜌1𝑢1

(︁
𝜖1 +

𝑢2
1

2

)︁
+ 𝑃1𝑢1 = 𝜌2𝑢2

(︁
𝜖2 +

𝑢2
2

2

)︁
+ 𝑃2𝑢2 (3.3)

where 𝜌 is the density, 𝑢 is the fluid velocity, 𝑃 is the pressure, and 𝜖 is the specific

internal energy. The subscript "1" refers to upstream (unshocked) quantities, and the

subscript "2" refers to downstream (shocked) quantities. For a polytropic ideal gas

with a polytropic constant 𝛾, 𝜌𝜖 = 𝑃/(𝛾 − 1).

In the limit of a strong shock, several useful results can be derived. The density ra-

tio 𝜌2/𝜌1 = (𝛾 + 1)/(𝛾 − 1) and shock-frame fluid velocity ratio 𝑢2/𝑢1 = (𝛾 − 1)/(𝛾 + 1)

are fixed for a sufficiently strong shock. The pressure ratio 𝑃2/𝑃1 is (2𝛾𝑀
2 − (𝛾 − 1))/(𝛾 + 1),

which increases as M increases.

Shock propagation in an ionized plasma shares the basic characteristics of an

idealized hydrodynamic shock, with several notable differences. At minimum, there

is one ion population and one electron population. The shock distributes energy

to particles proportional to their masses, that is, primarily to the ions. The shock

heats the ions, and the ions heat the electrons through ion-electron temperature

equilibration immediately behind the shock front (Fig.3-2). The shock front, which

was treated before as an idealized discontinuity, has a finite width on the order of the

ion-ion mean free path. Because the electrons are more mobile than the ions, they



86 Sec.3.1

Position in shock frame

ρ
,T
i,T

e
(A
rb
.U
.)

upstream
electron
preheat

ion shock
front

Ti-Te
relaxation

downsteam

Ti

Te ρ

Figure 3-2: 1-D planar shock propagation in a plasma.63 The shock front (width greatly
exaggerated for clarity) has a width on the order of the ion-ion mean free path. In front
of the shock front is the electron preheat region. Behind the shock front is the ion-electron
temperature relaxation region.

stream ahead of the shock front and preheat the upstream material. This separation

between ions and electrons also creates strong electric fields in the shock front, in

addition to the sharp pressure and density gradients.

3.1.2 Timeline of a shock-driven implosion

The OMEGA experiments described in this chapter use shock-driven implosions as an

experimental platform to probe kinetic and multi-ion effects during the shock phase.

A shock-driven implosion has several equivalent definitions. It is an implosion where

the bulk of fusion reactions occurs from shock heating of the fuel. It is an implosion

where the shell is entirely ablated away by the laser or X-ray drive. It is an ICF

implosion without a compression phase (because there is insufficient remaining shell

mass to compress the fuel).

These simple implosions have been invaluable for studying ICF implosion dynam-

ics during the shock phase. Typically the compression phase in an ICF implosion

produces more fusion yield than the shock phase. Not having a compression phase
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Figure 3-3: Timeline of a shock-driven ICF implosion. The target is a 2.6-𝜇m-thick SiO2

shell filled with 15 atm of equimolar D3He and a trace amount of T2. a) The target is
driven with 14 kJ of laser energy delivered in a 0.6 ns square pulse (purple). Shown in
blue is the DD fusion reaction history. b) The radius-time diagram for this shock-driven
implosion. The green (grey) lines correspond to fuel (shell) fluid-element trajectories. The
volume-averaged ion temperature in the fuel as a function of time is plotted in red.

makes diagnosing the shock phase significantly simpler. The timeline of a shock-driven

implosion on OMEGA (Fig.3-3) is:

1. 0.0.-0.3 ns - Laser or X-ray ablates the capsule surface, driving strong shock(s)
into the shell. Shock breaks out into the gas.

2. 0.3-0.7 ns - Shock propagates inward, shock-heating the fuel ions.

3. 0.7-0.9 ns - Shock rebounds from the center, re-shocking the fuel and further
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heating the fuel ions to fusion temperature. This period of temperature-driven
fusion production is the shock burn.

4. 0.9 ns onward - the plasma expands and disassembles.

The rebounding shock in Fig.3-3b hits the fuel-shell interface at t ∼ 0.9 ns. In a

normal ICF implosion with a compression phase, the inward velocity of the fuel-shell

interface would decrease (deceleration), but the implosion would continue to converge.

In a shock-driven implosion, because there is little remaining shell mass to compress

the fuel, the fuel begins to expand and disassemble immediately after shock rebound.

3.2 Literature review

A kinetic treatment64 is needed to properly model the structure of a shock front, tak-

ing into account electron-preheating of the upstream material, the finite width of the

shock front, and self-generated electric fields in the shock. The shock front structure

in a plasma has been studied extensively using analytic models and other compu-

tational tools63,65–67, with the general consensus that a hydrodynamic description is

inadequate and underestimates transport coefficients such as ion viscosity and elec-

tron thermal conductivity. Self-generated electric fields at the shock front have been

observed in ICF implosions26, as well as in planar shock-tube3 experiments.ii The

wealth of theoretical and computational efforts toward understanding strong shocks

in low-density plasmas is contrasted with sparse experimental results with relevance

to ICF.

Recent ICF implosion experiments are in agreement that kinetic and multi-ion-

fluid effects have measurable impacts on implosion performance, and that hydrody-

namic simulations inadequately model ICF implosions as plasma conditions become

more kinetic. Experimental observations include increasing yield degradation as im-

iiMore details on this planar shock-tube platform developed on OMEGA-EP are described in
Appendix D.
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plosions become more kinetic28, thermal decoupling between ion species29, anomalous

yield scaling in different plasma mixtures56,57, ion diffusion27, and ion species sepa-

ration58.
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Figure 3-4: DD and D3He yield-over-simulated as a function of burn-averaged Knudsen
number for a series of D3He-gas-filled implosions. As implosions become more kinetic (higher
K𝑁 ), hydrodynamic simulations increasingly over-predict implosion fusion yields.

The main result in one key experiment28 using shock-driven implosions is shown

in Fig.3-4. This OMEGA experiment used 2.3-𝜇m-thick SiO2 capsules with differ-

ent initial gas-fill densities. Changing the initial gas-fill density strongly affects the

Knudsen number (𝐾𝑁) at shock burn, estimated here as the average ion-ion mean

free path (𝜆𝑖𝑖) over the fuel radius (𝑅𝑏𝑢𝑟𝑛). Lower initial gas fill in the capsule de-

creases ion density and increases ion temperature during shock burn. Both of these

effects increase the ion-ion mean free path (which scales as ∼ 𝑇 2
𝑖 /𝑛𝑖). At low Knudsen

number (hydrodynamic-like, with 𝐾𝑁 ∼ 0.3), the ratios of experimental over simu-

lated yields are 0.3 and 0.15, respectively for the DD and D3He reactions. At high

Knudsen number (kinetic, with 𝐾𝑁 ∼ 9), the ratios of experimental over simulated

yields are 0.08 and 0.05, respectively for the DD and D3He reactions. As plasma con-

ditions become more kinetic, hydrodynamic simulations become increasingly worse at

predicting implosion performance.

To reconcile these experimental results that cannot be adequately explained by
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radiation-hydrodynamic codes such as HYDRA68 and HYADES10, researchers turned

to hybrid codes with reduced ion kinetic models33 or kinetic codes such as LSP69 and

FPION70. These kinetic codes, which model the shock front in a more realistic man-

ner, have already provided valuable insights into the role strong shock propagation

plays in ion species separation53,55 and ion thermal decoupling.35,54

A natural extension of these works is to conduct precision measurements of mul-

tiple nuclear reaction histories to probe these effects in a time-resolved fashion, using

the PXTD described in Chapter 2. Before going into these OMEGA experiments,

the next section first describes the mechanisms that drive ion species separation and

ion thermal decoupling in a multi-component plasma.

3.3 Ion species separation and thermal decoupling

3.3.1 Ion species separation

Ion species separation is driven by sharp pressure and temperature gradients at the

shock front. In the hydrodynamic limit, the diffusive velocity of ion species 𝛼 in a

multi-component plasma is given by:

𝑣𝛼 = −𝐷𝛼𝛽𝑑𝛼 +𝐷𝑇
𝛽∇ ln𝑇𝑖 (3.4)

where𝐷𝛼𝛽 and𝐷𝑇
𝛽 are the ordinary and thermal diffusion coefficients, respectively.

𝑇𝑖 is the ion temperature, and 𝑑𝛼 includes all thermodynamic forces other than∇ ln𝑇𝑖.

Because the OMEGA experiments described in Sec.3.4 and Sec.3.5 make use

of D3He-gas-filled and DT3He-gas-filled implosions, Eq.3.4 is expanded for a three-

components (D, T, 3He) plasma:
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For an ion species with mass 𝑚𝛼 and charge 𝑍𝛼, the thermodynamic forces in 𝑑𝛼

are given by:
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(3.6)

in a plasma with number density 𝑛, density 𝜌, and effective charge 𝑍𝑒𝑓𝑓 . In this

equation, 𝑥𝛼 = 𝑛𝛼/𝑛 and 𝑐𝛼 = 𝜌𝛼/𝜌 is the number fraction and mass fraction of ion

species 𝛼, respectively. 𝐵
(𝑒)
𝑒 is the electron-ion thermal force coefficient.71

The first term in Eq.3.6 is classical diffusion, relating to the concentration gradient

∇𝑥𝛼. In the presence of a concentration gradient, ions flow from high concentration

areas to low concentration areas.

The second term in Eq.3.6 is baro-diffusion, relating to the pressure gradient

∇ ln 𝑝𝑖. Baro-diffusion accelerates lighter ions ahead of heavier ions. Baro-diffusion

is zero when two ion species have the same mass, such as T and 3He.

The third term in Eq.3.6 is electro-diffusion, relating to the electrical potential gra-

dient ∇Φ (the electric field). Electro-diffusion accelerates ions with a higher charge-

to-mass ratio ahead of ions with a lower charge-to-mass ratio. Electro-diffusion is

zero when two ion species have the same charge-to-mass ratio, such as D and 4He.
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The fourth term in Eq.3.6 and the second term in Eq.3.5 are electron thermal

diffusion and ion thermal diffusion, respectively. Electron thermal diffusion is related

to the electron temperature gradient ∇ ln𝑇𝑒, while ion thermal diffusion is related to

the ion temperature gradient ∇ ln𝑇𝑖. Ion and electron thermal diffusions arise from

different accelerations of light and heavy fluid elements.

To summarize, ion species separation in a multi-component plasma is driven by

sharp pressure and temperature gradients at the shock front, and depends on both

local plasma conditions (pressure, temperature) and differences in charge and mass

between the different ion species. This is a hydrodynamic treatment of multi-species

diffusion, which is strictly valid only when the ion-ion mean free path is small com-

pared to the gradient scale lengths. However, this treatment does produce approxi-

mately correct behaviors as long as the plasma is not very kinetic.

Expected gradients and ion diffusive flux in an ICF implosion

The diffusion terms Eq.3.5 and Eq.3.6 are explicitly calculated in ICF-relevant plasma

conditions. The example ICF implosion (Fig.3-3) used a target ∼860 𝜇m in diameter

with a 2.6-𝜇m-thick SiO2 shell. The target is filled with 15 atm of equipmolar D3He

gas, with a trace amount of T2. It is driven by 14 kJ of laser energy with a 0.6 ns

square pulse shape. Fig.3-5a-b shows the pressure and temperature radial profiles at

t = 0.74 ns. During this time, the shock is propagating inward at ∼1200 𝜇m/ns. The

normalized pressure, ion temperature, electron temperature, and electrical potential

gradients as a function of radius are plotted in Fig.3-5c, and as expected they are

strongest at the shock front. Finally, relative ion velocities (in the center-of-mass

frame, Fig.3-5d) are calculated from Eq.3.5 and Eq.3.6 using local plasma conditions

and gradients. The D ion population has a negative relative velocity in the center-

of-mass frame, indicating it is moving inward ahead of the shock front relative to

the other ion populations. The 3He and T ion populations have a positive relative
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Figure 3-5: DUED simulation time snapshot at t = 0.74 ns in a DT3He-gas-filled implosion,
as the shock is propagating inward. The vertical dashed line in all four plots denotes the
fuel-shell interface. a) Ion pressure profile as function of radius. b) Ion (red) and electron
(blue) temperature profile as a function of radius. c) Normalized pressure, ion temperature,
electron temperature, and electrical potential gradients as a function of radius. d) Relative
ion velocity for D, T, and 3He ions in the center-of-mass frame as a function of radius. A
negative relative velocity is moving inward, ahead of the shock front. DUED simulation is
provided by Stefano Atzeni (Universita di Roma).

velocity in the center-of-mass frame, indicating that they are moving outward and

lagging behind the shock front.

Finally, Fig.3-6 illustrates shock propagation in a multi-ion simulation that models

the ion populations individually. This simulation uses the Particle-In-Cell (PIC)
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kinetic-ion code LSP69, and simulates the same DT3He shock-driven implosion as

Fig.3-5. As the shock is propagating inward at t = 0.66 ns, the D ions are racing

ahead, follow closely by the 3He ions. The T ions (×50, for clarity) are notably

lagging behind the shock front.
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Figure 3-6: LSP-simulated ion number density profiles at t = 0.66 ns as the shock is
propagating inward. The D, T, 3He, and SiO2 ion number densities are plotted in blue,
teal, red, and black, respectively. The number density profile for the T ions has been
scaled by 50 for clarity. The vertical black-dashed line denotes the fuel-shell interface. LSP
simulation is provided by Ari Le (LANL).

3.3.2 Ion thermal decoupling

In additional to ion species separation, shock propagation in a multi-component

plasma can also give rise to different temperature distributions between the ion pop-

ulations.

In the hydrodynamic (collisional) picture, a shock carries energy and moves at

the shock velocity 𝑢𝑠, heating and accelerating material as it passes. The energy

transferred to post-shock materials is proportional to the mass of the particles (∝

𝑚𝑖𝑢
2
𝑠). In a plasma mixture with D, T, and 3He, the T and 3He ions would be

expected to acquire 1.5× more energy than the D ions from the shock.

In the kinetic (collisionless) picture, energy transfer is mediated by electric fields.
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Figure 3-7: LSP-simulated ion temperature profiles at t = 0.66 ns as the shock is propagating
inward. The D, T, 3He, and SiO2 ion temperatures are plotted in blue, teal, red, and black,
respectively. The vertical black-dashed line denotes the fuel-shell interface. LSP simulation
is provided by Ari Le (LANL).

The energy transfer to post-shock materials is proportional to the particles’ charge

and the potential difference ∇Φ across the shock front. In a plasma mixture with D,

T, and 3He ions, the 3He ions would be expected to acquire 2× more energy than the

D and T ions from the shock.

These temperature differences that may develop during shock propagation equili-

brate behind the shock front at the ion-ion equilibration time scale. Fig.3-7 illustrates

shock propagation in a multi-ion simulation that models the ion populations individ-

ually. This LSP simulation simulates the same DT3He shock-driven implosion as

Fig.3-5. As the shock is propagating inward at t = 0.66 ns, the D and 3He ion tem-

peratures at the shock front (r = 85 𝜇m) are 5 keV and 7 keV, respectively. Behind

the shock front (r = 125 𝜇m), the D and T ion temperatures are 3.5 keV and 5

keV, respectively. Both temperature ratios are consistent with collisional heating, as

expected for this hydrodynamic-like implosion with high initial gas-fill density.

Ion thermal decoupling between the ion populations is important because it di-

rectly impacts reaction rates. The effective fusion temperatures in a D, T, and 3He

plasma are given by49:
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𝑇𝑓𝑢𝑠𝑖𝑜𝑛,𝐷𝐷 = 𝑇𝑖,𝐷 (3.7)

𝑇𝑓𝑢𝑠𝑖𝑜𝑛,𝐷𝑇 =
𝑚𝑇𝑇𝑖,𝐷 +𝑚𝐷𝑇𝑖,𝑇

𝑚𝐷 +𝑚𝑇

(3.8)

𝑇𝑓𝑢𝑠𝑖𝑜𝑛,𝐷3𝐻𝑒 =
𝑚3𝐻𝑒𝑇𝑖,𝐷 +𝑚𝐷𝑇𝑖,3𝐻𝑒

𝑚𝐷 +𝑚3𝐻𝑒

(3.9)

for Maxwellian ion populations with mass 𝑚 and ion temperature 𝑇𝑖.

3.4 D3He-gas-filled shock-driven implosion experiments

To explore these multi-ion dynamics in the simplest time-resolved fashion, the first

set of OMEGA experiments using the PXTD were conducted using D3He-gas-filled

shock-driven implosions.iii The spherical targets are ∼860 𝜇m in diameter with a

2.3-𝜇m-thick SiO2 shell. The gas-fill density varies from 0.7 mg/cc to 2.2 mg/cc, with

approximately equimolar D3He. These targets are driven symmetrically by sixty laser

beams at OMEGA with a total energy of 14.4 kJ using a 0.6-ns square pulse shape.

The plasma conditions during the shock phase transition from hydrodynamic-like to

kinetic as the initial gas-fill density decreases.

A previous experiment (discussed in Fig.3-4) assessed hydrodynamic simulation

fidelity using time-integrated nuclear data. As a first step, the experimentally-

measured DD-n and D3He-p yields are compared with the simulated yields from

1-D hydrodynamic HYADES simulations (yield over simulated, in Fig.3-8a). This

comparison is plotted against the implosion’s burn-average Knudsen number during

the shock phase, inferred as the burn-averaged deuteron mean free path over the fuel

radius (𝜆𝑖𝑖/𝑅𝑏𝑢𝑟𝑛). The implosions in Fig.3-9 are initially filled with 15, 10, and 5

iiiA summary of relevant D3He-gas-filled shock-driven implosions on OMEGA is provided in Ap-
pendix A.
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atm of equimolar D3He, corresponding to burn-averaged Knudsen numbers of approx-

imately 0.2, 0.5, and 1.0, respectively. The actual measured Knudsen numbers have

more scatters as they are inferred from experimental measurements. As expected

and in agreement with previous experiments, hydrodynamic simulations increasingly

overpredict implosion yields as plasma conditions become more kinetic.
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Figure 3-8: a) measured over simulated yields, for the DD and D3He reaction, and b)
the DD bang time minus the D3He bang time plotted against the implosion’s burn-average
Knudsen number during the shock phase.

In this experiment, PXTD also simultaneously measured DD and D3He reaction

histories, and implosion performance can be assessed against simulation predictions

as a function of time. One of the PXTD streak images from this experiment is shown

in Fig.2-11. As a first step in comparing the relative timing between the measured

D3He and DD reaction histories, the difference between D3He and DD bang times is
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plotted against the burn-averaged Knudsen number in Fig.3-8b. For hydrodynamic-

like implosions with Knudsen number between 0.2 - 0.5, the DD reaction history peaks

approximately 50±20 ps after the D3He reaction history. For kinetic implosions with

Knudsen number ∼1, the DD reaction history peaks approximately 20± 20 ps after

the D3He reaction history.

To more thoroughly compare the differences between measured and simulated

reaction histories, Fig.3-9 plots the measured D3He (red) and DD (blue) reaction

histories as well as the measured D3He/DD reaction rate ratio (black), along with their

HYADES-simulated counterparts (dashed). Figure 3-9a-b, Fig.3-9c-d, and Fig.3-9e-

f correspond to implosions with initial fill pressures of 15, 10, and 5 atm D3He,

respectively.

For the 15-atm case (Fig.3-9a-b) when the implosion is relatively hydrodynamic,

the simulated yields are 2-3× higher than the experimental values. When comparing

the D3He/DD yield ratio, it appears that at the onset of the nuclear burn (t = 0.6

ns), the D3He/DD yield ratio is higher than simulated. From the time of peak D3He

burn (t = 0.65 ns) and onward, the D3He/DD yield ratio is lower than simulated.

The instantaneous D3He/DD yield ratio is a useful proxy for ion temperature in the

plasma, as the D3He/DD reactivity ratio is a strong function of ion temperature.

For the 5-atm case (Fig.3-9a-b) when the implosion is relatively kinetic, the simu-

lated yields are 5-10× higher than the experimental values. The simulated D3He/DD

yield ratio is consistently higher than the measured values throughout shock burn,

especially at later times. This is consistent with significantly higher simulated ion tem-

peratures as compared to the experiments. For this 5-atm implosion, the HYADES-

simulated D3He and DD temperatures are 31 keV and 28 keV, respectively. In compar-

ison, the measured D3He and DD temperatures are 21 keV and 17 keV, respectively.

More detailed analysis of PXTD reaction histories is presented in the next section.
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Figure 3-9: PXTD-measured and HYADES-simulated DD (blue) and D3He (red) reaction
histories are plotted in a), c), and e) for implosions with initial gas-fill pressure of 15, 10,
and 5 atm of equimolar D3He, respectively. b), d), and f) are the measured and simulated
instantaneous D3He/DD reaction rate ratio (black) for the three initial fill pressures, re-
spectively. HYADES-simulated quantities are plotted in dashed curves in all plots. Shaded
regions represent measurement uncertainties.
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3.5 DT3He-gas-filled shock-driven implosion experi-

ments

Later PXTD experiments using shock-driven implosions measured D3He and DT re-

action histories by switching to a D3He gas fill with a trace amount of T2.
iv The

advantages of measuring DT-n reaction history versus DD-n reaction history include

improved signal statistics, reduced Doppler broadening, and reduced timing uncer-

tainty. In additional, DT yield and ion temperature can be measured alongside D3He

and DD yields and ion temperatures, providing additional observables.

As a first step, the experimentally-measured DT-n, DD-n, and D3He-p yields are

compared with the simulated yields from 1-D hydrodynamic HYADES simulations

(yield over simulated, in Fig.3-10a). This comparison is plotted against the implo-

sion’s burn-average Knudsen number during the shock phase, inferred as the burn-

averaged deuteron mean free path over the fuel radius (𝜆𝑖𝑖/𝑅𝑏𝑢𝑟𝑛). As expected and

in agreement with previous experiments, hydrodynamic simulations increasingly over-

predict implosion yields as plasma conditions become more kinetic. The implosions

in Fig.3-10 are initially filled with 15, 5, and 2 atm of equimolar D3He (with a trace

amount of T2), corresponding to burn-averaged Knudsen numbers of approximately

0.3, 1, and 3, respectively. The measured Knudsen numbers are more scattered as

they are inferred from experimental measurements.

In this experiment, PXTD also simultaneously measured DT and D3He reaction

histories. One of the PXTD streak images from this experiment is shown in Fig.2-15.

The difference between D3He and DT bang time is plotted against the burn-averaged

Knudsen number in Fig.3-8b. One notable difference from the D3He-gas-filled implo-

sion data presented in Fig.3-9 is the data at high Knudsen number. Previous D3He

experiments were not able to measure the DD reaction histories at high Knudsen

ivA summary of relevant DT3He-gas-filled shock-driven implosions on OMEGA is provided in
Appendix A.
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Figure 3-10: a) measured over simulated yields, for the DD, DT, and D3He reaction, and b)
the DT bang time minus the D3He bang time plotted against the implosion’s burn-average
Knudsen number during the shock phase.

number because of insufficient yield. The much higher DT reactivity (relative to DD)

solves this problem. The timing uncertainty in the ΔBT is also smaller because DT-n

has a shorter time-of-flight uncertainty.

To more thoroughly compare the differences between measured and simulated

reaction histories, Fig.3-11 plots the measured D3He (red) and DT (teal) reaction

histories and the measured D3He/DT reaction rate ratio (black), along with their

HYADES-simulated counterparts (dashed). Figure 3-11a-b, Fig.3-11c-d, and Fig.3-

11e-f correspond to implosions with initial fill pressure of 15, 5, and 2 atm D3He

(with a trace amount of T2), respectively. For the 15-atm case (Fig.3-11a-b) when

the implosion is relatively hydrodynamic, the simulated yields are ∼2× higher than
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Figure 3-11: PXTD-measured and HYADES-simulated DT (teal) and D3He (red) reac-
tion histories are plotted in a), c), and e) for implosions with initial gas-fill pressure of 15,
10, and 2 atm of equimolar D3He, respectively. The trace amount of T2 enables measure-
ment of the DT reaction history. b), d), and f) are the measured and simulated instanta-
neous D3He/DT reaction rate ratio (black) for the three initial fill pressures, respectively.
HYADES-simulated quantities are plotted in dashed curves in all plots. Shaded regions
represent measurement uncertainties.
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the experimental values.

For the 2-atm case (Fig.3-11e-f) when the implosion is relatively kinetic, the simu-

lated yields are 5-10× higher than the experimental values. The simulated D3He/DT

yield ratio is significantly higher in late time as compared to the measurements.

This is consistent with much higher simulated ion temperatures as compared to the

experiments. For this 2-atm implosion, the HYADES-simulated D3He and DT tem-

peratures are 45 keV and 35 keV, respectively. In comparison, the measured D3He

and DT temperatures are 23 keV and 21 keV, respectively.

It is clear at this point that experimental results and hydrodynamic simulation

predictions increasingly diverge as implosions become more kinetic, for both time-

resolved and time-integrated observables. What is not clear is the physical mecha-

nism(s) responsible for these differences. This important question is addressed in the

next section, focusing on relatively hydrodynamic-like DT3He-gas-filled implosions

discussed in this section (Fig.3-11a-b).

3.5.1 Hydrodynamic-like DT3He-gas-filled shock-driven implo-

sion

To summarize the main results in this section, fuel-ion species dynamics in DT3He-

gas-filled implosions is quantitatively assessed for the first time using simultaneously

measured D3He and DT reaction histories. The observed 50±10 ps earlier D3He

reaction history timing (relative to DT) cannot be explained by average-ion hydro-

dynamic simulations, and is attributed to fuel-ion species separation between the D,

T, and 3He ions during shock convergence and rebound. At the onset of the shock

burn, the inferred 3He/T fuel ratio in the burn region using the measured reaction

histories is much higher as compared to the initial gas-fill ratio. As T and 3He have

the same mass but different charge, these results indicate that the charge-to-mass ra-

tio plays an important role in driving fuel-ion species separation during strong shock
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propagation.v

These time-resolved measurements are contrasted with average-ion DUED72 and

multi-ion LSP69 simulations.vi It is shown that the differential timing between reac-

tion histories is a new manifestation of multi-ion dynamics, and that the difference

between measured DT and D3He reaction histories is consistent with rapidly chang-

ing fuel-ion composition, likely caused by strong shock propagation in the central

gas of an ICF target. Whereas previous ICF experiments in this plasma regime re-

ported reasonable agreements with average-ion simulations using burn-averaged nu-

clear quantities28, time-resolved reaction rates in this work clearly show differences

between measurements and average-ion simulations not captured by time-integrated

measurements.

Experiment setup

This section focuses on a small subset of the DT3He-gas-filled implosions discussed in

Sec.3.5. The 15-atm implosions are the most hydrodynamic-like, with burn-averaged

Knudsen numbers 𝑁𝐾 of 0.3 ± 0.1 and ion-ion thermalization times ∼30 ps. Time-

resolved and time-integrated measurements are repeatable in four nominally-identical

implosions (see Table 3.1), and for the rest of this section, OMEGA shot 82615 is

used as a representative shot (Fig.3-3).

vThe major results in this section has been submitted as a manuscript to PRL.
viDUED is an average-ion radiation-hydrodynamic code developed by Stefano Atzeni (Universita

di Roma), and has several important physics models not included in HYADES (ion viscosity, etc).
HYADES simulations are much more accessible as it is a commercial code. DUED and kinetic
simulations require collaborations with other universities and national labs, and are only available
for a small subset of shots.
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Shot Laser Bang time (ps) Yield Ti (keV)

kJ D3He DT D3He DT DD D3He DT DD

82613 14.3 755 809 4.0 ×1010 1.7 ×1011 ∼ 13.9 ∼ ∼
82614 14.2 800 841 4.9 ×1010 2.0 ×1011 4.0 ×1010 15.0 11.0 11.6
82615 14.2 780 831 5.2 ×1010 1.9 ×1011 3.8 ×1010 12.6 10.7 10.5
82616 14.1 840 875 4.0 ×1010 2.0 ×1011 3.7 ×1010 11.1 10.9 11.1

Table 3.1: Experimental parameters and key observables. The spherical targets are 860 𝜇m
in diameter with a 2.7-𝜇m-thick SiO2 shell. The absolute bang-time uncertainty (relative to
laser start) is 50 ps. The relative bang-time uncertainty (between D3He and DT) is 10 ps.
The uncertainties for the D3He-p, DT, and DD yields are 20%, 5%, and 5%, respectively.
The uncertainties for the D3He-p, DT, and DD burn-averaged temperatures are 1.5 keV, 0.5
keV, and 0.5 keV, respectively.

DT and D3He reaction history measurements

In the average-ion framework, 𝑛𝐷, 𝑛𝑇 , and 𝑛3𝐻𝑒 are related by the initial gas-fill

ratio, and the ion temperatures for all three ions (𝑇𝑖,𝐷, 𝑇𝑖,𝑇 , 𝑇𝑖,3𝐻𝑒) are the same. The

measured DT and D3He reaction histories provide a way to probe the time evolution

of plasma conditions, but there is a degeneracy, as observed deviations in the reaction

histories from average-ion models can be caused by differences in the temperature or

density profiles, or both. However, for these hydrodynamic-like implosions, the ion-

ion thermalization time in the fuel is short (∼30 ps); the temperature differences

between ion species, and their impact on reaction histories, are small, as discussed

later in the text and in Fig.3-13a.

Experimentally, the D3He bang time is 50±10 ps before the DT bang time (Fig.3-

12a), and is contrasted to the reaction histories as simulated by the average-ion hydro-

dynamic code DUED (Fig.3-12b). The DUED simulation used an electron flux limiter

of 0.07, and included ion viscosity. The DUED simulation also used a multi-group

diffusive treatment of radiation transport and an equation-of-state, with the laser ab-

sorption modeled by inverse Bremsstrahlung with laser refraction. For shot 82615, the

DUED-simulated D3He, DT, and DD yields are 5.4×1010, 3.7×1011, and 7.0×1010,

respectively, comparable to the measured yields in Table 3.1. The DUED-simulated

burn-averaged D3He, DT, and DD temperatures (using a Monte-Carlo model that
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includes both thermal and fluid motions) are 12.7, 11.0, and 10.4 keV, respectively, in

good agreement with the measured temperatures. However, the average-ion DUED

simulation is not able to explain the relative timing between the measured D3He and

DT reaction histories, showing only a 10-ps timing difference between the two histo-

ries in the simulation. The DUED-simulated DT and D3He burnwidths are also more

narrow as compared to the PXTD measurements.
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Figure 3-12: a) Absolute D3He (red) and DT (teal) reaction histories measured by PXTD,
and b) simulated by DUED, for OMEGA shot 82615. The magnitudes of the D3He histories
are scaled to match the DT histories for clarity in each case. The measured D3He bang time
is 50±10 ps earlier than the DT bang time. Uncertainties in the PXTD data are indicated by
the shaded regions. DUED simulation is provided by Stefano Atzeni (Universita di Roma).

In comparison with the average-ion simulation, a significantly higher D3He reac-

tion rate is observed relative to DT at the onset of the shock burn. Higher-than-

expected ion temperature early-in-time in the fuel cannot explain this observation, as

it would have also lead to much higher burn-averaged D3He and DT temperatures,

contrary to the time-integrated measurements.

Different D, T, and 3He ion temperatures can plausibly impact the measured

reaction histories, but this impact is small, because of the short ion-ion thermalization

time in these hydrodynamic-like implosions. To confirm this, the DUED simulation is
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post-processed with a multi-Ti model. At each time step, this model partitions energy

to the D, T, and 3He ions according to their mass, and equilibrates the temperatures

of these three ion populations using local plasma conditions. As expected from the

short ion-ion thermalization time (Fig.3-13a), the higher temperatures of the T and

3He ions have only a small impact on the reaction yields and, most importantly, have

no effect at all on the timing of the reaction histories (Fig.3-13b).
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Figure 3-13: a) DUED-simulated, volume-averaged ion-ion thermalization time between T-
D, T-3He, and 3He-D for shot 82615. b) DUED-simulated DT and D3He reaction histories
(teal-solid, red-solid, same as Fig.3-12), and the resulting DT and D3He reaction histories
after post-processing the DUED simulation with a multi-Ti model (teal-dashed, red-dashed).
The magnitudes of the D3He histories (red-solid, red-dashed) are scaled by a factor of 4.1
for clarity. DUED simulation is provided by Stefano Atzeni (Universita di Roma).

Ion species separation assessment

However, the measured timing difference is consistent with ion species separation

driven by sharp pressure and temperature gradients at the shock front51 in the im-

plosion. Explicitly calculating the ion diffusive flux (which depends on the charge

and mass of the ion species) using expressions from52 and gradients from the DUED

simulation shows the T ions should lag behind the D and 3He ions during shock con-

vergence, consistent with the PXTD measurements. As the shock propagates radially
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inward, the diffusion coefficients at the shock front are ∼2×103 𝜇m2/ns, and the nor-

malized ion pressure and temperature gradients (∇𝑃/𝑃 , ∇𝑇𝑖/𝑇𝑖) are ∼0.2 𝜇m−1.

The inferred electric field at the shock front (E∼ −∇𝑝𝑒/𝑒𝑛𝑒) is ∼108 V/m, consistent

with measurements reported in Li et al..26 These terms lead to an ion diffusive flux

of ∼300 𝜇m/ns in the shock frame. The dominant terms in this formalism driving

the D and 3He ions forward relative to the T ions are from the ion pressure gradient

(baro-diffusion, which accelerates the lighter D ions ahead) and the electron pressure

gradient (electro-diffusion, which accelerates the higher-charge 3He ions ahead).

As temperature effects are demonstrably small, the observed difference between

the measured reaction histories is attributed to fuel-ion-species separation between

the D, T, and 3He ions. To infer the level of separation in the burn region needed to

explain the measured reaction histories, the D3He/DT yield ratio is approximated as:

𝑌𝐷3𝐻𝑒(𝑡)/𝑠

𝑌𝐷𝑇 (𝑡)/𝑠
≈ ⟨𝑛3𝐻𝑒⟩

⟨𝑛𝑇 ⟩
⟨𝜎𝑣⟩𝐷3𝐻𝑒

⟨𝜎𝑣⟩𝐷𝑇

(3.10)
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Figure 3-14: a) instantaneous D3He/DT yield ratio for shot 82615. In c), the inferred
⟨𝑛3𝐻𝑒⟩/⟨𝑛𝑇 ⟩ (black data) is plotted. The purple-dashed line marks the initial 3He/T fuel
ratio. Uncertainties in the data are indicated by the shaded regions.

where 𝑛 is ion number density for the different ion species and ⟨𝜎𝑣⟩ is the Maxwellian-
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averaged reactivity for the different reactions. This approximation for the instanta-

neous D3He/DT yield ratio is valid if the ion temperature variance over the burn

region is small61, which is the case for these hydrodynamic-like implosions. Calculat-

ing Eq.3.10 and the exact ratio explicitly in simulation shows that this approximation

introduces less than 20% uncertainty.

The measured instantaneous D3He/DT yield ratio is used to provide an estimate

of the instantaneous 3He/T ion-number-density ratio in the burn region. In the

average-ion model, the 3He/T ratio in the burn region is identical to the initial gas-

fill ratio. The measured D3He and DT reaction histories in Fig.3-12a are used to

obtain the instantaneous D3He/DT yield ratio in Fig.3-14a. Using Eq.(3.10), the

burn-averaged 3He/T fuel ratio in the burn region as a function of time (Fig.3-14b)

is inferred from the measured instantaneous D3He/DT yield ratio. The horizontal

purple-dashed line indicates the initial 3He/T gas-fill ratio. The reactivity ratio is

extracted from the average-ion simulation, and constrained by measured DD, DT,

and D3He ion temperatures. At the onset of the shock burn, the inferred 3He/T fuel

ratio in the burn region is much higher as compared to the initial 3He/T gas-fill ratio.

The relaxation of ⟨𝑛3𝐻𝑒⟩/⟨𝑛𝑇 ⟩ toward initial gas-fill ratio is partially a consequence

of the burn region expanding outward and encompassing a larger fraction of the fuel

volume as the shock rebounds.

As a check on this inference using Eq.3.10, an ion temperature history can instead

be inferred by making the assumption that the fuel-ion ratio is fixed. However, this

temperature history assuming constant fuel-ion ratio would have also led to 20%

higher burn-averaged D3He and DT temperatures, which contradicts the measured

burn-averaged D3He and DT temperatures (see Table 3.1). That is, the assumption

of constant fuel-ion ratio is inconsistent with the measured reaction histories and

measured burn-averaged temperatures.
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Kinetic-ion LSP simulation

It is also insightful to show the evolution of the D, T, and 3He ion density profiles in

an ICF implosion using a simulation code that models the different ion populations

separately. The Particle-in-Cell (PIC) code LSP is used to simulate OMEGA shot

82615, treating the D, T, 3He, and SiO2 ion species as kinetic. The electrons are

treated as a fluid. More details on the LSP simulation method can be found in36. The

LSP simulation is initiated at t = 0.55 ns using initial conditions from a hydrodynamic

simulation shortly after the shock breaks out from the shell (see Fig.3-3).vii

110 ps later after LSP initialization at t = 0.66 ns (Fig.3-15c-d), fuel-ion species

separation has already developed between the D, T, and 3He ions. As the shock

rebounds from the center at t = 0.76 ns (Fig.3-15e-f), the temperature profiles are

centrally peaked. The fusion reactivities’ dependence on temperature weights the DT

and D3He reaction profiles toward the center of the implosion. However, because the T

ion number density profile is skewed toward the outer volume of the fuel that is not yet

heated by the rebounding shock, the D3He yield is higher than DT yield at this early

time relative to average-ion simulation, leading to an earlier D3He reaction history

relative to DT (see Fig.3-16) that is consistent with the PXTD measurements in Fig.3-

12. The LSP-simulated D3He burnwidth is consistent with the PXTD measurements,

while the LSP-simulated DT burnwidth is notably wider. Qualitatively, this LSP

simulation clearly demonstrates how fuel-ion species separation that developed during

shock propagation and rebound manifest as a timing differential between reaction

histories.

Even though Fig.3-15 does show temperature decoupling between the D, T, and

3He ions, this only has a small impact on the timing difference between the DT and

viiAs the laser pulse is truncated once the LSP simulation begins, 30% less laser energy is coupled
to the target in the LSP simulation. The reduced laser coupling is not the cause of the timing
difference between the DT and D3He reaction histories, as hydrodynamic simulations ran with full
laser coupling and reduced laser coupling have the same timing difference.
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Figure 3-15: LSP-simulated ion number density and temperature profiles at t = 0.61 ns, 0.66
ns, 0.76 ns, and 0.86 ns (a-b, c-d, d-f, and g-h, respectively). The D, T, 3He, and SiO2 ion
number densities and temperatures are plotted in blue, teal, red, and black respectively.
The number density profile for the T ions has been scaled by 50 for clarity. The vertical
black-dashed line denotes the fuel-shell interface. LSP simulation is provided by Ari Le
(LANL).

D3He reaction histories. For example, at t = 0.76 ns (Fig.3-15f), Ti,T and Ti,3He are

nearly the same, and therefore Tfusion,DT and Tfusion,D3He are nearly the same (Eq.3.8

and Eq.3.9). The timing differential between reaction histories in the LSP simulation
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is primarily driven by ion density differences.
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Figure 3-16: LSP-simulated DT (teal) and D3He (red) reaction histories for shot 82615. The
magnitude of the D3He reaction history is scaled by a factor of 3.1 for clarity. The absolute
magnitude of the LSP-simulated reaction histories is notably lower than the measurements,
in part because of the reduced laser coupling in the simulation. LSP simulation is provided
by Ari Le (LANL).

Summary

In summary, fuel-ion species dynamics in DT3He-filled Inertial Confinement Fusion

implosion is quantitatively assessed for the first time using simultaneously measured

D3He and DT reaction histories. The timing difference between measured DT and

D3He reaction histories in hydrodynamic-like implosions cannot be explained by

average-ion simulations, and is attributed to ion species separation between the D, T,

and 3He ions during shock convergence and rebound. At the onset of the shock burn,

the 3He/T fuel ratio in the burn region inferred from the measured reaction histo-

ries is much higher as compared to the initial 3He/T gas-fill ratio, in contrast with

average-ion simulations. As T and 3He have the same mass but different charge, these

results indicate that the charge-to-mass ratio plays an important role in driving fuel-

ion species separation during strong shock propagation. The density inhomogeneities

observed in this work are expected to be more pronounced in more kinetic plasma

conditions such as during the shock phase of cryogenic implosions on OMEGA and

the NIF. It is unclear how these multi-ion effects affect implosion performance during

the deceleration and compression phase, as existing experimental results56–58,60,61 us-
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ing time-integrated nuclear diagnostics have been mixed. The next step in addressing

this open question is to determine, using time-resolved data measured with the PXTD

diagnostic, whether fuel-ion species separation developed in the shock phase persists

into and affects performance during the compression phase in ablatively-driven ICF

implosions with both shock and compression burns.



114 Sec.3.5



Chapter 4

Ion and electron temperature

measurements on OMEGA

This chapter discusses development and application of diagnostic techniques to mea-

sure ion and electron temperature histories in ICF implosions using PXTD-measured

nuclear-reaction and X-ray-emission histories.

To place the diagnostic techniques discussed in this chapter in the context of

ICF, very few ICF diagnostics are capable of measuring time-resolved ion or elec-

tron temperature. Time-integrated ion temperatures are regularly measured using

Doppler-broadening-based diagnostics such as neutron Time-Of-Flight (nTOF)11 di-

agnostics and Wedge-Range-Filter (WRF)13 proton spectrometers. Time-integrated

electron temperature can be inferred from the slope of the Bremsstrahlung X-ray

emission spectrum using crystal-based X-ray spectrometers (XRS).21 No existing ICF

diagnostic currently measures time-resolved ion temperature. With the addition of

high-Z dopants such as Ar or Ti, which is not possible for many experiments, mul-

tispectral X-ray imaging73 can measure temporally and spatially resolved electron

temperature.

Sec.4.1 describes the diagnostic concepts and PXTD ion and electron temperature

data. Sec.4.2 discusses in more details the X-ray emission histories measured using

PXTD. Finally, the electron temperature measurement technique discussed in this
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chapter has been developed into a conceptual design for a time-resolved electron

temperature diagnostic in support of the cryogenic DT program on OMEGA. This

effort is in collaboration with LLE, and is described in Appendix F.

4.1 Time-resolved ion and electron temperature mea-

surements

Om160824 82617 

D3He-p (3.8e10)

DT-n (6.8e10)

X-ray > 14 keV

X-ray > 36 keV

X-ray > 30 keV DT-n (6.8e10)

D3He +
T2

2.6 μm SiO2

50% : 49% : 1% 
D : 3He : T

ρ0, gas = 0.7 mg/cc

P0, gas = 4.9 atm

Filtering ( + 180 μm Al)

610 μm Fe

610 μm Fe + 100 μm Ta

200 μm Ti

Figure 4-1: PXTD streak image on Om160824 82617. PXTD measured three X-ray sig-
nals (> ∼14, 30, 36 keV), as well as D3He-p and DT-n signals in a DT3He-gas-filled implo-
sion. The target parameters (outer-diameter, thickness, gas-fill) and filtering for the PXTD
channels (color-coded) are shown on the right.

This section describes how the nuclear-reaction and X-ray-emission histories mea-

sured with PXTD can be leveraged to infer time-resolved ion and electron temper-

atures. The PXTD histories measured in DT3He-gas-filled shock-driven implosions

(Sec.3.4) are used to demonstrate the techniques, and one example PXTD streak

image is shown in Fig.4-1. Three X-ray emission signals (above ∼14, 30, and 36

keV), the D3He-p signal, and the DT-n signal were measured simultaneously on the

PXTD. The X-rays from the implosion arrived first, ∼0.3 ns after emission. The 14.7-
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MeV D3He-p and the 14.1-MeV DT-n from the implosion arrived later, ∼1.7 ns after

emission. PXTD can measure both X-ray and nuclear signals on a single scintillator

channel because of the time-of-flight separation between X-rays and nuclear particles.

4.1.1 Ion temperature (Ti) measurement

Standard ion temperature (Ti) measurement techniques in ICF measure the Doppler

broadening in fusion products (e.g. DD-n, DT-n, and D3He-p). An alternate ion

temperature measurement technique used in this chapter uses the ratio of two reac-

tion yields, taking advantage of the reactivity ratio’s temperature dependence. The

D3He/DD, D3He/DT, and DT/DD reactivity ratio as a function of ion temperature

is shown in Fig.4-2.

0.0
0.5
1.0
1.5
2.0
2.5
3.0

<
σ
v>
ra
tio

<σv>D3He / <σv>DDn

a)

0.000

0.002

0.004

0.006

0.008

<
σ
v>
ra
tio

<σv>D3He / <σv>DT

b)

0 5 10 15 20
0

50

100

150

200

Ion temperature (keV)

<
σ
v>
ra
tio

<σv>DT / <σv>DD

c)

Figure 4-2: Maxwellian-averaged reactivity ratio for a) D3He/DD, b) D3He/DT, and c)
DT/DD as a function of ion temperature.
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Typical shock-driven implosions have ion temperatures between 10-20 keV. In this

temperature range, the D3He/DD and D3He/DT reactivity ratios are strong functions

of ion temperature, which make these ratios good candidates for ion temperature

measurement. However, the DT/DD reactivity ratio is not very sensitive to ion

temperature in this temperature range, making this ratio less useful. Given the

fuel composition and the measured yield ratio in the implosion, a "ratio Ti" can be

inferred.
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Figure 4-3: a) D3He/DT yield ratio, normalized by 3He/T fuel fraction such that the ratio
values can be directly compared to Fig.4-2b. b) D3He (red), DT (teal), and ratio (black)
temperatures, as a function of burn-averaged Knudsen number (𝜆𝑖𝑖/𝑅𝑏𝑢𝑟𝑛).

Fig.4-3a shows the D3He/DT yield ratio (normalized by the 3He/T fuel fraction)

as a function of burn-averaged Knudsen number (𝜆𝑖𝑖/𝑅𝑏𝑢𝑟𝑛). Fig.4-3b shows the ratio
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Ti inferred from the D3He/DT yield ratio using Fig.4-2b, as well as the D3He Ti and

DT Ti measured using standard Doppler-broadening-based techniques. The D3He Ti

are sampled from the D3He burn region in the implosion. The DT Ti are sampled

from the DT burn region in the implosion. Across different implosion conditions, the

ratio Ti is in good agreement with Doppler-broadening-based Ti.

With two time-integrated reaction yields, a time-integrated ratio Ti can be in-

ferred. With two time-resolved reaction rates (two reaction histories), a time-resolved

ratio Ti (Ti history) can be inferred. This technique is demonstrated in Fig.4-4. The

PXTD-measured D3He and DT reaction histories are shown in Fig.4-4a, along with

the time-resolved D3He/DT reaction rates in Fig.4-4b. The ratio Ti history as in-

ferred from the time-resolved D3He/DT reaction rates is shown in Fig.4-4c. The

time-integrated, Doppler-broadening-based D3He and DT Ti are 18.7 and 16.8 keV,

respectively, in reasonable agreement with the ratio Ti history in Fig.4-4c.
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Figure 4-4: a) D3He and DT reaction histories on OMEGA shot 82617. b) D3He/DT yield
ratio as a function of time. c) Inferred ion temperature history using the time-resolved
D3He/DT yield ratio.
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Fig.4-4c is shown here only as demonstration of this ratio Ti technique. One

limitation of this technique is that it assumes the fuel composition is well-known and

fixed in the burn region, which may not be correct, as seen in the multi-ion-fluid

simulation in Fig.3-15. However, even though the 3He/T fuel ratio in the simulation

varies significantly, the 3He/D fuel ratio is fairly constant. If the DD reaction history

was measured for this implosion, then using the D3He/DD reaction rate ratio to infer

a Ti history would have been valid.i In addition, this ratio Ti technique is generally

more sensitive to ion temperature than to fuel composition. In the temperature range

between 10-15 keV, the D3He/DT reactivity ratio is ∝ 𝑇 2.3
𝑖 , whereas the dependence

on fuel composition is linear.

4.1.2 Electron temperature (Te) measurement

Electron temperature (Te) measurement using X-ray histories above different X-ray

energy cutoffs assumes that the X-ray emission in the region of interest (10-50 keV)

is a thermal Bremsstrahlung spectrum. This is a good assumption in the absence

of mid-Z and high-Z elements in the target that may emit high-energy K-edge X-

rays. Another assumption is that hard X-rays from hot electrons (from laser-plasma

interactions) are small compared to the fuel emission. The total emissivity from

thermal Bremsstrahlung in a plasma is given by:

𝐽𝐵𝑟𝑒𝑚𝑠 ≈ (6.8× 10−38) 𝑍2 𝑛𝑒

𝑇
1/2
𝑒

exp

(︂
− ℎ𝜈

𝑇𝑒

)︂
erg/s/cm3/Hz (4.1)

where Z is the ion charge state, 𝑛𝑒 is the electron number density, 𝑇𝑒 is the elec-

tron temperature, ℎ is the Planck constant, and 𝜈 is the frequency. All quantities

are in cgs units. The PXTD-measured X-ray histories (Fig.4-5a) are used to infer

an electron temperature history in the implosion assuming this exponential spectral

iThis series of DT3He-gas-filled implosions was chosen because both nuclear-reaction and X-ray-
emission histories are available.
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shape. At each moment in time, the spatially-averaged Te is inferred by fitting to the

instantaneous X-ray signals behind different X-ray energy cutoffs. One major advan-

tage of this technique is that an absolute calibration is not needed, as it only relies on

the ratios between different X-ray histories. The Te history inferred using this tech-

nique is shown in Fig.4-5b, along with the HYADES-simulated Te history (dashed).

The HYADES-simulated Te history is notably more narrow than the measurement.

Given the electron thermal flux limiter used in radiation-hydrodynamic simulations,

it is unclear whether HYADES is correctly modeling electron temperature evolution

in the plasma. For comparison, the time-integrated Te inferred from an independent

diagnostic (HXRD17) on this shot is 4.2 keV, in good agreement with the PXTD

measurements.
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Figure 4-5: a) Three X-ray emission histories on OMEGA shot 82617, above X-ray energy
cutoffs of 14 keV, 30 keV, and 36 keV, respectively. The 30-keV and 36-keV X-ray channels
are scaled by 100 for clarity. b) spatially-averaged electron temperature history as inferred
from the X-ray history ratios. The HYADES-simulated electron temperature history shown
as a dashed line.

The primary limitation of this data set is that at each moment in time, three data
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points (the three PXTD channel signals) are fitted to two parameters (X-ray spectrum

amplitude and temperature). This is a diagnostic limitation, as the current PXTD

has insufficient spatial resolution to accommodate more than three X-ray channels.

The next PXTD iteration (described in Appendix F) will have eight X-ray channels

to better constrain Te, along with better temporal resolution.

4.1.3 Combining Ti(t) and Te(t) measurements

Combining nuclear-reaction (Fig.4-6a) and X-ray-emission (Fig.4-6b) histories, PXTD

provides a new diagnostic method to simultaneously infer Ti(t) and Te(t) on a single

diagnostic. Ti(t) and Te(t) inferred in this DT3He-gas-filled shock-driven implosion

(Fig.4-6c) illustrates the temperature decoupling between the ions and electrons dur-

ing the shock phase.

Shock-driven implosion dynamic is dominated by strong shock propagation and

rebound, shock-heating the fuel ions to fusion temperature. The shock heats the

ions, and the ions heat the electrons through ion-electron temperature equilibration.

However, the relatively high-temperature, low-density plasma conditions during the

shock phase meant that the ion-electron equilibration time is ∼1-2 ns. Because of

this, ion and electron temperatures remain largely decoupled throughout shock burn

(∼100-200 ps), and the energy balance in the implosion is dominated by thermal

heat conduction and PdV (compression/expansion) work. However, this technique

can be applied to more compressively-driven implosions with significantly shorter

ion-electron equilibration time to probe ion-electron energy coupling as a function of

time.
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Figure 4-6: a) D3He and DT reaction histories on OMEGA shot 82617. b) Three X-ray
emission histories, above X-ray energy cutoffs of 14 keV, 30 keV, and 36 keV, respectively.
The 30-keV and 36-keV X-ray channels are scaled by 100 for clarity. c) spatially-averaged ion
and electron temperature history inferred from the nuclear and X-ray histories, respectively.

4.2 X-ray emission histories

The final section in this chapter discusses in more details the PXTD-measured X-ray

histories in these DT3He-gas-fill implosions as initial gas fill pressure changes. For

this experiment, PXTD measured X-ray histories above three different X-ray energy

cutoffs (14 keV, 30 keV, and 36 keV), for three different initial gas fill pressure (15

atm, 5 atm, and 2 atm). These histories are summarized in Fig.4-7.

As initial gas fill pressure decreases, X-ray emissions on all PXTD channels in-

crease. Total bremsstrahlung power is proportional to 𝑍2𝑛𝑖𝑛𝑒

√
𝑇𝑒, and the reasons
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Figure 4-7: Three X-ray emission histories (above X-ray energy cutoffs of 14 keV, 30 keV,
and 36 keV, respectively) for DT3He-gas-filled implosions with a) 15 atm, b) 5 atm, and c)
2 atm initial gas fill. The absolute X-ray calibration for PXTD is inferred from HXRD.74

why X-ray emissions increase are because 𝑍 and 𝑇𝑒 increase. 𝑇𝑒 increases as pressure

decreases, and this can be seen by comparing the amplitude of the 30-keV (green)

channel relative to the 14-keV (red) channel. The higher signal at the 30-keV channel

(relative to the 14-keV channel) for the 2-atm implosion is a clear indication that 𝑇𝑒

is higher. Higher 𝑇𝑒 would also increase signal amplitudes on all PXTD channels, as

all three PXTD channels are measuring relatively hard X-rays. Finally, 𝑍 also needs

to be higher to account for the lower initial gas-fill density. This increase in 𝑍 is most

likely due to increased diffusive mixing of the SiO2 plasma into the fuel.

The PXTD data, and the interpretation for the PXTD data, are supported by

corroborating measurements from the Hard X-ray Detector (HXRD).17 The HXRD
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Figure 4-8: a) Absolute X-ray emission from the implosion as a function of burn-averaged
Knudsen number (𝜆𝑖𝑖/𝑅𝑏𝑢𝑟𝑛), as measured by HXRD (blue), and as calculated for a clean
DT3He fuel with no mix (black). b) Burn-averaged electron temperature as inferred from
HXRD (purple).

is a time-integratedii X-ray detector with four channels with X-ray energy cutoffs of

20 keV, 40 keV, 60 keV, and 80 keV, respectively. The total emitted X-ray energy

(Fig.4-8a, blue) and time-integrated electron temperature (Fig.4-8b, purple) from

these implosions are inferred from the HXRD data. In addition, the expected total X-

ray emission (Fig.4-8a, black) from a clean (no-mix) fuel is also plotted for comparison.

At high initial gas fill pressure (small 𝜆𝑖𝑖/𝑅𝑏𝑢𝑟𝑛), the measured total X-ray emission

is comparable to the calculated (mix-free) total X-ray emission. At low initial gas fill

iiThe HXRD is technically a time-resolved diagnostic, but not fast enough to resolve X-ray im-
plosion burnwidth.
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pressure (high 𝜆𝑖𝑖/𝑅𝑏𝑢𝑟𝑛) the measured total X-ray emission ∼ 5× higher than the

calculated (no-mix) X-ray emission, suggesting SiO2 mixing into the fuel. HXRD also

supports the observation that fuel 𝑇𝑒 increases as initial gas fill pressure decreases.

This concludes discussions of diagnostic development and physics studies on OMEGA.



Chapter 5

Magnetic particle-time-of-flight

(magPTOF)

The magnetic particle-time-of-flight (magPTOF)15 diagnostic on the NIF is a MIT-led

nuclear bang-time diagnostic designed jointly by MIT, the Laboratory for Laser Ener-

getics (LLE), and the Lawrence Livermore National Laboratory (LLNL). magPTOF,

an upgrade of the particle-time-of-flight (pTOF) detector, is designed specifically

to simultaneously measure the D3He-p shock bang-time and the DD-n compression

bang-time in D3He implosions on the NIF. Positioned at nominally 50 cm from the

implosion, pTOF and magPTOF are the only nuclear bang-time diagnostics on the

NIF for implosions with neutron yield less than 1014 (∼ half of all ICF implosions on

the NIF). pTOF and magPTOF have measured data on more than 400 programmatic

and basic science shots at the NIF since 2010.

Because multiple graduate students worked on different and sometimes overlap-

ping aspects of pTOF and magPTOF, a short summary of individual students’ contri-

butions is presented here. The three graduate students are Hans Rinderknecht, Hong

Sio, and Neel Kabadi. Hans Rinderknecht initially developed the pTOF diagnostic

(Sec.5.2) and was the pTOF responsible scientist at the NIF from 2010 to 2014. Hong

Sio was the pTOF responsible scientist from 2014 to 2017. Neel Kabadi is the pTOF

responsible scientist from 2017 to present.

127
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Hans Rinderknecht is primarily responsible for the physics design of magPTOF

(Sec.5.3.1), with assistance from Hong and guidance from MIT scientist Johan Frenje.

Hong Sio was the first magPTOF responsible scientist at the NIF from 2014 to 2018,

and Neel Kabadi is the magPTOF responsible scientist from 2018 to present. Hong

Sio developed most of the modeling tools for proton (Sec.5.3.2) and X-ray (Sec.5.3.3)

transport in magPTOF, as well as the use of magPTOF as a charged-particle spec-

trometer (Appendix C).

Sec.5.1 discusses the physics motivations for measuring shock and compression

bang times on the NIF. Sec.5.2 describes the pTOF diagnostic, the predecessor to

magPTOF. Sec.5.3 briefly reviews the magPTOF hardware and magnet design, and

Sec.5.4 shows example data from pTOF and magPTOF. Sec.5.5 and Sec.5.6 discuss

the bang time uncertainty and analysis for pTOF and magPTOF data. The ap-

plication of magPTOF as a low-energy charged-particle spectrometer on the NIF is

discussed in Appendix C.

5.1 Motivation for bang-time measurements on the

NIF

In a typical ICF implosion, there are two periods of thermonuclear burn: shock burn

and compression burn (see Sec.1.2.2). The time of peak nuclear emission during

shock burn is the shock bang time, and the time of peak nuclear emission during

compression burn is the compression bang time. The absolute and relative timings

of these two periods of nuclear burn are related to the hydrodynamic evolution of

the implosion. The shock bang time corresponds to the time of shock rebound from

the center of the implosion. The compression bang time corresponds to the time of

near peak compression in the implosion. The timing differential between shock and

compression burns relates to the deceleration phase and initial hot spot formation.
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Figure 5-1: Conceptual illustration of the shock and compression bang times in a D3He-
gas-filled implosion. In this Lagrangian plot, the implosion element trajectories, shock tra-
jectories, and the two periods of thermonuclear burn are shown.

Because nuclear yields during shock burn are typically at least an order of mag-

nitude lower than nuclear yields during compression burn, measuring both the shock

and compression bang times simultaneously on the same instrument is challenging.

However, this is possible in a D3He-gas-filled implosion, by taking advantage of the

different temperature reactivities of the DD and D3He reactions. Figure 5-1 is a con-

ceptual illustration of the shock and compression burns relative to the hydrodynamic

evolution in a D3He-gas-filled implosion.

The shock burn is characterized by relatively high-temperature and low-density

plasma conditions, which favor the D3He reaction relative to the DD reactioni. During

shock burn, the areal density of the implosion is typically ∼100 mg/cm2, and D3He-p

generated during this time can escape the implosion. pTOF and magPTOF are not

sensitive to the 107-108 DD-n generated during the shock phase, but can measure the

107-108 D3He-p generated during the shock phase. Therefore, the shock bang time is

characterized by the D3He-p bang time.

The compression burn is characterized by relatively low-temperature and high-

iFor a typical 10-keV plasma during shock burn, the D3He-p/DD-n yield ratio is ∼0.4
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density plasma conditions, which favor the DD reaction relative to the D3He reactionii.

During compression burn, the areal density of the implosion is typically greater than

∼300 mg/cm2, and the D3He-p generated during this time are often ranged out before

they can escape the implosion. Therefore, the compression bang time is characterized

by the DD-n bang time.

Measuring shock and compression bang times in a D3He-gas-filled implosion is

accomplished by measuring the D3He-p and DD-n bang times. This chapter will

focus on how these bang-time measurements are made on the NIF with pTOF and

magPTOF with less than 100-ps uncertainty. Chapter 6 will discuss the physics

implications of these bang-time measurements.

5.2 pTOF design
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Figure 5-2: Exploded view of the pTOF detector. An assembled pTOF detector is shown
in the lower-right corner.

The particle-time-of-flight (pTOF)14 iii is a MIT-designed nuclear bang-time de-

iiFor a typical 4-keV plasma during compression burn, the D3He-p/DD-n yield ratio is ∼0.04
iiiA more detailed description of pTOF can be found in Hans Rinderknecht’s thesis.75
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tector on the NIF. Figure 5-2 is an exploded view of the pTOF detector. The active

detector component of pTOF is a 10-mm-diameter diamond disc created using the

chemical vapor deposition (CVD) method. The CVD diamond thickness varies from

200 𝜇m to 1000 𝜇m. Toward the front end of the detector, two sets of retaining rings

hold the CVD diamond and the X-ray filters in front of the CVD diamond in place.

The CVD diamond sits in an insulated ceramic housing, and makes electrical contact

with a conductor pin at the back. The entire pTOF assembly is housed in a brass

housing, with an N-type connector in the back.

Figure 5-3: pTOF operating concept.75 The CVD diamond is electrically biased. X-rays,
neutrons, and protons incident on the CVD diamond excite electron-hole pairs. These
electron-hole pairs are swept by the electric fields in the CVD diamond and collected as a
current impulse on a fast scope.

Figure 5-3 is a conceptual diagram of pTOF operation. The CVD diamond disc

is coated with 1-𝜇m-thick Au on both faces. A bias voltage between 250 V - 500 V

is applied across the CVD diamond disc. X-rays, neutrons, and protons incident on

the CVD diamond excite electron-hole pairs in the CVD diamond, which are swept

by the bias voltage and collected as a time-varying current impulse on a fast scope.

A bias-T in the cable provides the bias voltage for pTOF, acting as a capacitor that
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holds a DC voltage while allowing transmission of the rapid, transient pTOF impulse.

The impulse response of pTOF is characterized by a ∼300 ps rise, followed by a ∼1.4

ns tail. Because of its long rise time relative to the implosion burnwidth (∼100 ps),

pTOF is a nuclear bang-time detector, not a nuclear reaction history detector, unless

the reaction history is unusually long (∼ns).

Different bias voltage and CVD diamond thickness are used on the NIF. The

current standard pTOF configuration since 2017 is a 1000-𝜇m-thick CVD diamond

biased to 500 V. For comparison, the historical pTOF configuration from 2011 to 2017

used a 200-𝜇m-thick CVD diamond biased to 250 V. It is found that 1000-𝜇m-thick

CVD diamonds are more mechanically robust and have a slightly faster response. A

new class of high-yield pTOF detectors designed for high-yield DT implosions on the

NIF is being designed by current graduate students Neel Kabadi and Patrick Adrian.

pTOF is fielded in the NIF target chamber on an external bracket mounted onto

the diagnostic insertion manipulator (DIM)76 at port angle 𝜃 = 90 deg, 𝜑 = 78 deg in

the NIF target chamber, or simply, DIM 90-78. Typically, up to three Wedge Range

Filter (WRF) proton spectrometers13 are also filled alongside pTOF to measure the

D3He-p spectrum in a D3He-gas-filled implosion. Figure 5-4 shows a CAD model of

the pTOF detector as mounted on DIM 90-78. Figure 5-5 is an image of an as-built

DIM 90-78, ready for insertion into the target chamber.

Signal generated at pTOF is relayed from the target chamber through a 95-feet,

low-loss, LMR-400 cable to the NIF mezzanine. The pTOF signal is first recorded on

a FTD10000 7-GHz transient digitizer77, and then passed through to a a Tektronix

DPO70604B digital oscilloscope.78 A timing fiducial provided to both scopes is used as

the absolute timing reference relative to the NIF lasers. Typical pTOF sensitivities

to D3He-p, DT-n, and DD-n are ∼ 7×10−5 V·ns, 5×10−8 V·ns, and 2×10−8 V·ns,

respectively.14 The typical pTOF lower yield limits for D3He-p, DT-n, and DD-n are

∼ 2×107, 5×109, and 1010, respectively.
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pTOF
particle-time-of-flight

WRF proton 
spectrometers

Characteristics Range 

CVD thickness 200μm - 1000μm

Bias voltage - 250 V to – 500 V

X-ray filtering Up to 1 cm thick

Figure 5-4: A CAD model showing DIM 90-78 with a pTOF detector mounted on an
external bracket. Three WRF proton spectrometers are also mounted externally on DIM
90-78. Typical pTOF operating parameters are displayed in a table in the upper-left corner.

pTOF

DIM 90-78

WRF

Figure 5-5: As-built DIM 90-78 with a pTOF detector mounted on an external mounting
bracket, after assembly in the NIF Target Diagnostic Factory and prior to delivery for a
shot. Three WRF proton spectrometers are also mounted externally on DIM 90-78 along
with pTOF.
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5.3 magPTOF design

The magnetic particle time-of-flight (magPTOF) is an upgrade of the pTOF detector

at the NIFiv. The primary motivation for the development of magPTOF is the large

X-ray flux generated in a NIF implosion, which overwhelms the much smaller D3He-

p signal. While simply adding thicker X-ray filters to pTOF can remove a larger

fraction of the X-ray flux, the same thicker X-ray filters also absorb a larger fraction

of the incident D3He-p energy.

magPTOF is designed to simultaneously measure the shock and compression bang-

times in D3He-gas-filled implosions at the NIF, using the 14.7-MeV D3He-p and the

2.45-MeV DD-n, respectively. The additions of direct line-of-sight X-ray shielding and

a deflecting magnet to the pTOF detector increase the D3He-p to X-ray-background

ratio by ∼1000×. The 14.7-MeV D3He-p are deflected around the X-ray shielding by

the magnet (Fig.5-6), while direct line-of-sight X-rays are greatly attenuated. The

major results in this section have been published in an invited instrumentation pa-

per.15

Aperture

X-ray filter pTOF FilterTarget

magnet

neutrons

CR39 filter

pTOF

CR39 annulus

Figure 5-6: magPTOF operating concept. Thick X-ray shielding blocks the pTOF detector
from direct X-rays from the implosion. The 14.7-MeV protons are deflected around the
X-ray shielding by a magnet to the pTOF detector. A CR39 annulus is fitted around the
pTOF detector as an independent proton measurement.
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magPTOF 
magnetic Particle-time-of-flight

WRF proton 
spectrometers

Figure 5-7: A CAD model showing magPTOF as mounted on DIM 90-78. Three WRF
proton spectrometers are also mounted externally on DIM 90-78.

5.3.1 Hardware overview

magPTOF, like pTOF, is an externally-mounted diagnostic on DIM 90-78 (Fig.5-7).

The key components of magPTOF are the pTOF detector, the deflecting magnet, and

the X-ray shielding (Fig.5-8, left). The X-ray shielding blocks the direct line-of-sight

to pTOF. The magnet deflects the 14.7-MeV D3He-p from the implosion around the

X-ray shielding to pTOF. A CR39 annulus is mounted around the pTOF detector

to provide an independent, time-integrated D3He-p measurement. The housing pro-

vides mountings for these components, and enforces the relative alignments between

these components. Figure 5-8 (right) shows the magPTOF hardware, after assembly

and alignment at LLE, prior to delivery to the NIF. Figure 5-9 shows magPTOF as

mounted on DIM 90-78 at the NIF, prior to delivery for a shot.

ivA team of LLE mechanical engineers (Milton Shoup, Anthony Agalita, Jason Magoon, and Mark
Bedzyk) are responsible for the magPTOF mechanical design. LLNL system engineer Sharon Ayers
are responsible for magPTOF integration and interface at the NIF.
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X-ray 

shielding

PTOF 

Detector

Magnet

Proton detector 

(CR39)

Housing & 

Debris shielding

Figure 5-8: (left) A CAD model of magPTOF, illustrating the key diagnostic components.
(right), magPTOF, after assembly and alignment at LLE, prior to delivery to the NIF.

magnet

aperture

pTOF

DIM 90-78

WRF

Figure 5-9: As-built DIM 90-78 with magPTOF mounted on an external bracket, after
assembly in the NIF Target Diagnostic Factory and prior to delivery for a shot. Three WRF
proton spectrometers are also mounted externally on DIM 90-78 alongside magPTOF.

5.3.2 Magnet design and characterization

The magPTOF magnet is designed jointly between MIT and Dexter Magnetics Tech-

nology.79 Figure 5-10 shows the magPTOF magnet as it is being assembled in the

magPTOF housing at LLE, and the magPTOF magnet as it is being characterized

at the MIT linear electrostatic accelerator.80 The magPTOF magnet is a permanent
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dipole composed of Nd2Fe14B, with a density of 7.4 g/cm3. It is sheathed in vacuum-

tight autenistic stainless steel to prevent outgassing in the NIF target chamber. It is

approximately 8-cm long with a 1.5-cm-wide pole gap and a 2-cm pole depth. The

magnet has a 10-kG peak field and weights approximately 5 lbs.

- 10 kG peak field
- 5 lbs in weight

- 8-cm long
- 1.5-cm pole gap

magPTOF magnet

Figure 5-10: (left) An LLE technician assembling and aligning magPTOF, prior to delivery
to the NIF. (right) The magPTOF magnet as it is being characterized at the MIT accelerator
facility.80 Key magnet characteristics are shown in the top-right corner.

The magPTOF magnet is designed to deflect 6-MeV - 16-MeV protons to the

pTOF detector, as the 14.7-MeV D3He-p typically slow down to ∼10 MeV as they es-

cape from the implosion. Figure 5-11 shows the proton transport through magPTOF,

with the horizontal axis being the DIM 90-78 insertion axis. In this proton transport

simulation, 10-MeV protons are transported through a 13-mm by 10-mm aperture and

then through the magPTOF magnet. These protons are deflected onto pTOF and

the surrounding CR39 annulus. X-ray shielding blocks the direct line-of-sight from

the implosion to pTOF. Figure 5-12 shows the same simulation in a rotated frame,

with the horizontal axis being the line of sight between the implosion and pTOF. The

magnet is rotated by 4 degrees in the bending plane to maximize the proton path

length in the magnet.

Figure 5-13 shows the final proton locations on the pTOF detector plane. The
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aperture

Implosion

Figure 5-11: magPTOF proton transport view, with the horizontal axis being the DIM 90-78
insertion axis. In this proton transport simulation, monoenergetic 10-MeV protons (green
lines) are transported through a 13-mm by 10-mm aperture and then through the magPTOF
magnet. These protons are deflected onto the pTOF detector and the surrounding CR39
annulus. A thick X-ray shield blocks direct X-rays from the implosion to pTOF.

CR39
pTOF

Implosion
X-ray shielding

aperture

Figure 5-12: magPTOF proton transport view, with the horizontal axis being the line of
sight between the implosion and pTOF. In this proton transport simulation, monoenergetic
10-MeV protons (green lines) are transported through a 13-mm by 10-mm aperture aper-
ture and then through the magPTOF magnet. These protons are deflected onto the pTOF
detector and the surrounding CR39 annulus. A thick X-ray shield blocks direct X-rays from
the implosion to pTOF.

pTOF CVD diamond is surrounded by a brass housing (see Fig.5-2). A CR39 an-

nulus is fitted around the pTOF detector to provide an independent, time-integrated

measurement of the protons transported through magPTOF. At the aperture plane

∼31 cm from the implosion (see Fig.5-12), the 13-mm by 10-mm rectangular aperture

defines the shape of the "proton packet" that enters the magnet. This proton packet

is stretched and deformed into the final shape seen in Fig.5-13. Note that the 10-MeV
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proton packet is centered about and completely covers the pTOF CVD diamond.

Protons, through 13mm slit

CR39

Brass

10 MeV
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Proton_tracing_13mm_10MeV_nominal.csv

CVD

Figure 5-13: Proton transport through the nominal magPTOF design at the pTOF detector
plane. This proton transport simulation used the standard magPTOF aperture (13 mm by
10 mm), which defines the initial shape of the 10-MeV proton packet entering magPTOF.
The proton packet at the pTOF detector plane is defined by the blue points.

The aperture in front of the magPTOF magnet has a solid angle fraction of

1.08×10−4. For 10-MeV protons, the effective pTOF solid angle fraction at ∼50

cm is 1.8×10−5, slightly higher than the solid angle fraction of the standard pTOF

detector (1.7×10−5) because of slight focusing in the magnet.15

5.3.3 X-ray signal reduction

In the magPTOF, the direct line-of-sight X-ray shielding between the implosion and

the pTOF detector is nominally 2-cm-thick tungsten, more than sufficient to signif-

icantly attenuate direct line-of-sight X-rays. Another source of X-ray background is

X-ray scattering and fluorescence in the magPTOF housing and magnet. The mag-

PTOF instrumentation paper15 provided an estimate of the X-ray contribution from
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scattering and fluorescence using NIST-tabulated cross sections.45 X-ray reduction

is independently confirmed using Geant4 simulations including both magPTOF and

DIM 90-78 hardwares.

In Sec.2.5.2, Geant4 is used to establish the X-ray response of PXTD. In this

section, Geant4 is used to assess the X-ray background in magPTOF. Figure 5-14a

shows the magPTOF and DIM 90-78 CAD models in Geant4. The green lines are

example X-ray photon trajectories, with several photons scattering off the magPTOF

structure. The X-ray source in the simulation is a two-temperature spectrum as

measured on previous NIF shots, located at the center of the target chamber. As

we are only assessing the level of X-ray attenuation from a nominal setup, we will

focus on relative comparisons between different magPTOF configurations. In all

configurations, the pTOF detector in the back is fielded with 100-𝜇m-thick Ta + 100-

𝜇m-thick Au (standard proton filtering). The X-ray shielding is 2-cm-thick tungsten.

The first configuration (Fig.5-14b) is a magPTOF geometry with no X-ray shield-

ing in the line of sight between pTOF and the implosion. This is effectively a standard

pTOF detector, and the pTOF detector at the back in this configuration absorbed

3×1013 eV in the Geant4 simulation.

The second configuration (Fig.5-14c) we will consider is the standard magPTOF

geometry with X-ray shielding positioned near the aperture along the line of sight

between pTOF and the implosion. In this standard magPTOF configuration, direct

line-of-sight X-rays are greatly attenuated, although X-rays that scatter off the mag-

PTOF structure and X-ray fluorescence in the magnet can scatter into the pTOF

detector. The pTOF detector at the back in this configuration absorbed 1×1010 eV,

using the same Geant4 simulation setup. The introduction of X-ray shielding along

the line of sight between pTOF and the implosion reduced X-ray dose in the pTOF

detector by ∼3000×.

The third configuration (Fig.5-14d) is a magPTOF geometry where the X-ray
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a) – setup overview b)  No X-ray shielding

c)  Standard magPTOF configuration d)  X-ray shielding in front of pTOF

X-ray dose:  1010 eV

X-ray dose:  3 × 1013 eV

X-ray dose:  2 × 109 eV

Figure 5-14: a) magPTOF and DIM 90-78 CAD models in Geant4. Green lines are exam-
ple X-ray photon trajectories that passes through or scatter off magPTOF. b) magPTOF
geometry without X-ray shielding along the line of sight between pTOF and the implosion.
c) magPTOF geometry with the standard X-ray shielding along the line of sight between
pTOF and the implosion. d) magPTOF geometry with the X-ray shielding immediately
before pTOF, allowing the X-ray shielding to block both X-rays directly from the implosion
and X-rays that are scattered off the magPTOF structure.

shielding is immediately before pTOF, allowing the X-ray shielding to block both

X-rays directly from the implosion and X-rays that are scattered off the magPTOF

structure. The pTOF detector at the back in this configuration absorbed 2×109 eV,

using the same Geant4 simulation setup. That is, X-ray scattering and fluorescence

in the magPTOF structure is ∼4× larger than the X-rays transmitted through the

X-ray shielding.

In summary, Geant4 simulations including the full magPTOF and DIM 90-78 ge-

ometry show a 3000× reduction in X-ray dose in the pTOF detector by introducing

X-ray shielding along the line-of-sight between pTOF and the implosion. These re-

sults are consistent with the estimates reported in the magPTOF instrumentation
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paper.15 These simulations are performed with a point (implosion) source. Some X-

rays generated in an extended emission source (for example, in the hohlraum) may

have a direct line of sight to the pTOF detector.

5.4 Survey of pTOF and magPTOF data

This section provides a brief survey of pTOF and magPTOF data, to showcase typical

pTOF signals measured at the NIF, and to provide motivation for the development

of magPTOF.v The analysis method for these pTOF signals will be discussed later

in Sec.5.6.

Each shot on the NIF is identified by an "N" number that denotes the experiment

date and the shot order on that day. For example, N170201-001 is the identifier for

a NIF shot which was executed on February 1st, 2017. The "-001" indicates that it

was the first target shot of that day. The pTOF and magPTOF data discussed in

this section is not presented in a chronological order. Even though magPTOF is a

hardware upgrade of pTOF, it does not replace pTOF. The heavier weight, larger

space envelope, and more stringent pointing requirement for magPTOF restrict its

use to only D3He-gas-filled implosions, whereas pTOF is more regularly fielded on

D2-, D
3He-, and DT-gas-filled implosions on the NIF.

5.4.1 pTOF in a D2-gas-filled implosion

In this first example, pTOF measured primary DD-n and secondary DT-n in an

indirect-drive, HDC (high-density-carbon), D2-gas-filled implosion. In this example,

pTOF measured the primary DD-n from the implosion, given by:

D+D → n(2.45MeV) + 3He(0.82MeV) (5.1)

vMore examples of pTOF data on the NIF can be found in Hans Rinderknecht’s thesis.75
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pTOF also measured secondary DT-n from the implosion. A secondary DT-n in

a deuterium plasma is generated in two steps. First, a triton is produced from the

DD-p branch:

D+D → T(1.01MeV) + p(3.02MeV) (5.2)

and then, this triton reacts in-flight with a background deuteron:

T(≤ 1.01MeV) + D → n(11.9− 17.2MeV) + 𝛼(6.7− 1.4MeV) (5.3)

For this shot, a pTOF detector with a 200-𝜇m-thick CVD diamond biased to -250

V was fielded with 1000-𝜇m-thick Ta filtering. Because we were only planning to

measure neutron signals on this shot, pTOF was fielded with fairly substantial X-ray

filtering that ranged out all charged particles from the implosion. On the pTOF scope

trace in Fig.5-15, the X-ray signal arrives first at ∼8 ns, followed by the secondary

DT-n signal at ∼18 ns, and finally the primary DD-n signal at ∼32 ns. Each signal

shares the same fast rise and slow decay characteristic of the pTOF detector response

(discussed later in Sec.5.6.1).
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Detector 200R / pTOF

Bias -250 V

Filtering 1000μm Ta

Au

HDC

D2

Figure 5-15: Measured pTOF signal on N170201-001. pTOF measured primary DD-n and
secondary DT-n from an indirect-drive D2-gas-filled implosion on the NIF. pTOF setup
(200R is the ID of this particular pTOF detector) and laser drive information is provided
on the right.

5.4.2 pTOF in a D3He-gas-filled implosion

pTOF cannot measure a D3He-p signal in the presence of large X-ray background

in NIF implosions, which is seen in this second example. pTOF measured DD-n in

an indirect-drive, HDC, D3He-gas-filled implosion. A pTOF detector with a 200-

𝜇m-thick CVD diamond biased to -250 V was fielded with 100-𝜇m Ta + 100-𝜇m

Au filtering. Because we were planning to measure both the DD-n and D3He-p on

this shot, pTOF was fielded with relatively light X-ray filtering that does not range

out the 14.7-MeV D3He-p. However, as seen in Fig.5-16, pTOF only successfully

measured the DD-n signal. The X-ray filtering was not sufficient to block out most

of the X-rays from the implosion, and the large X-ray signal at ∼6 ns overwhelmed

the D3He-p signal that arrived later at ∼16 ns. The negative signal dip at ∼44 ns is
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the NIF timing fiducial, used for absolute timing to the NIF lasers.

Detector 200B / pTOF

Bias -250 V

Filtering 100μmTa + 100μmAu

Au

HDC

D3He

Figure 5-16: Measured pTOF signal on N161017-001. pTOF measured DD-n from an
indirect-drive D2He-gas-filled implosion on the NIF. Although D3He-p are present, the D3He-
p signal is too small relative to the X-ray background. The negative signal dip at ∼44 ns
is the NIF timing fiducial. pTOF setup (200B is the ID of this particular pTOF detector)
and laser drive information is provided on the right.

5.4.3 magPTOF in a D3He-gas-filled implosion

In this final example, magPTOF overcame the X-ray signal problem in the previous

example and measured DD-n and D3He-p in an indirect-drive, HDC, D3He-gas-filled

implosion. At the back of the magPTOF assembly, a pTOF detector with a 200-

𝜇m-thick CVD diamond biased to -250 V was fielded with 25-𝜇m Ta + 100-𝜇m Au

filtering. Whereas the X-ray signal from the implosion in Fig.5-16 overwhelmed the

D3He-p signal, the X-ray signal in Fig.5-17 is very small. The direct line-of-sight

shielding in magPTOF significantly reduced the X-ray signal. The D3He-p signal at

∼18 ns and the DD-n signal at ∼30 ns are of high quality in the absence of X-rays.
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Detector 200B / magPTOF

Bias -250 V

Filtering 25μmTa + 100μmAu

Au

HDC

D3He

Figure 5-17: Measured magPTOF signal on N151221-001. magPTOF measured D3He-p
and DD-n from an indirect-drive D3He-gas-filled implosion on the NIF. The negative signal
dip at ∼44 ns is the NIF timing fiducial. magPTOF setup (200B is the ID of this particular
pTOF detector) and laser drive information is provided on the right.

5.5 Timing uncertainty

This section outlines the different contributions to absolute and relative timing un-

certainties in pTOF and magPTOF data. This section will follow a similar structure

as the PXTD timing discussion in Sec.2.6. One of the major differences is that

while PXTD on OMEGA is typically fielded at 9 cm from the implosion, pTOF and

magPTOF at the NIF are fielded at 50 cm away from the implosion, and the much

longer time-of-flight directly translates to larger timing uncertainty. As far as timing

uncertainty (Sec.5.5) and scope signal analysis (Sec.5.6) are concerned, there is no

difference between pTOF and magPTOF.

Diagnostics at the NIF are absolute timed to the NIF lasers using a timing fiducial

distributed to time-resolved diagnostics. This fiducial is timed to the lasers to provide
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an absolute timing reference. Next, an X-ray impulse timing shot is used to absolutely

time the diagnostic to the NIF laser system to ∼30-50 ps. Because timing calibration

shots are scheduled only several times a year, the absolute timing calibration of a

diagnostic may drift during this time period. As diagnostics are inserted, retracted,

re-inserted, and reconfigured, the absolute timing of the diagnostic may drift from

the calibrated value, until it is corrected again at the next timing shot. On the NIF,

the absolute timing calibration has generally been stable to ∼20 ps between timing

shots.

Table 5.1: Absolute bang time uncertainty for pTOF and magPTOF for different particles.
Assumed mean energy uncertainties (ΔE) are 100 keV, 5 keV, and 5 keV for D3He-p, DT-n,
and DD-n, respectively. Assumed insertion distance uncertainty (Δd) is 1 mm.

Uncertainty (ps)
D3He-p

(14.7 MeV)
DT-n

(14.1 MeV)
DD-n

(2.45 MeV)
time of flight, from ΔE 50 5 25

time of flight, from Δd 23 23 46

IRF and absolute timing 35
Fitting (signal/noise ≈ 10) 20

Total 68 47 66

The absolute pTOF/magPTOF bang-time uncertainty on the NIF is provided in

Table 5.1 for D3He-p, DT-n, and DD-n. A large component of the timing uncertainty

is time-of-flight uncertainty, due to either uncertainty in energy or distance. There

are also systematic sources of uncertainty from IRF characterization and absolute

timing. Generally, the absolute bang-time uncertainties for D3He-p, DT-n, and DD-n

are ∼68 ps, ∼47 ps, and ∼66 ps, respectively.

magPTOF is designed to measure both the D3He-p shock bang time and the DD-

n compression bang time, and this also provides the ΔT between shock burn and

compression burn. The ΔT uncertainty between shock and compression bang times

- as measured using D3He-p and DD-n - is ∼64 ps. As both nuclear bang times are
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measured on magPTOF, some of the systematic uncertainties can be neglected if we

are only interested in the ΔT between shock and compressionvi.

5.6 Analysis procedure

This final section discusses how the electrical signals measured with pTOF and mag-

PTOF are analyzed to recover the nuclear bang times from the implosion. We will

first discuss the different components that contribute to the measured signal, and how

these components are characterized for pTOF and magPTOF. In the analysis, these

components are combined into a forward fit, which is an analytical representation of

the expected signal given all known responses of the particles and the instrument.

pTOF and magPTOF data on the NIF are analyzed using a forward fit approach, the

same way as the PXTD data on OMEGA (Sec.2.7). pTOF, magPTOF, and PXTD

are all time-of-flight diagnostics that measure nuclear and X-ray signals. Even though

these time-resolved diagnostics have very different operating concepts, the analytical

description of their recorded signals is the same.

For pTOF and magPTOF, the measured signal is comprised of three compo-

nents. The first component is the Impulse Response Function (IRF) of the instru-

ment. The second component is the time-of-flight broadening introduced by the

Doppler-broadened energy spectrum of the incident particles. The third component

is the emission history of the particlesvii. Even though the rise time of pTOF and

magPTOF is too slow for reaction history measurement, the analysis still fits the

scope signal using a nominal temporal history to infer a nuclear bang-time.

vipTOF cannot measure both D3He-p and DT-n simultaneously, as their time of flights are too
similar.

viiThe transit-time broadening in the detector discussed in Sec.2.7.2 also applies to pTOF detectors,
although this component is now completely negligible relative to the IRF and Doppler broadening.
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5.6.1 Impulse response function

The impulse response function for pTOF and magPTOF is measured on a NIF X-ray

timing shot. Like OMEGA, the shortest pulse duration achievable with the main

NIF lasers is ∼100 ps. Because the rise time of the pTOF detector is ∼300 ps, the

measured pTOF signal on a NIF X-ray timing shot is a fairly good approximation of

the impulse response function of pTOF.

pTOF has been fielded with different CVD diamond thickness and bias voltage,

and as these parameters change so does the impulse response of pTOF. Figure 5-18

shows the impulse response functions for the two most common pTOF configurations.

200-𝜇m-thick CVD diamond biased to -250 V is the standard pTOF configuration

used from 2010 to 2017, whereas 1000-𝜇m-thick CVD diamond biased to -500 V is the

standard pTOF configuration from 2017 to present. The 1000-𝜇m-thick configuration

has a faster response, which is associated with the reduced capacitance in the system

(overall weaker electric field in the diamond disc).
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Figure 5-18: pTOF impulse response functions (normalized) as measured on two NIF timing
shots. The 200-𝜇m-thick CVD diamond response at -250 V bias voltage was measured
on N131108-001. The 1000-𝜇m-thick CVD diamond response at -500 V bias voltage was
measured on N170425-001.

At any given time, four to eight pTOF detectors are in active use at the NIF. As

timing shots are scheduled only once every few months, it is impractical to calibrate
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every detector individually. Instead, a general calibration for a given CVD diamond

thickness and bias voltage is maintained. This is sufficient for the purpose of IRF

characterization, as different pTOF detectors with the same CVD diamond thickness

and bias voltage have very similar behavior. Figure 5-19 overlays the IRFs of two

different pTOF detectors measured on two different timing shots. pTOF detector

1000D was fielded on NIF timing shot N170425-001. pTOF detector 1000I was fielded

on NIF timing shot N171001-003. Both detectors used the same CVD diamond

thickness and bias voltage, and their responses are very similar.
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Figure 5-19: pTOF impulse response functions (normalized) as measured on two NIF timing
shots. Both pTOF detectors are fielded with 1000-𝜇-thick CVD diamond and biased to -500
V. pTOF detector 1000D was fielded on NIF timing shot N170425-001. pTOF detector
1000I was fielded on NIF timing shot N171001-003.

5.6.2 Doppler time-of-flight broadening

The discussion of Doppler time-of-flight broadening for pTOF signal is very similar

to that for PXTD (see Sec.2.7.3). Like PXTD, pTOF and magPTOF measure DD-n,

DT-n, and D3He-p signals in ICF implosions. PXTD is typically fielded at 9-cm away

from the implosion, whereas pTOF and magPTOF are fielded at 50-cm away from

the implosion.
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Figure 5-20: Doppler broadenings for DD-n, DT-n, and D3He-p from a 3-keV plasma to
a pTOF detector 50 cm away from the implosion. In a), Doppler broadening broadens the
monoenergetic lines, and in b), these energy spreads translate into temporal spreads in the
particles’ arrival histories.

Temperature distribution in the plasma leads to broadening in the energy spec-

trum. This spread in the energy spectrum leads to a spread in the arrival time at

the detector, broadening the signal temporally. Figure 5-20b shows the time-of-flight

broadenings 50 cm away for fusion products produced in a 3-keV plasma. The full-

width-half-maximum time-of-flight broadenings for D3He-p, DT-n, and DD-n are 99

ps, 103 ps, and 675 ps, respectively, at 50-cm away from the implosion.

5.6.3 Source function

Even though pTOF and magPTOF do not have the temporal resolution to infer a

reaction history, the analysis still assumes a nominal reaction history shape for the

purpose of extracting a nuclear bang time from the signal. In the PXTD analysis

(Sec.2.7.4), skew-Gaussian functions are used as the source functions for the forward

fit analysis. Because we do not have the temporal resolution to assess skewness in

the data, normal Gaussian functions (Fig.5-21) are used to infer a bang time.
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Figure 5-21: Area-normalized Gaussian functions with different width parameters. The
width parameters are: 𝜎 = 0.06 ns (black), 𝜎 = 0.07 ns (blue), and 𝜎 = 0.08 ns (green).

5.6.4 Forward fit

We have now discussed the different components that contribute to the measured

pTOF/magPTOF signal, and how these components are characterized. In a for-

ward fit analysis, the source function (Fig.5-22a), Doppler broadening (Fig.5-22b),

and instrument response (Fig.5-22c) are convolved together and fitted to the data

iteratively until a best fit is found. These components are combined into a forward

fit (Fig.5-22d), which is an analytical representation of the expected signal given all

known responses of the particles and the instrument.

Forward fits to the D3He-p and DD-n pTOF signals on N141105-004 are shown

in Fig.5-23 as examples. On the pTOF trace, the X-ray signal arrives first at ∼10 ns,

followed by the D3He-p signal at ∼20 ns, and then the DD-n signal at ∼33 ns. The

forward fits to the D3He-p and the DD-n signals are displayed in the bottom plots.

Forward fits require temperature information to calculate the expected Doppler broad-

enings, and that temperature information is provided by Wedge-Range-Filter proton

spectrometers and neutron time-of-flight diagnostics, respectively, for the D3He-p and

the DD-n signals. In the fitting, the parameters in the source function are adjusted,

and this changes the shape of the forward fit. However, as the pTOF signal is signifi-
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* *

a) b) c)

d)

Figure 5-22: A summary of the forward fit process for pTOF/magPTOF analysis. The three
major components of the forward fit are a) the source function, b) the Doppler broadening,
and c) the instrument response function. a), b), and c) are convolved together to obtain the
final forward fit in d). The forward fit is an analytical representation of the expected signal
given all known responses of the particles and the instrument, and is compared directly to
the measured pTOF/magPTOF signal.

cantly broadened temporally, only the time of peak emission (bang time) is reported.

This concludes our discussion of the pTOF signal analysis.
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Figure 5-23: Forward fits to the D3He-p and DD-n pTOF signals on N141105-004. On the
pTOF trace, the X-ray signal arrives first at ∼10 ns, followed by the D3He-p signal at ∼20
ns, and then the DD-n signal at ∼33 ns. The forward fits to the D3He-p and the DD-n
signals are displayed in the bottom plots, in red and blue, respectively.



Chapter 6

Studies of implosion dynamics on the

NIF

The pTOF and magPTOF bang-time data discussed in Chapter 5 were taken in

support of the US indirect-drive ICF program at the NIF. As discussed in Sec.5.1,

more than half of the programmatic ICF implosions on the NIF are surrogate D2-gas-

filled or D3He-gas-filled implosions with neutron yield less than 1014. In this regime,

pTOF and magPTOF are the only diagnostics that can measure nuclear bang time(s),

which are used to compare with simulations and understand implosion dynamicsi.

On OMEGA, MIT can design and plan self-contained experiments that study a

particular physics question (chapter 3 and chapter 4), and generally have complete

control over the design and execution of the experiments. At the NIF, pTOF and

magPTOF provide data as part of a much larger national collaboration with multiple

national laboratories and universities, and the discussion of nuclear bang-time data

measured by pTOF and magPTOF must be placed in the context of the NIF ICF

program.

Sec.6.1 provides a high-level overview of the NIF ICF program, and the impor-

tant role surrogate implosions play in tuning and optimization. Sec.6.2 discusses the

differences between measured and simulated nuclear bang times in low-adiabat and

iIn additional to the specific physics topics discussed in this chapter, pTOF and magPTOF are
regularly fielded to support basic science and programmatic experiments on the NIF. The following
peer-reviewed publications from 2014-2018 made use of pTOF and magPTOF data.15,81–96

155
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high-adiabat implosions. Sec.6.3 shows how shock and compression bang times, along

with shock and compression 𝜌Rs, can be used to assess 𝜌R, 𝜌R asymmetry, and im-

plosion velocity from shock to compression. Finally, Sec.6.4 discusses the difference

between nuclear and X-ray bang times and its correlation with high-Z dopant mix in

the hot spot.

6.1 Overview of the NIF ICF program

Sec.1.2.1 provided a brief overview of ICF, and this section expands on that discus-

sion, focusing on the indirect-drive ICF program at the NIF. Construction of the NIF

was completed in 2009. From 2009 to 2012, the National Ignition Campaign (NIC),

a multi-institution effort, pushed toward ignition in the laboratory using an indirect-

drive, hot-spot ignition design. This period oversaw the ramping up of NIF’s laser

capability starting at 0.5 MJ at 300 TW to 1.8 MJ at 500 TW at the end of the cam-

paign, as well as the development of over 50 optical, X-ray, and nuclear diagnostics.97

Diagnostic platforms for tuning and optimization were developed, and two of these

platforms will be discussed in Sec.6.1.2.

The indirect-drive point design has over 250+ laser and target parameters (peak

laser power, capsule roughness, peak hohlraum temperature, velocity of the first

shock, etc). These low-level parameters together manifest as higher-level implosion

design variables (mix, velocity, adiabat, and shape), which determine the key fusion

observables (𝜌R, temperature, and yield).

6.1.1 DT cryogenic implosions on the NIF

An example ignition design from the National Ignition Campaign is shown in Fig.6-1,

which will be used to illustrate the key features of indirect-drive ICF implosions at

the NIF.
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Indirect-drive refers to the use of a high-Z hohlraum to convert laser energy to

X-ray energy, trading reduced laser coupling for improved drive symmetry. Figure 6-

1 (left) shows a hohlraum (either Au or Au-lined U) 0.943-cm long and 5.75 mm in

diameter. The lasers enter the hohlraum through laser entrance holes from the top

and the bottom, irradiating the inside of the hohlraum to generate a uniform X-ray

drive. The peak radiation temperature in the hohlraum is ∼300 eV. The hohlraum

is filled with 0.7 mg/cc of helium, which slows down the inward expansion of the Au

plasma. The capsule is held in place by nanometers-thick plastic films (tents), and

filled through a fill tube at the equator.

Hot-spot ignition refers to the ICF ignition design of generating a hot plasma core

(the hot spot) surrounded by cold, dense DT fuel (the cryogenic ice layer). In this

scheme, the DT-𝛼 generated in the hot spot is stopped in the hot spot, depositing their

energy and further raising the temperature in the hot spot, generating an outward-

propagating burn wave. The fusion energy initially generated by the hot spot is used

to bootstrap later fusion burn. Ignition is a thermonuclear instability originating in

the hot spot. In a high-gain target, only a small fraction (∼3%) of the fuel is initially

heated to ∼10 keV; the bulk of the fuel is heated by DT-𝛼 deposition.

Table 6.1: Required plasma conditions in an igniting, indirect-drive implosion.

Parameter Approximate value

Burn fraction 0.3

Confinement time 50 ps

Cold fuel 𝜌R 2-3 g/cc

Hot spot 𝜌R 0.3 g/cc

Fuel radius 30 𝜇m

Capsule convergence 35

Implosion velocity 370 km/s

Ablation pressure 100 Mbars

X-ray drive temperature 300 eV

Table 6.1 lists some of the required plasma conditions in an igniting, indirect-drive

implosion. The table starts with the fraction of DT fuel burned in the implosion
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(burn fraction). This requires a certain fuel confinement time and fuel 𝜌R. The

density requirements set the fuel radius and convergence, which in turn determine

the implosion velocity. Achieving the required implosion velocity requires a certain

ablation pressure, which is set by the X-ray drive temperature.

Figure 6-1 (bottom-right) shows one example capsule design. A NIF-scale capsule

is ∼2 mm in diameter, versus ∼0.8 mm on OMEGA. CH is used as the ablator

material, followed by different Si-doped CH layers that reduce preheat in the fuel. The

inner layer of the capsule is cryogenic DT ice, kept near the triple point temperature.

Finally, the gas fill in the target is ∼0.3 mg/cc of DT vapor, in pressure equilibrium

with the DT ice.

Hohlraum Wall: 

Au / Au-lined U

Laser Beams 

(192 beams)

Hohlraum Fill              

He at 0.7 mg/cc

Solid DT 

fuel layer

Cryo-

cooling

Ring

CH

DT ice ~ 70 µm
Si-doped CH ~ 57 µm 

CH ~ 131 µm 

DT vapor ~ 0.3 mg/cc

fill tube

Figure 6-1: Overview of an indirect-drive implosion at the NIF. Major elements of the
hohlraum is labeled on the left. The high-adiabat pulse shape on N130927-003 and the
low-adiabat pulse shape on N110914-001 are plotted in upper-right. The cryogenic-DT-ice
target composition using CH ablator is outlined in lower-right.

This capsule is driven by the laser pulse shapes in Fig.6-1 (top-right). The laser

pulse shape design during the National Ignition Campaign (N110914, black) has four

controlled steps that launch four shocks into the capsule. These four shocks are
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timed to break out of the high-density DT-ice layer into the central low-density DT

gas within 50-100 ps of each other. The concept of adiabat (𝛼) is used to characterize

entropy generation in the implosion. The adiabat is the ratio of the pressure required

to reach a given density compared to that required for a Fermi-degenerate compres-

sion. A low-adiabat laser drive (N110914, black) compresses the DT fuel without

generating excessive preheat and entropy in the DT fuel, and can reach higher com-

pression. However, because the ablator and the fuel layer compress more, they are

also more unstable and prone to break up mid-flight.

During the National Ignition Campaign, it was found that low-adiabat (𝛼 ≈ 1.5)

implosions reach a "mix cliff" near implosion velocity of 300 km/s, above which yield

and temperature rapidly fall off.97 Capsule instability and excessive mix (driven by

3-D perturbations such as the fill tube, tents, surface roughness, laser power balance)

strongly disrupt capsule integrity at high compression (Fig.6-2, left)ii.

Figure 6-2: Time snapshots near peak fuel stagnation for two 2-D implosion simulations.98

The simulation on the left has a fuel adiabat 𝛼∼1.45, and shows significant low-mode and
high-mode hydrodynamic instabilities disrupting the hot spot. The simulation on the right
has a fuel adiabat 𝛼∼2.8, showing significantly reduced hydrodynamic instabilities.

To recover a more 1-D implosion with improved predictability, higher-adiabat laser

drives were developed after the end of the National Ignition Campaign in 2012. A

three-shock, high-adiabat (𝛼 ≈ 2.5) laser drive (example in Fig.6-1 N130927, blue)

produces more entropy in the fuel because it launches a stronger first shock. These

iiHydrodynamic instability such as the Richtmyer-Meshkov instability or the Rayleigh-Taylor
instability is an important research area in ICF. However, these topics are not directly related to
the data discussed in this chapter.
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implosions have lower convergence, but benefit from improved hydrodynamic stability

because of the reduced compression (Fig.6-2, right). This new research direction98,99

culminated in the first demonstration of ICF fuel gain exceeding unity100, meaning

that the fusion energy generated in the DT fuel exceeded the energy delivered to the

DT fuel. The absolute yield reported was ∼5×1015 DT-n, or ∼20 kJ. While this was

an important diagnostic milestone at the time, it was still only a small gain when

compared to the incident laser energy (∼1.8 MJ). At the time of this writing, the

highest-yield shot on the NIF is N180128 with a DT-n yield of 1.7×1016, using a

high-adiabat design with high-density-carbon (HDC) ablator.

6.1.2 D3He Surrogate implosions on the NIF

Tuning platforms are an integral part of the ignition program, designed for optimizing

specific aspects of the implosion (entropy, velocity, mix, shape, etc). Without a

cryogenic DT-ice layer, these targets are easier and faster to field, while providing

the same physics information of interest. Some commonly-used tuning platforms are:

Re-emit101 (for laser drive symmetry), Keyhole102 (for shock timing), ConA103 (for

ablator velocity), Symcap104 (for implosion shape), and Mixcap97 (to assess mix).

The Symcap (Symmetric capsule) and ConA (Convergent Ablator) platforms are

discussed in more details because pTOF and magPTOF are regularly fielded on these

two platforms. Symcap and ConA implosions use a D3He-gas-filled or D2-gas-filled

capsule as a surrogate for the cryogenic DT-ice capsule, and these two platforms

combined are ∼30%-50% of all ICF implosions on the NIF. For each new implosion

design there are accompanying tuning campaigns using these surrogate platforms,

and the pTOF and magPTOF physics data discussed in this chapter will be framed

around the contexts and goals of these tuning campaigns.
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Symcap (Symmetric capsule) implosions

Symcap104 (Symmetric capsule) is a tuning platform used to tune radiation drive

temperature and capsule symmetry. It is quite similar to a cryogenic DT-ice-layered

implosion, except the DT-ice layer has been replaced with equivalent-mass ablator

(Fig.6-3, upper-right). It is designed to have the same hydrodynamic evolution as

a cryogenic implosion until near peak compression, with the benefit that it is much

easier to field. With a higher initial gas fill, it has a lower convergence (∼20-25×).

Symcaps are used to set laser parameters (beam smoothing, spot size, power bal-

ance, etc), hohlraum parameters (gas fill, length), and capsule parameters (ablator

thickness, dopant level).97

Solid DT 

fuel layer

CH

Si-doped CH

CH

D3He gas fill

fill tube

CH

Equatorial 
X-ray image

Polar 
X-ray image

Figure 6-3: In a symmetric capsule (symcap) experiment, the cryogenic DT ice layer is
replaced with an equivalent-mass CH layer (left). An image of the experimental target
is shown in the left. Implosion symmetry is assessed using X-ray images taken along the
equatorial and polar lines of sight.

Figure 6-3 shows two different X-ray images of a Symcap implosion near peak com-

pression. The polar X-ray image is taken along the symmetry axis of the hohlraum.

The equatorial X-ray image is taken through a diagnostic hole on the hohlraum.

These X-ray images near stagnation are used to adjust the laser drive to achieve a

symmetric implosion.
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ConA (Convergent Ablator) implosions

ConA103 (Convergent Ablator) is a Symcap implosion with the addition of an X-ray

backlighter driven by 8 laser beams. The X-ray backlighter backlights the implosion

with 10-20 keV X-rays, and gated X-ray imaging records the ablator radius and shape

as a function of time. The ConA platform is used to adjust peak laser power, ablator

thickness, ablator dopant level, etc. The time period probed by the X-ray radiography

is roughly when the implosion converges from 700 𝜇m to 300 𝜇m in diameter (the

deceleration phase, after shock rebound but prior to peak compression). The in-flight

ablator asymmetry measured in ConA implosions has been shown to correlate with

asymmetry in the stagnated fuel.

pinhole 
array

lasers
hohlraum

10-keV
X-rays

backlighter

770μm

Target 
plane
scale

lasers

Figure 6-4: (top) Convergent Ablator (ConA) experiment setup. An X-ray backlighter
driven by eight laser beams backlit a D3He-gas-filled surrogate implosion. A image of the
experiment setup is shown in bottom-left. A pinhole array is placed 10-cm away from
the implosion. The time sequence of the ablator trajectory as the implosion converges is
captured by a time-gated X-ray camera (bottom-right).

Figure 6-4 is a conceptual layout of the ConA platform, using an X-ray back-
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lighter to backlight the imploding capsule. An image of the X-ray backlighter and

the hohlraum is shown in bottom-left. Example backlit X-ray images obtained at

different time during the implosion are shown in bottom-right. These X-ray images

are used to assess in-flight ablator symmetry and velocity.

This concludes descriptions of tuning platforms on the NIF; the next section will

discuss the shock and compression bang times measured with pTOF and magPTOF

in these D3He surrogate implosions.

6.2 Shock and compression bang-time measurements

Shock Compression

a) b)

𝜵𝑷/𝑷𝜵𝑷/𝑷

Shock Compression

Laser drive ends

ΔBT

coast
time

Figure 6-5: Simulation of a low-adiabat, four-shock, D3He-gas-filled implosion (N120408-
001).81 a) Simulated shock trajectory, visualized as the normalized pressure gradient ∇P/P.
The four shocks launched into the ablator at different times are labeled as #1, #2, #3, and
#4, respectively. The fuel-shell interface is the red-dashed line. The shock and compression
bang times are labeled as "shock" and "compression", respectively. b) Zoomed-in view of
the same implosion near time of peak stagnation. The timing difference between shock and
compression bang times is ΔBT. The timing difference between the end of the laser drive
and the compression bang time is the coast time. Simulation is provided by Harry Robey
(LLNL).
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The shock and compression bang times in the context of the hydrodynamic evo-

lution of an ICF implosion at the NIF are shown in Fig.6-5. N120408-001 is a D3He-

gas-filled surrogate implosion driven with a four-shock, low-adiabat pulse shape. The

shock trajectories in Fig.6-5 are visualized by plotting the normalized pressure gra-

dient (∇P/P) in the simulation. The first, second, third, and fourth shocks are

launched into the ablator, merging into a final strong shock at 19.5 ns. Figure 6-5b is

a zoomed-in view near the end of the implosion. The laser drive ends at 22.1 ns. The

shock bang time is 22.3 ns, close to when the rebounding shock hits the remaining

shell. The compression bang time is at 23.0 ns, close to stagnation. Δ𝐵𝑇 refers to the

timing difference between the shock and compression bang times. Coast time refers

to the timing difference between the end of the laser drive and the compression bang

time.

The timing difference between shock and compression (ΔBT) is related to the

hydrodynamic evolution of the implosion during the deceleration phase (Fig.6-5b). It

was found that the measured ΔBTs, along with other nuclear observables, disagree

with simulations in low-adiabat implosions that are more strongly affected by hydro-

dynamic instabilities (Sec.6.2.1). In contrast, in high-adiabat implosions (Sec.6.2.2)

where yield and ion temperature are well-modeled by hydrodynamic simulations,

ΔBT is also well-modeled.

6.2.1 ΔBT between shock and compression in low-adiabat im-

plosions

In a series of four-shocks, low-adiabat, CH implosions with D3He gas fill, ΔBT be-

tween shock and compression were inferred using three different X-ray and nuclear

diagnostics. These inferred ΔBT are plotted as a function of the laser coast time

in Fig.6-6b. Examples of short-coast and long-coast laser pulse shapes are shown in

Fig.6-6a. It was observed that as coast time decreases (extending laser drive toward
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the end of the implosion), the ΔBT between shock and compression also decreases

(shorter time interval between shock and compression). While many target and laser

parameters were adjusted for the shots in Fig.6-6b, there is nonetheless a clear trend

in ΔBT as a function of laser coast time that is not captured in the simulation. This

is consistent with other measured observables (yield, ion temperature, shape) that are

also not matched by hydrodynamic simulations in these low-adiabat implosions.105

CH

D3He

Figure 6-6: a) Two low-adiabat laser drives, one with a long coast time (black, N111011)
and one with a short coast time (green, N120408). b) Inferred ΔBT (blue) between shock
and compression for a series of low-adiabat, CH implosions with D3He gas fill using three
different X-ray and nuclear diagnostics. The simulated ΔBT for a subset of these implosions
are plotted in red.

It is experimentally observed that low-adiabat implosions with a shorter coast

time are more prone to mix and hydrodynamic instabilities.97 The physics interpre-

tation of the unexpectedly short ΔBT between shock and compression at short coast

time is that the compression nuclear bang time is earlier than simulated. Unex-

pected mixing of ablator and the DT-ice layer into the hot spot would rapidly reduce

hot-spot temperature due to radiative Bremsstrahlung and heat conduction losses,

truncating nuclear yield production at late time. This would effectively move the



166 Sec.6.2

nuclear compression bang time earlier, leading to a shorter ΔBT between shock and

compression.

6.2.2 ΔBT between shock and compression in high-adiabat

implosions

One important question to address is whether the ΔBT between shock and compres-

sion would match the simulations in implosions that are better behaved. This section

addresses this question, but first some historical context is needed.

Toward the end of the National Ignition Campaign in 2012, it was clear that low-

adiabat implosions were not achieving the performance predicted by hydrodynamic

simulations because of 2-D and 3-D effects not captured in the simulations. Since

then, there has been a concrete effort at understanding and predicting implosion

performance in a more stable, lower-convergence (higher adiabat) configuration. One

branch of this new research direction focused on new hohlraum configurations and

ablator materials to better control implosion symmetry.

Implosions that are not symmetric are more hydrodynamically unstable and prone

to break up mid-flight. They are also more inefficient at converting the kinetic energy

of the inward-moving ablator into thermal energy in the stagnated hot spot. Yet,

uniform X-ray drive is difficult because of the complex interplays between the laser

beams, the hohlraum fill gas, and the expanding Au plasma inside the hohlraum.

Laser ablation of the hohlraum wall generates X-rays to drive the capsule, but also

generates expanding Au plasma that eventually fills the entire hohlraum. The ex-

panding Au plasma blocks laser beam propagation, making it increasingly difficult

to deliver energy deep inside the hohlraum at late time. Approximately 1 mg/cc

of hohlraum fill gas is added to slow down the expanding Au plasma. However,

laser-plasma-interactions (LPI) between the hohlraum fill gas and the laser beams

generate hot electrons through Stimulated Raman Scattering (SRS) and Stimulated
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Hohlraum Wall: 
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Figure 6-7: Overview of an indirect-drive, near-vacuum-hohlraum, high-density-carbon
(HDC) implosion at the NIF. Major elements of the hohlraum is labeled on the left. In a
near-vacuum hohlraum, the hohlraum gas fill density is very low (0.03 mg/cc), more than
an order of magnitude lower than the typical gas fill density (∼1 mg/cc). The two-shocks,
high-adiabat pulse shape on a HDC, cryogenic-DT implosion (N1312112-001) is shown in
upper-right. The capsule composition for this shot is shown in lower-right.

Brillouin Scatting (SBS), reducing laser coupling efficiency and generating preheat in

the capsule. All of these outcomes are undesirable.

Mitigating these physics issues led to the development of implosions using near-

vacuum-hohlraum and high-density-carbon (HDC) ablator.88,106,107 Significantly re-

ducing the hohlraum gas-fill (∼1 mg/cc) by more than an order of magnitude to

near-vacuum level (∼0.03 mg/cc) achieves two important goals. Hot electron gen-

eration is reduced by two orders of magnitude, significantly reducing preheat in the

capsule. Laser coupling to the hohlraum increases from 85% to 98%.107 Yet, without

the hohlraum fill gas to slow down the expanding Au plasmas, the Au plasmas expand

to fill the hohlraum faster, and there is less time to drive the implosion (∼6-8 ns in

a near-vacuum hohlraum, versus ∼15-20 ns in a standard gas-filled hohlraum). This

requires a new ablator material: high-density-carbon (HDC), which has 3× higher
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density relative to CH, leading to a thinner capsule (with the same ablator mass)

that can be driven by a shorter laser pulse. Figure 6-7 illustrates the three key ele-

ments of the near-vacuum-hohlraum design: near-vacuum gas fill, shorter laser pulse

shape, and high-density-carbon ablator. The high-adiabat (𝛼 ∼ 3.5), cryogenic-DT

implosion in Fig.6-7 is one of the first cryogenic HDC implosions on the NIF.107

A three-shot symmetry-tuning campaign was undertaken in 2014 to demonstrate

symmetry control in near-vacuum-hohlraum HDC implosions, with the results sum-

marized in Fig.6-8b. N140913 is the first HDC D3He-gas-filled symcap implosion in

this campaign with a round X-ray emission shape at stagnation. N141105 has an

adjusted laser drive to deliberately drive a prolate (sausage) shape, which was suc-

cessful. Finally, N141124 has an adjusted laser drive to deliberately drive a oblate

(pancake) shape, which was also successful.

One of the main goals of this symmetry tuning campaign is to demonstrate that

these high-adiabat, near-vacuum-hohlraum implosions are well-behaved and well-

modeled by hydrodynamic simulations - and they are. The next step is to examine

the shock and compression nuclear bang times measured by pTOF and see if they are

equally well-matched by the simulations. Figure 6-8b plots the pTOF-measured ΔBT

between shock and compression for these three shots, as well as the simulated ΔBT.

Overall, the measured ΔBT are in good agreement with the simulations. Most impor-

tantly, N141105 and N140913 were driven with a long-coast-time laser drive, whereas

N141124 was driven by a short-coast-time laser drive. In previous low-adiabat implo-

sions (Fig.6-6), a disagreement between measured and simulated ΔBT as a function

of coast time was observed. In these well-behaved, high-adiabat implosions, all ΔBT

measurements are in good agreement with the simulations regardless of coast time.
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N140913
(long coast)

N141105
(long coast)

N141124
(short coast)

HDC

D3He

Figure 6-8: a) Laser pulse shapes for a series of high-adiabat, HDC implosions with D3He
gas fill. N140913 and N141105 are implosions with long coast times ("long coast"), whereas
N141124 is an implosion with a short coast time ("short coast"). b) ΔBT between shock and
compression as measured using pTOF (blue). Simulated ΔBT for these shots are plotted in
red. Equatorial X-ray emission shape at peak stagnation are shown on top. Simulations are
provided by Laura Berzak-Hopkins (LLNL). X-ray images are provided by the NIF X-ray
working group (LLNL).

6.3 Implosion 𝜌R and velocity from shock to com-

pression

pTOF and magPTOF are fielded to support the ICF program at the NIF, and they

provide important timing information about the experiment that, in combination

with other X-ray and nuclear diagnostics, help understand implosion dynamics and

conditions in NIF experiments. This section describes how the timing information

provided by pTOF and magPTOF is used in combination with other X-ray and

nuclear diagnostics to constrain 𝜌R evolution, 𝜌R asymmetry, and average implosion

velocity from shock to compression.

The dataset of interest is the set of D3He surrogate implosions in the BigFoot cam-
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paign, which utilizes a high-adiabat, HDC design. The design principle behind the

BigFoot campaign is to exchange high convergence (and hence, 𝜌R) for high implosion

velocity and predictability. The short laser drive (∼ 7 ns) improves hohlraum symme-

try control, and the lower convergence reduces hydrodynamic instability growth. In

the absence of 2-D and 3-D effects, nuclear yield (without alpha energy redeposition

in the fuel) strongly scales with implosion velocity (𝑣) and the system scale size (𝑆),

and to a lesser extent the adiabat (𝛼) and ablation pressure (𝑃𝑎𝑏𝑙):
108

𝑌 1𝐷
𝑛𝑜−𝛼 ∝ 𝑃 0.8

𝑎𝑏𝑙 𝑣7.7 𝑆4.4

𝛼1.8
(6.1)

High-convergence, low-adiabat implosions during the National Ignition Campaign

did not follow this scaling, suggesting that 2-D and 3-D effects dominated implosion

behaviors.97,105 Low-convergence, high-adiabat implosions in the BigFoot campaign

sought to recover this 1-D scaling and leverage high implosion velocity to reach high

yield.

6.3.1 𝜌R evolution from shock to compression

The low 𝜌R of these lower-convergence BigFoot surrogate implosions enables the

D3He-p to escape during both shock and compression bang times. The energy down-

shifts of these D3He-p at shock and compression are measured using theWedge-Range-

Filter (WRF) proton spectrometersiii. As discussed in Sec.1.2.3, 𝜌R in D3He-gas-filled

implosions can be inferred from the energy spectrum of 14.7-MeV D3He-p by observ-

ing their energy downshifts from their initial kinematic birth energy. This energy

downshift is proportional to the areal density probed by the charged particles as they

escape the implosion.

Figure 1-7 illustrates the energy lost by the 14.7-MeV D3He-p in a BigFoot implo-

iiiWRF is a MIT-designed diagnostic. The current responsible scientist for the WRF at the NIF
is MIT graduate student Brandon Lahmann.
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sion as they escape the implosion during the shock phase and during the compression

phase. These energy downshifts are related to the shock and compression 𝜌Rs using

an implosion model.82 One key advantage of the WRFs is that they are compact and

can be fielded along multiple lines-of-sight, providing a way to assess 𝜌R asymmetry.

DIM 90-78

DIM 0-0

magPTOF

equatorial 

WRF

polar

WRF

shock BT

comp. BT

shock ρR

comp. ρR

shock ρR

comp. ρR

polar
view

equatorial
view

Figure 6-9: WRF and magPTOF data on N161006-001. magPTOF on DIM 90-78 measured
shock and compression bang times in this HDC, D3He-gas-filled implosion. WRFs fielded
on DIM 90-78 and DIM 0-0 measured shock and compression 𝜌Rs along the equatorial and
polar lines of sight, respectively, using the energy downshifts of the 14.7-MeV D3He-p. X-
ray-emission images along the equatorial and polar lines of sight are shown next to the
hohlraum. WRF analysis is provided by Brandon Lahmann (MIT).

Figure 6-9 is a summary of the nuclear data from magPTOF and WRFs in a

BigFoot D3He-gas-filled surrogate implosion (N161006-001). Along the equatorial
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line-of-sight on DIM 90-78, magPTOF measured the shock and compression bang

times, and three WRFs measured the shock and compression 𝜌Rs using the energy

downshifts of the 14.7-MeV D3He-p. Along the polar line of sight on DIM 0-0, four

WRFs measured the shock and compression 𝜌Rs using the energy downshifts of the

14.7-MeV D3He-p. Example data for magPTOF, equatorial WRF, and polar WRF

are shown in black, red, and blue, respectively. X-ray-emission images along the

equatorial and polar lines of sight are shown for this implosion as well.

equator

pole

WRF

magPTOF

phase

phase
compression 

shock

Figure 6-10: Simulated 𝜌R histories along the equatorial (red) and polar (blue) lines of sight
in a HDC, D3He-gas-filled implosion with a prolate (sausage) asymmetry. The points and
error bars represent typical values and uncertainties in magPTOF and WRF measurements.
The shock and compression bang times are constrained by magPTOF measurements. The
shock and compression 𝜌Rs along the equatorial and polar lines of sight are constrained by
WRF measurements. Simulation is provided by Laura Berzak-Hopkins (LLNL).

These nuclear data from magPTOF and WRFs are combined together to constrain

and infer 𝜌R and 𝜌R asymmetry evolution from shock to compression. This concept

is illustrated in Fig.6-10, which shows the simulated 𝜌R histories along the equatorial

(red) and polar (blue) lines of sight in a generic HDC surrogate implosion. Because

this simulation has an imposed prolate (sausage) asymmetry, the 𝜌R histories along
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the equatorial and polar lines of sight diverge after the shock phase. The points

and error bars represent typical values and uncertainties in magPTOF and WRF

measurements. The shock and compression bang times are constrained by magPTOF

measurements. The shock and compression 𝜌Rs along the equatorial and polar lines

of sight are constrained by WRF measurements.

This data set is especially relevant as a previous study82 shows that 𝜌R (ℓ = 2,

or P2) asymmetry measured during shock bang time is inconsistent with the X-ray

emission shape measured at compression bang time. According to the compressible

Bell-Plesset model109, a model for asymmetric compressible flows in spherical com-

pression, ∼ 3× growth in asymmetry is expected between shock and compression

bang time because of the increase in convergence from ∼ 4× to ∼ 20×. Growth

matching this scaling from the shock-bang-time 𝜌R measurement to the compression-

bang-time X-ray-emission measurement was not observed. It was conjectured in the

previous work that X-ray stagnation emission shape does not accurately reflect the

stagnated shell 𝜌R shape. This hypothesis can be tested in the future using low-

convergence implosions where both X-ray-emission and 𝜌R shapes during stagnation

can be measured simultaneously.

6.3.2 Implosion velocity from shock to compression

magPTOF data, in combination with WRF measurements and X-ray images, is also

used to infer average implosion velocity from shock to compression. The data set is

the set of Symcap and ConA surrogate implosions from the BigFoot tuning campaign.

The shock and compression nuclear bang times as measured by pTOF or magPTOF

in these surrogate implosions are summarized in Fig.6-11.

Inferring implosion velocity also requires the fuel radii during shock and compres-

sion. The fuel radius during shock bang time is inferred using a 𝜌R model as part

of the WRF analysis. Fuel radius during compression bang time is measured using
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Figure 6-11: Shock and compression nuclear bang times as measured by pTOF and mag-
PTOF in D3He-gas-filled surrogate implosions in the BigFoot campaign.
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Figure 6-12: Fuel radii at shock and compression bang times in D3He-gas-filled surrogate
implosions in the BigFoot campaign. Fuel radii during shock bang times are inferred using a
𝜌R model as part of the WRF analysis. Fuel radii during compression bang times are mea-
sured using gated X-ray imaging (GXD). WRF analysis is provided by Brandon Lahmann
(MIT). GXD analysis is provided by the NIF X-ray working group (LLNL).

gated X-ray imaging (GXD). The radii for this set of BigFoot implosions are plotted

in Fig.6-12.
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Figure 6-13: Fuel radii at shock and compression bang-times in D3He-gas-filled surrogate
implosions in the BigFoot campaign. Shock and compression bang times are measured
with pTOF or magPTOF. Shock and compression fuel radii are measured by WRF and
GXD, respectively. WRF analysis is provided by Brandon Lahmann (MIT). GXD analysis
is provided by the NIF X-ray working group (LLNL).

The shock and compression bang times in Fig.6-11 and the shock and compression

radii in Fig.6-12 are combined to infer the average implosion velocity from shock to

compression (Fig.6-13), for the five surrogate implosions in this series with all the

required information. The inferred implosion velocities (∼300-400 km/s) are roughly

as expected. The uncertainties in the measurements are dominated by uncertainties in

the shock and compression bang times, and are rather large (∼50-100 km/s). Despite

the large uncertainty in this technique, this is the only in-flight implosion velocity

measurement available in Symcap implosions. In ConA implosions, this serves as a

complementary measurement to the implosion velocity inferred from backlit X-ray

radiography.

6.4 Nuclear and X-ray bang-times

So far, discussions have focused on the shock and compression nuclear bang times

measured by pTOF and magPTOF, and how this timing information relates to the
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hydrodynamic evolution of the implosion. The last topic in this chapter discusses

the timing difference between the time of peak nuclear emission (nuclear compression

bang time) and the time of peak X-ray emission (X-ray compression bang time).

The difference between nuclear bang time and X-ray bang time is the difference

between the temperature sensitivities of nuclear reactions and Bremsstrahlung emis-

sion. Between 2 keV - 5 keV, the DT reactivity scales as ∼ 𝑛2
𝑖𝑇

3.8
𝑖 , where 𝑛𝑖 is the

ion number density and 𝑇𝑖 is the ion temperature. Bremsstrahlung emission scales as

∼ 𝑍2𝑛𝑖𝑛𝑒

√
𝑇𝑒, where 𝑍 is the charge state, 𝑛𝑒 is the electron number density, and 𝑇𝑒

is the electron temperature. The fuel is fully ionized, so 𝑍𝑛𝑖 = 𝑛𝑒. At fuel stagnation

during compression, the density is sufficiently high that the ion-electron equilibration

time is much smaller than the confinement time (𝑇𝑖 ≈ 𝑇𝑒). Therefore, for a plasma at

density 𝑛 and temperature 𝑇 , the DT reaction rate peaks when 𝑛2𝑇 3.8 is maximized

(plasma is hotter), and the Bremsstrahlung emission peaks when 𝑛2
√
𝑇 is maximized

(plasma is denser). X-ray bang time always refers to the X-ray peak emission time

during the compression phase. The plasma density during the shock phase is too low

to measured an X-ray shock bang time.

In NIF surrogate implosions, the nuclear compression bang time is measured by

pTOF or magPTOF. The X-ray compression bang time is measured by the South

Pole Bang Time (SPBT110) diagnostic or the Streaked Polar Instrumentation for

Diagnosing Energetic Radiation (SPIDER111). SPBT is a CVD-diamond-based diag-

nostic similar to pTOF, whereas SPIDER is a streak-camera-based diagnostic similar

to PXTD.

6.4.1 Nuclear and X-ray bang-times in HDC implosions

During the BigFoot campaign, two types of HDC capsules were tested, as illustrated

in Fig.6-14. The original HDC capsule design has a 64-𝜇m-thick HDC ablator. To

lower preheat in the fuel in later design, part of the ablator was replaced with a
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20-𝜇m-thick HDC layer doped with ∼ 0.25% W. The inclusion of the high-Z dopant

in the ablator reduces preheat by absorbing hot electrons and hot-electron-generated

X-rays from the hohlraum and the capsule surface.

39μm HDC 

D3He 

gas fill

20μm W-doped HDC 
5μm HDC 

W-doped HDC 
capsule design

64μm HDC 

D3He 

gas fill

undoped HDC 
capsule design

Figure 6-14: X-ray and nuclear compression bang times in D3He-gas-filled surrogate implo-
sions in the BigFoot campaign. Nuclear compression bang time is measured with pTOF or
magPTOF. X-ray compression bang time is measured with SPIDER. SPIDER analysis is
provided by the NIF X-ray working group (LLNL).

Returning to the sequence of D3He-gas-filled surrogate implosions in the BigFoot

campaign discussed in Sec.6.3, Fig.6-14 plots the measured nuclear compression bang

times from pTOF and magPTOF versus the measured X-ray compression bang times

from SPIDER. The surrogate implosions with undoped HDC capsules are plotted in

blue, and the surrogate implosions with W-doped HDC capsules are plotted in red.

For the undoped-HDC implosions, the X-ray compression bang time is later than the

nuclear compression bang time by 40 ± 47 ps. For the W-doped-HDC implosions,

the X-ray compression bang time is later than the nuclear compression bang time by

148± 39 ps.

The physics interpretation for this observation is that the W-doped HDC ablator is

mixing into the hot spot, truncating the nuclear burn while enhancing X-ray emission
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Figure 6-15: Equatorial and polar X-ray images on a D3He-gas-filled surrogate implosion
in the BigFoot campaign (N161006-001). The jetting X-ray emissions in both the equatorial
and polar X-ray images correspond to the orientation of the capsule fill tube. The polar
gated X-ray image sequence in the upper-right corner shows the jet penetration into the hot
spot from the time of peak nuclear burn to the time of peak X-ray emission. X-ray analysis
is provided by the NIF X-ray working group (LLNL).

at late time. Supporting evidence for this interpretation is presented in Fig.6-15,

which shows the X-ray images on a W-doped-HDC implosion from the equatorial and

polar lines of sight. The time sequence of gated X-ray images along the polar line of

sight shows a strongly-emitting jet of material penetrating into the hot spot during

the compression phase. At peak nuclear burn ( 6.99 ns), the jet has not yet fully

penetrated into the hot spot. During peak X-ray emission 200 ps later at 7.20 ns, the

jet has fully penetrated into the hot spot. The source of this jet can be inferred by

comparing the X-ray images along the equatorial and polar lines of sight relative to
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the capsule and fill tube orientations (Fig.6-15, bottom-left). It is clear from the fill

tube orientation that it is the source of perturbation driving the high-Z jet into the

hot spot, enhancing X-ray emission while truncating nuclear burn.

The 5-𝜇m-diameter fill tube has long been identified as a source of perturbation

in indirect-drive ICF implosions at the NIF112, and it is reasonable to assume that

it drives a similarly disruptive jet into the hot spot in any CH or HDC implosion.

However, in the absence of high-Z dopant, the self-emission from the jet would be

more difficult to distinguish from the hot-spot self emission (as are the cases for the

two undoped-HDC implosions in Fig.6-14), and its impact on hot spot temperature

would also be smaller because of reduced radiative loss.

6.4.2 Nuclear and X-ray bang times in Kr-doped implosions

This correlation between high-Z dopants and X-ray / nuclear compression-bang-time

differential is also observed in another context, in a mini-campaign to develop an

electron temperature measurement platform.86 A standard HDC symcap capsule is

860 𝜇m in radius, with a 64-𝜇m-thick HDC ablator and filled with D3He or D2. For

this platform, a lower gas-fill pressure is used to reach higher convergence than a

standard symcap, and the gas fill is doped with 0.01%-0.03% Kr. This campaign

provided an excellent opportunity to assess the difference between X-ray and nuclear

compression bang times in the presence and absence of high-Z dopant.

Figure 6-16 plots the nuclear compression bang times as measured by pTOF versus

the X-ray compression bang times as measured by SPIDER for the three Kr-doped

symcap implosions in this mini-campaign (and a standard D3He-gas-filled symcap

as a reference implosion). X-ray compression bang time is later than the nuclear

compression bang time when Kr is present in the hot spot, analogous to the presence

of W-doped HDC in the BigFoot surrogate implosions in Fig.6-14.
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Figure 6-16: X-ray and nuclear compression bang times in the Kr-doped HDC symcap de-
velopment campaign. Nuclear compression bang time is measured with pTOF or magPTOF.
X-ray compression bang time is measured with SPIDER. SPIDER analysis is provided by
the NIF X-ray working group (LLNL).

6.5 Summary

In summary, pTOF and magPTOF are fielded to support the NIF ICF program,

particularly in D3He-gas-filled and D2-gas-filled surrogate implosions for which they

are the only nuclear bang time diagnostics. The bang-time data measured by pTOF

and magPTOF are compared with simulations alongside other nuclear and X-ray

observables to assess implosion performance. In combination with other nuclear and

X-ray diagnostics, bang-time data are used to constrain and assess 𝜌R evolution, 𝜌R

asymmetry, and average implosion velocity from shock to compression. Finally, in

two different data sets, the timing difference between X-ray and nuclear compression

bang times is found to be correlated with the presence of high-Z dopant in the hot

spot, making this timing differential a potentially useful observable for assessing mix.
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Conclusion

This thesis focused on the development and application of time-resolved nuclear di-

agnostics to probe plasma evolution in ICF implosions.

On OMEGA, the impacts of kinetic and multi-ion effects on ICF implosion perfor-

mance were studied using the Particle X-ray Temporal Diagnostic (PXTD). PXTD

is a versatile streaked instrument for measurements of multiple X-ray-emission and

nuclear-reaction histories with high relative timing precision, and was developed to

probe the time evolution of plasma conditions during the shock phase of ICF implo-

sions. PXTD uses fast-rise scintillators close to the implosion to capture the emission

histories of X-rays and fusion products. As all measurements are made on a single

diagnostic, the relative timing uncertainty between the different signals can be as

low as ∼10 ps, versus ∼50 ps, when cross-timing between different diagnostics. It is

this innovation which is crucial to capturing the relative timing between different nu-

clear burns with sufficiently high precision to enable meaningful comparison between

measurements and simulations.

Using PXTD, time-resolved observations of fuel-ion species dynamics in ICF im-

plosions have been made using multiple nuclear reaction histories. Assessing the roles

kinetic and multi-ion effects play in ICF implosions is especially important because

ICF implosion simulations heavily rely on radiation-hydrodynamic codes that do not

model these effects. Kinetic effects such as tail-ion loss, as well as multi-ion effects

181
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such as ion species separation due to different ion mass and charge, are predicted

to degrade ICF implosion performance. However, most experimental results thus far

have only used time-integrated nuclear observables such as yields and burn-averaged

reaction temperatures.

If, however, time-resolved rates for the DD, DT, and D3He reactions are available,

that provides information on the D, T, and 3He ion number density and temperature

profiles - and how these profiles evolve relative to each other - as a function of time.

The OMEGA experiments in this thesis use shock-driven implosions as an experi-

mental platform to probe kinetic and multi-ion effects during the shock phase in a

time-resolved fashion.

PXTD experimental results and hydrodynamic simulation predictions increasingly

diverge as implosions become more kinetic, for both time-resolved and time-integrated

observables. Even for relatively-hydrodynamic implosions, the inferred 3He/T fuel

ratio in the burn region using the measured reaction histories is much higher as

compared to the initial gas-fill ratio at the onset of the shock burn. As T and 3He

have the same mass but different charge, these results indicate that the charge-to-

mass ratio plays an important role in driving fuel-ion species separation during strong

shock propagation.

The density inhomogeneities observed in this work are expected to be more pro-

nounced in more kinetic plasma conditions such as during the shock phase of cryo-

genic implosions on OMEGA and the NIF. It is unclear how these multi-ion effects

affect implosion performance during the deceleration and compression phase, as exist-

ing experimental results using time-integrated nuclear diagnostics have been mixed.

The next step in addressing this open question is to determine, using time-resolved

data measured with the PXTD, whether fuel-ion species separation developed in the

shock phase persists into and affects performance during the compression phase in

ablatively-driven ICF implosions with both shock and compression burns.
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PXTD also provides a new diagnostic method to simultaneously measure time-

resolved ion and electron temperatures using nuclear-reaction and X-ray emission

histories. This is highly relevant for ICF, as very few ICF diagnostics are capable of

measuring time-resolved ion or electron temperature. Time-resolved ion temperature

is inferred from the ratio of two reaction histories, taking advantage of the reactiv-

ity ratio’s temperature dependence. Time-resolved electron temperature is inferred

from X-ray emission histories behind X-ray filters with different energy cutoffs, as-

suming a thermal Bremsstrahlung spectrum. This technique has been expanded into

a conceptual physics design for a new time-resolved electron temperature diagnostic

in support of the cryogenic program on OMEGA.

Going forward on OMEGA, efforts are underway to upgrade the PXTD streak

camera and optical system, which should reduce the temporal instrumental broad-

ening by a factor of three. PXTD will also be used to probe fuel-ion dynamics in

very kinetic plasma conditions in ICF implosions. Efforts are underway to better

interpret time-resolved ion temperature inferred from PXTD data. Concurrently, a

time-resolved electron temperature diagnostic for DT implosions has been designed,

and this effort is described in more details in Appendix F.

On the NIF, implosion dynamics from shock to compression is probed using the

magnetic particle time-of-flight (magPTOF) diagnostic. magPTOF, an upgrade of

the particle-time-of-flight (pTOF) detector, is designed specifically to simultaneously

measure the D3He-p shock bang-time and the DD-n compression bang-time in D3He

implosions on the NIF. magPTOF is a CVD-diamond-based electronic detector, with

X-ray shielding in the line-of-sight between the detector and the implosion.

In combination with other nuclear and X-ray diagnostics, pTOF and magPTOF

are used to assess areal density, areal density asymmetry, implosion velocity, and

mix. pTOF and magPTOF are the only diagnostics that can measure nuclear bang

times in surrogate implosions with neutron yield less than 1014. It was found that
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the timing difference between shock and compression, along with other nuclear ob-

servables, disagree with simulations in low-adiabat implosions that are more strongly

affected by hydrodynamic instabilities. In contrast, in high-adiabat implosions where

yield and ion temperature are well-modeled by hydrodynamic simulations, this tim-

ing difference is also well-modeled. 𝜌R, 𝜌R asymmetry, and implosion velocity from

shock to compression can also be assessed using combined magPTOF and WRF data.

The shock and compression bang times are constrained by magPTOF measurements,

while the shock and compression 𝜌Rs along the equatorial and polar lines of sight are

constrained by WRF measurements. Finally, in two different data sets, the timing

difference between X-ray and nuclear compression bang times is found to be correlated

with the presence of high-Z dopant in the hot spot, making this timing differential a

potentially useful observable for assessing mix.

Going forward on the NIF, future work includes assessing the differences between

X-ray and nuclear shapes using data from magPTOF and other nuclear and X-ray

diagnostics, as well as leveraging 𝜌R and 𝜌R asymmetry measured at shock and com-

pression to improve implosion symmetry. Work is also ongoing to better understand

and interpret the observed difference between X-ray and nuclear bang times.

The work in this thesis ultimately contributes to a better understanding of ki-

netic and multi-ion physics in the shock phase of ICF implosions. In addition, the

time-resolved nuclear diagnostics developed as part of this thesis provided both new

diagnostic approaches and new experimental data to probe these highly-dynamic,

high-energy-density plasmas.
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Shock-driven implosions data

summary

From 2013 to 2018, PXTD has been fielded on 38 OMEGA experiments. PXTD

participated in many of these experiments as a "ridealong" diagnostic to test a new

functionality or troubleshoot an existing problem. As OMEGA experimental days

are scheduled months in advance, ridealong opportunities are essential for diagnostic

development that must take place at the OMEGA laser facility. As PXTD is a fixed

OMEGA diagnostic, incremental development, upgrade, and testing of PXTD occur

over the "OMEGA time-scale", which is typically months. On other occasions, PXTD

is fielded on timing shots to absolutely time the diagnostic.

PXTD is also regularly used to make physics measurements in MIT-led experi-

ments, or in support of experiments led by other universities and national laboratories.

The list of PXTD shot days on OMEGA from 2013-2018 is presented in Table A.1.

Four of the experiments in Table A.1 are highlighted in yellow. They are the shock-

driven implosions on OMEGA discussed in Chapter 3 and Chapter 4. Table A.2 is

a summary of D3He-gas-filled shock-driven implosions (Om131121 and Om160831).

Table A.3 is a summary of DT3He-gas-filled shock-driven implosions (Om160824 and

Om170913).
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Table A.1: List of PXTD shot days on OMEGA from 2013-2018. Ridealong shots are used
for diagnostic development and concept testing. Timing shots are used to absolutely time
the diagnostic. Physics shots are shots for which PXTD was used to measure physics data
in MIT-led experiments, or in support of experiments led by other universities and national
laboratories. Experiments especially important for this thesis is highlighted in yellow.

Day Experiment Lab. PI Shots Purpose

Om130404 ExplPush-13B MIT H. Rinderknecht 69249-69265 ridealong
Om130507 IndiExpPusher-13A LLNL H. Rinderknecht 69656-69672 ridealong
Om130627 DiagDev-13D LLE C. Stoeckl 70206-70212 timing
Om130717 NuclearAstro-13A MIT A. Zylstra 70400-70412 ridealong
Om130806 GRI-13A LANL G. Grim 70561-70562 ridealong
Om131121 ExplPshr-14A MIT H. Sio 71536-71552 physics
Om140116 StopPower-14A MIT A. Zylstra 72013-72028 ridealong
Om140409 DTRat-14A LANL H. Herrmann 72912-72929 physics
Om140410 DTRat-14B LANL H. Herrmann 72936-72955 physics
Om140430 pProbe-J-14A MIT C. K. Li 73229-73243 ridealong
Om140529 StellarRates-14A MIT M. Gatu-Johnson 73594-73611 ridealong
Om140828 NIS-14A LANL F. Merrill 74602-74606 ridealong
Om141022 DiagDevNTD-15A LLE C. Stoeckl 75183-75195 timing
Om141209 PlasmaStopPow-15A MIT J. Frenje 75694-75710 physics
Om150430 KineticCD-15A MIT H. Sio 77104-77122 physics
Om150715 PlasmaNuclear-15A MIT M. Gatu-Johnson 77951-77967 ridealong
Om150909 PlasmaStopPow-15B MIT J. Frenje 78600-78613 physics
Om151021 HohlrProtonRad-16A MIT C. K. Li 79159-79175 ridealong
Om151105 KineticMIT-16A MIT H. Sio 79351-79357 physics
Om160121 NTDabsTime-16A LLE C. Stoeckl 80010-80017 timing
Om160310 Pionization-16A LLNL Y. Ping 80658-80664 ridealong
Om160315 Marble-16A LANL R. Shah 80692-80705 ridealong
Om160413 Cryo-16E LLE S. Regan 81054-81056 ridealong
Om160414 ieRate-16A MIT H. Sio 81072-81084 physics
Om160713 pProbeHohlraum-16A MIT C. K. Li 82121-82136 ridealong
Om160717 WDMStopPwr-16A MIT B. Lahmann 82280-82291 physics
Om160824 DTHe3-16A LLNL H. Sio 82613-82625 physics
Om160831 ExplPshr-16A MIT H. Sio 82731-82750 physics
Om160901 Marble-16A LANL R. Shah 82756-82773 physics
Om160920 NISp-16B LANL C. Wilde 82912-82927 ridealong
Om161214 Kinetics-17A MIT N. Kabadi 83809-83825 physics
Om170504 WDMStopPow-17A MIT B. Lahmann 85447-85464 physics
Om170712 KineticT3He-17A MIT C. Parker 86194-86208 physics
Om170816 IonSepMMI-17A LANL S. Hsu 86674-86685 physics
Om170817 ieRate-17A MIT J. Frenje 86690-86707 physics
Om170913 Kinetics-17C MIT H. Sio 87032-87040 physics
Om180201 GBarEOS-18A LLE R. Rygg 88480-88490 physics
Om180307 ieRate-18A MIT J. Frenje 88875-88887 physics
Om180726 KineticT3He-18A MIT C. Parker 90482-90488 physics
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Appendix B

PXTD instrument characterization

This appendix covers PXTD-related topics too specific to include in Chapter 2, but

too important to leave out of the thesis. Sec.B.1 discusses the streak camera response

and how it is characterized. Sec.B.2 examines the impulse response function used in

PXTD analysis.

B.1 Streak image characterization

The scintillator signal is not spatially uniform on the streak image because of multiple

effects such as 1) non-uniform scintillator light emission at the target plane, 2) vi-

gnetting (reduction in brightness at the periphery of an image relative to the center),

3) blurring due to the light-collection optics, and 4) non-spatially-uniform response of

the streak camera across the width of the streak camera photocathode. These effects

are empirically assessed using a flatfield shot on OMEGA.

In a flatfield shot configuration, all three PXTD channels are configured to use

the same X-ray filtering (see Fig.B-1), and measure the same X-ray emission signal

from the implosion. The experiment itself is not important (details described later

in Sec.2.3.5), only that it produces a sufficiently large nuclear or X-ray signal. The

relative light-collection efficiency and timing between the three channels can be as-

sessed by comparing the lineouts. Figure B-2a shows the three scintillator channel

emission, with the same color coding as in Fig.B-1. The center channel (blue) used a
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Om160315 80700 

X-ray > 22 keV

X-ray > 22 keV

X-ray > 22 keV

CD foam
+ T2

23 μm CH

52% :  48%
D  :  T

ρ = 50 mg/cc (CD foam)
ρ = 1.7 mg/cc (T2 gas)

Filtering

50 μm Ta

50 μm Ta

50 μm Ta

Figure B-1: PXTD flatfield streak image on OMEGA shot 80705. PXTD measured three
identical X-ray (> 22, 22, and 22 keV) signals in a CD-foam implosion using the same X-ray
filtering on all three scintillator channels. The target parameters (outer-diameter, thickness,
gas-fill) and filtering for the PXTD channels (color-coded) are shown on the right.

2-mm-thick scintillator, whereas the side channels used 1-mm-thick scintillators. This

2× difference in scintillator light emission is removed prior to plotting the lineouts,

as it does not pertain to the light-collection efficiency of the system. Figure B-2b

shows the normalized lineouts. The relative light-collection efficiencies are 0.54, 1.00,

and 0.60, respectively, for the three channels. Figure B-2c is a zoomed-in view of

the normalized lineouts, showing small timing differences between the three channels.

Figure B-2d is a zoomed-in view of the normalized, time-shifted channels. The tim-

ing adjustment to each channel are -15 ps, +4 ps, and +20 ps, respectively. These

differences in timing and light-collection efficiency are systematic effects, and are part

of PXTD’s calibration.

Continuing the assessment of the streak signals on all three channels, Fig.B-3 is a

vertical lineout of the streak image for this flatfield, showing the spatial profile of each

channel and the spatial separation between channels. The Gaussian spatial emission

shape of each channel and the slight overlap between channels are the consequence of
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Figure B-2: a) lineouts of the three streak emission signals on a flatfield OMEGA shot 80700,
labeled as CH1, CH2, and CH3, respectively. The normalized lineouts in b), showing that
the relative light-collection efficiencies are 0.54, 1.00, and 0.60, respectively, for the three
channels. c) is a zoomed plot of the normalized lineouts, showing the slight timing differences
between the three channels. d) shows the normalized, temporally-aligned lineouts, with the
relative timing shifts being -15 ps, +4 ps, and +20 ps, respectively, for the three channels.
For this particular configuration, CH2 used a 2-mm-thick scintillator, whereas CH1 and
CH3 used a 1-mm-thick scintillator. This factor of 2× higher emission from CH2 has been
removed prior to plotting the lineouts, as it does not pertain to light-collection efficiency of
the system.

spatial blurring in the optics. The current PXTD configuration has sufficient spatial

resolution for up to three scintillator channels.
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Figure B-3: a) PXTD flatfield streak image on OMEGA shot 80705. b) is a vertical
lineout through the three channels, showing the spatial profile of each channel and the
spatial separation between signals. For this particular configuration, CH2 used a 2-mm-
thick scintillator, whereas CH1 and CH3 used a 1-mm-thick scintillator.

B.2 Impulse Response Function (IRF) characteriza-

tion

B.2.1 PXTD signal on an OMEGA timing shot

Typically, an instrument’s IRF is measured experimentally using an X-ray impulse

with a duration much shorter than the rise time of the IRF. On OMEGA, this is

not possible as the shortest impulse duration achievable is ∼ 100 ps, which is on the

order of the IRF’s rise time. While the wide OMEGA X-ray impulse cannot provide

us with detailed shape of the IRF rise, it is sufficient to provide the duration of the

rise. The PXTD and the P11-NTDi signals on an OMEGA X-ray timing shot 80010

is shown in Fig.B-4. The 10%-90% rise of the streak signal can be considered as the

FWHM of the emission history after the scintillator decay response is removedii. The

P11-NTD signal’s 10%-90% rise is 110 ps, while the PXTD signal’s 10%-90% rise is

iP11 refers to the OMEGA target chamber port where the P11-NTD is permanently housed
iiThis approximation is numerically accurate to within 5% for a Gaussian emission history
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149 ps. The P11-NTD is a newer instrument with a modern streak camera and a

faster rise time. The PXTD uses a slower streak camera, and its response on X-ray

timing shots corresponds to a 𝜏𝑟𝑖𝑠𝑒 ∼ 89 ps in Eq.2.20.
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Figure B-4: Streak signal lineouts for the P11-NTD (blue) and PXTD (red) on OMEGA
X-ray impulse timing shot 80010. The 10%-90% rise time for the P11-NTD is 110 ps; for
the PXTD, 149 ps. The FWHM of the X-ray pulse is approximately 92 ps.

B.2.2 Characterizing the impact of IRF rise time

As we cannot directly measure the shape of the IRF, it is worthwhile to establish how

our uncertain knowledge of the IRF impacts the nuclear and X-ray signals measured

with PXTD. The two major uncertainties in the IRF are the rise time 𝜏𝑟𝑖𝑠𝑒 and the

shape of the IRF’s rising edge. The fall time 𝜏𝑓𝑎𝑙𝑙 and shape of the IRF’s falling edge

are sufficiently long that they can be measured directly from the streak signal.

To assess the impact of uncertainty in the rise time, DT-n and D3He-p signals

on OMEGA shot 82615 are deconvolved using three different IRFs with different rise

times (𝜏𝑟𝑖𝑠𝑒 = 80ps, 89 ps, and 97 ps respectively ). The rise times used here are ±10%

of the nominal value, representing our uncertainty in 𝜏𝑟𝑖𝑠𝑒. Overall, the impact of the

IRF’s rise time uncertainty is very small. Deconvolved histories recovered using IRFs

with three different rise times have < 5ps difference in FWHM, as seen in Fig.B-5.
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Figure B-5: Effect of uncertainty in IRF rise time. In a) and b), the D3He-p and DT-n
emission histories recovered using the standard IRF, as well as two IRFs with ±10 % change
in 𝜏𝑟𝑖𝑠𝑒. The emission histories recovered using the standard IRF are shown in solid red
and solid blue, respectively for D3He-p and DT-n. Arrival histories with ±10 % change in
𝜏𝑟𝑖𝑠𝑒 are shown in dashed curves. The shaded region between the curves is the uncertainty
in the emission history due to uncertainty in 𝜏𝑟𝑖𝑠𝑒.

B.2.3 Characterizing the impact of IRF fall time

To assess the impact of uncertainty in the fall time, DT-n and D3He-p signals on

OMEGA shot 82615 are deconvolved using three different IRFs with different fall

times (𝜏𝑓𝑎𝑙𝑙 = 1.26 ns, 1.4 ns, and 1.54 ns respectively ). The fall times used here are

±10% of the nominal value, representing our uncertainty in 𝜏𝑓𝑎𝑙𝑙. Overall, the impact

of the IRF’s fall time uncertainty is negligible. Deconvolved histories recovered using

IRFs with three different fall times have < 5ps difference in FWHM, as seen in Fig.B-

6.
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Figure B-6: Effect of uncertainty in IRF fall time. In a) and b), the D3He-p and DT-n
emission histories recovered using the standard IRF, as well as two IRFs with± 10 % change
in 𝜏𝑓𝑎𝑙𝑙. The emission histories recovered using the standard IRF are shown in solid red
and solid blue, respectively for D3He-p and DT-n. Arrival histories with ±10 % change in
𝜏𝑓𝑎𝑙𝑙 are shown in dashed curves. The shaded region between the curves is the uncertainty
in the emission history due to uncertainty in 𝜏𝑓𝑎𝑙𝑙.

B.2.4 Characterizing the impact of IRF shape

To assess the impact of uncertainty in the shape of the IRF’s rising edge, an alternate

IRF is analytically generated, replacing the exponential rising edge in Eq.2.20 with

a linear slope. The 10%-90% rise time of the two IRFs are identical. Overall, the

impact of the IRF-rising-edge shape is negligible. Deconvolved histories recovered

using the standard IRF and the adjusted IRF have < 5ps difference in FWHM, as

seen in Fig.B-7.

In summary, although the PXTD IRF cannot be directly measured, the uncer-

tainties in IRF parameters (shape, rise time, fall time) have only a very small impact

on the emission histories measured using PXTD.
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Figure B-7: Effect of uncertainty in IRF shape. In a) and b), the fall and rise behaviors
of the standard PXTD IRF are shown in black, respectively. An adjusted IRF where the
exponentially rise is replaced with a linear slope is shown in green. In c) and d), the D3He-
p and DT-n emission histories recovered using the standard IRF are shown in solid red
and solid blue, respectively. The dashed curves represent the D3He-p and DT-n emission
histories recovered using the adjusted IRF. The shaded region between the curves is the
uncertainty in the emission history due to uncertainty in the shape of the IRF rise.



Appendix C

magPTOF as a charged-particle

spectrometer

aperture

Implosion

Figure C-1: magPTOF proton transport when fielded as a charged-particle spectrometer,
with the horizontal axis being the line of sight between the implosion and pTOF. The
geometry and relative locations of every elements in this figure matches the magPTOF
nominal design. In this proton transport simulation, 3-MeV, 4-MeV, and 5-MeV protons are
transported through a narrow 1-mm by 10-mm aperture and then through the magPTOF
magnet. These protons are deflected onto the pTOF detector and the surrounding CR39
annulus. A thick X-ray shield blocks direct X-rays from the implosion to pTOF.

Although magPTOF is designed primarily as a bang-time detector for D3He-p in

the presence of high X-ray background, it is also able to function as a low-energy

charged-particle spectrometer, using the CR39 annulus around pTOF as the detector

medium. This is an important secondary capability, as there is currently no other

197
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low-yield, low-energy charged-particle spectrometer on the NIF.

Figure C-1 illustrates how magPTOF can be used as a low-energy charged-particle

spectrometer by showing the proton trajectories through magPTOF for 3-MeV, 4-

MeV, and 5-MeV protons. This simulation uses the same geometry as the nominal

magPTOF configuration in Fig.5-11, except with a 1-mm-wide slit (along the magnet

dispersion direction) for higher spectral resolution. Figure C-2 shows the difference

between a standard aperture for bang-time measurement, versus a more narrow aper-

ture for spectrometer application. Because of their low energy, these protons are

deflected more by the magPTOF magnet, miss the pTOF detector, and end up spa-

tially separated on the CR39.

Figure C-2: magPTOF front view, as configured with a) a standard 13-mm by 10-mm
aperture for bang-time measurement, and b) a more narrow 2-mm by 10-mm aperture for
spectrometer application.

This appendix will describe magPTOF’s capability as a charged-particle spec-

trometer, including energy range, energy resolution, efficiency, and limitations.

C.1 Energy range for protons and deuterons

In its nominal configuration, magPTOF with a narrow aperture can be used as a

spectrometer for low-energy protons between 2.9 MeV - 4.7 MeV. Figure C-3 shows

the final locations of different-energy protons on the CR39 detector, after being trans-

ported through the magPTOF system. High-energy protons between 7 MeV - 15 MeV
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Figure C-3: Locations of different-energy protons on the CR39 detector, after being trans-
ported through a narrow 1-mm by 10-mm aperture and then through the magPTOF magnet.
The pTOF CVD diamond and brass housing are denoted in green and brown, respectively.
Regions that are blocked off by the CR39 filter frame is colored in Red.

will land on pTOF, while lower-energy protons will land on the CR39 annulus. Al-

though the immediately-available energy range is only 2.9 MeV - 4.7 MeV, that is

almost the ideal energy range to measure the 3-MeV DD-p spectrum in D3He-gas-

filled implosions and other high-energy-density experiments on the NIF. In addition,

a small engineering project is underway to add the option to remove the pTOF elec-

tronic detector altogether and replace the CR39 annulus with a larger CR39 disk,

which will extend the spectrometer energy range to between 2.0 MeV - 15 MeV.

Figure C-3 also applies directly to alpha particles, as they have the same gyrora-

dius as protons of the same energy. Gyroradius is proportional to m v⊥ / q, where

m is the mass, v⊥ is the velocity component perpendicular to the magnetic field, and

q is the charge. An alpha particle has 4× the mass, 0.5× the velocity, and 2× the
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charge as a proton with the same energy, leading to the same gyroradius.
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Figure C-4: Locations of different-energy deuterons on the CR39 detector, after being
transported through a narrow 1-mm by 10-mm aperture and then through the magPTOF
magnet. The pTOF CVD diamond and brass housing are denoted in green and brown,
respectively. Regions that are blocked off by the CR39 filter frame is colored in Red.

Another fusion product of interest for spectrometers are deuterons. The are two

main sources of deuterons in ICF and HED experiments. T3He-gas-filled implosion

is a source of T3He-d, as one of the branches of the T+3He reaction produces a

monoenergetic 9.5-MeV deuteron:

T+3He → 𝛼(4.8MeV) + d(9.5MeV) (C.1)

The energy downshift of these deuterons through the implosion or through another

subject plasma provides information about the plasma conditions in the experiment.

Another source of deuterons is from knock-on reactions. Effectively, a DT-gas-

filled implosion first generates 14.1-MeV DT-n, which then elastically scatter onto
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the thermal deuterons in the fuel, producing a continuous deuteron spectrum with an

energy endpoint determined by kinematics:

𝑛(14.1MeV) + 𝑑 → 𝑛′ + 𝑑(≤ 12.5MeV) (C.2)

The measured knock-on-deuteron spectrum provides information on the 𝜌𝑅 of the

implosion.

For these two reasons, it is important to establish the magPTOF spectrometer’s

response to deuterons as well. Figure C-4 shows the locations of different-energy

deuterons on the CR39 detector, after being transported through the magPTOF

system. High-energy deuterons will land on the pTOF detector, while low-energy

deuterons will land on the CR39 annulus. If pTOF is removed so that a full CR39 disk

can be used, magPTOF, as a spectrometer, has good energy coverage for deuterons

between 1.5 - 12 MeV.

C.2 Alignment sensitivity

magPTOF is a DIM-mounted diagnostic, meaning that it is inserted into the NIF

target chamber and aligned for each shot. This has its advantages and disadvantages.

magPTOF as a diagnostic does not have its own alignment procedure, as it is me-

chanically attached to DIM 90-78. If DIM 90-78 is perfectly aligned, then magPTOF

is perfectly aligned. Typical alignment uncertainty for DIM 90-78 is less than 2 mm

along all directions, which only has a minor impact on magPTOF’s performance.

The advantage of being a DIM-mounted diagnostic is that the alignment of mag-

PTOF can be deliberately changed to achieve the desired spectrometer energy range.

This is demonstrated in Fig.C-5, where magPTOF is shifted from nominal alignment

by 10 mm along two directions. Shifts along the X direction (the DIM 90-78 inser-

tion axis) change magPTOF’s energy range, and several different mechanical brackets
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have been machined to place magPTOF 10-mm closer or further away from the nom-

inal location along this axis to provide fielding flexibility. For experiments where

the DD-p spectrum is of interest, magPTOF is usually fielded 10-mm closer to the

target plasma, giving it an effective proton energy range between 2.7 MeV - 4.5 MeV

(Fig.C-5, left).

Shifting magPTOF along the Y direction (perpendicular to the DIM 90-78 inser-

tion axis) has a larger impact on the spectrometer energy range, but this has never

been done in practice. This can theoretically be accomplished using new mechanical

brackets to raise or lower magPTOF relative to DIM 90-78. Raising magPTOF can

potentially push it into NIF’s laser clearance zone, and lowering magPTOF can po-

tentially clip its line-of-sight to the target plasma. It is possible to move the entire

DIM up and down relative to the target plasma, but this would interfere with the

primary X-ray imager usually in use in the DIM.
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Figure C-5: Locations of 3-MeV, 10-MeV, and 15-MeV protons on the CR39 detector,
after being transported through a narrow 1-mm by 10-mm aperture and then through the
magPTOF magnet. The center figure is the proton tracing result for a perfectly-pointed
magPTOF. The figure on the left (right) is the proton tracing result for a magPTOF that
has been translated 10-mm closer (further away) from the nominal position along the DIM
90-78 axis. The figure on the bottom (top) is the proton tracing result for a magPTOF that
has been translated 10-mm closer (further away) from the nominal position in a direction
perpendicular to the DIM 90-78 axis.
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C.3 Energy resolution

Charged particles that enter the magPTOF aperture at different locations will be

transported to different locations on the CR39. The spatial extent of the aperture

leads to a spatial broadening of the charged-particle signal on the CR39, translating

into energy broadening in the spectral measurement.

The magnet dispersion direction is along the Y axis in Fig.C-3 and Fig.C-4, and

labeled relative to the aperture in Fig.C-2. Δ𝐸, the instrumental energy broadening

introduced by magPTOF, is defined as the full-width-half-maximum of the charged-

particle signal, along the magnet dispersion axis.
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Figure C-6: magPTOF proton energy resolution, defined as the full-width-half-maximum
of the proton signal along the magnet dispersion direction at the detector plane (ΔE) over
the initial proton energy (E). ΔE/E is assessed for three different aperture dimensions: 0.5
mm by 10 mm, 1 mm by 10 mm, and 2 mm by 10 mm.

For example, for a 1-mm by 10-mm aperture, ΔE for 5-MeV protons is ∼175 keV,

and ΔE for 5-MeV deuterons is ∼350 keV.
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Figure C-7: magPTOF deuteron energy resolution, defined as the full-width-half-maximum
of the deuteron signal along the magnet dispersion direction at the detector plane (ΔE) over
the initial deuteron energy (E). ΔE/E is assessed for three different aperture dimensions:
0.5 mm by 10 mm, 1 mm by 10 mm, and 2 mm by 10 mm.

C.4 CR39 data example

Because magPTOF is primarily fielded as a bang-time diagnostic with a standard 13-

mm by 10-mm aperture, its application as a low-energy charged-particle spectrometer

has not been used often on the NIF.

aperture

Implosion

Figure C-8: magPTOF post-shot proton transport simulation for N151214-001, with the
horizontal axis being the DIM 90-78 insertion axis. In this proton transport simulation,
3.8-MeV and 14.7-MeV protons are transported through the standard 13-mm by 10-mm
aperture and then through the magPTOF magnet. The 14.7-MeV D3He-p land on the
pTOF detector, whereas the energy-upshifted 3.8-MeV DD-p land on the CR39 annulus.
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An example shot with magPTOF CR39 data is N151214-001, a direct-drive, D3He-

gas-filled exploding pusher implosion on the NIF. On this shot, magPTOF measured

the 14.7-MeV D3He-p on the electronic pTOF detector, and the energy-upshifted 3.8-

MeV DD-p on the CR39 annulus. The 3.8-MeV DD-p energy was measured by a time-

integrated MIT nuclear diagnostic, the Step-Range-Filter spectrometer.113 Because

magPTOF was fielded to measure the D3He-p bang time, a wide 13-mm by 10-mm

aperture was used. The wide aperture dominated the spectral response of the DD-

p through magPTOF, but this shot is still useful for assessing the accuracy of the

magPTOF proton transport simulations (Fig.C-8) shown in this chapter.

Setup picture

pTOF

CR39

pTOF

CR39 data

Increasing
proton energy

DD-p signal

Figure C-9: (left) Setup image of the pTOF detector and CR39 annulus. The CR39 annulus
has a 40-𝜇-thick overlay Al filter held in place by a filter frame and a retaining nut. (right)
Processed CR39 image, showing the DD-p signal at the bottom of the CR39 annulus.

Figure C-9 (left) shows the electronic pTOF detector and CR39 annulus as fielded

in magPTOF on N151214-001. The CR39 annulus is held in place by a retaining nut,

with a 40-𝜇m-thick Al filtering. Figure C-9 (right) is the processed CR39 annulus

data, showing the DD-p signal at the bottom of the annulus. This is compared to the

simulated 3.8-MeV and 14.7-MeV proton packets in Fig.C-10. Because of the CR39

filtering, only the 3.8-MeV protons are detected on the CR39. The mean location of

the 3.8-MeV simulated proton packet agrees with that of the measured proton packet

on the CR39. The exact shapes of the as-measured and as-simulated proton packets



Sec.C.4 207

disagree, especially on the sides. This shape difference is likely due to differences

between the actual magnetic fields in the magnet and the simulated magnetic fields

used in the proton transport simulations. While the magnetic fields in the center of

the pole gap are measured and agreed with the simulated fields to within 5%, the

magnetic fields on the sides and near edges are not measured, and are more likely to

deviate from simulated values.

CR39

Brass

14.7 MeV

3.8 MeV

Figure C-10: Simulated 3.8-MeV and 14.7-MeV protons at the detector plane on N151214-
001.

Given the 2×109 DD yield on N151214-001, an estimated 3.0×105 DD-p entered

the magPTOF aperture. On the CR39, 1.2×105 DD-p are measured. This is consis-

tent with the proton transport simulation showing a good fraction of DD-p not on

the CR39. The DD-p packet size at the aperture is 1.3 cm by 1.0 cm (the aperture

dimension). On the CR39 (Fig.C-9 right), the measured DD-p packet size is 0.4 cm

by 1.7 cm, focused by ∼3x along the magnet dispersion direction. This corresponds to

∼1.8×105 CR39 tracks/cm2, well above the CR39 noise level of ∼2×103 tracks/cm2.

So far, magPTOF CR39 data using the standard 13-mm by 10-mm aperture is



208 Sec.C.4

approximately consistent with proton transport simulations. magPTOF has also been

used on several basic science shots on the NIF to measure the T3He-p spectrum and

the 3He3He-p spectrum. Nominal proton yields on these shots are ∼108. Taking

into consideration the continuous proton spectrum, the estimated proton signal on

the CR39 using a 2-mm by 10-mm aperture is ∼2×103 tracks/cm2, at the level of

the CR39 noise. On these low-yield shots where the expected proton signal to CR39

noise is ∼1, no proton signal was detected above background level. This is either

due to intrinsic CR39 noise, or unexpected behavior in magPTOF when a narrow

aperture is used (such as charging of the aperture leading to proton deflection away

from the aperture). Because DD-gas-filled or D3He-gas-filled direct-drive implosions

on the NIF with low enough areal density for the DD-p to escape are rare, there has

not been opportunity to further test magPTOF in spectrometer mode with a narrow

aperture.



Appendix D

Proton radiography of quasi-planar

shocks

A proton backlighting platform has been developed for the study of strong shock

propagation in low-density systems in planar geometry. Electric fields at the converg-

ing shock front in inertial confinement fusion (ICF) implosions have been previously

observed, demonstrating the presence of - and the need to understand - strong electric

fields not modeled in standard radiation-hydrodynamic simulations. In this planar

configuration, long-pulse ultraviolet (UV) lasers are used to drive a strong shock into

a gas-cell target, while a short-pulse proton backlighter side-on radiographs the shock

propagation. The capabilities of the platform are presented here. Future experiments

will vary shock strength and gas fill, to probe shock conditions at different Z and T𝑒.
i

D.1 Introduction

Strong shocks in high-temperature, low-density plasma is challenging to simulate

using standard radiation-hydrodynamic codes due to the sharp temperature and den-

sity gradients across the shock front.64 Yet this is a relevant issue for understanding

Inertial Confinement Fusion (ICF) implosions, as shocks propagating through the

iThe major results of this set of experiments have been published in an instrumentation3 and a
physics114 papers. The OMEGA-EP shot days for this experimental series was provided from the
LLNL-ICF allocation.

209
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low-density fuel set up the initial conditions for deceleration and stagnation at later

times.115 During the shock convergence phase of the implosion, the ion-ion mean

free path in the fuel can be comparable to the target radius because of the high-

temperature, low-density plasma conditions. In this highly kinetic regime, a hydro-

dynamic treatment of the plasma may no longer be sufficient. Development of kinetic

models and new experiments to validate these models are important to first assess

deviations from hydrodynamic frameworks, and second, evaluate whether these devi-

ations will negatively impact implosion performance.

Experiments configured in a gas-cell can provide insights into strong shock prop-

agation and kinetic effects, as manifested through anomalous transport and self-

generated electric fields. Differences in mass31 or charge state32 can drive ion species

separation across the strong gradients in density, temperature51, and electric potential

associated with shock fronts. As electric fields evolve self-consistently from the plasma

density and applied pressure profiles, measurement of these fields can provide addi-

tional information about shock structures in kinetic and multiple-ion-species plasmas.

The impact of these electric fields on shock dynamics and implosion performance is

also not fully understood.

Recent experimental studies are in agreement that multi-ion-fluid effects have

measurable impacts on implosion performance, and that hydrodynamic simulations

inadequately model ICF implosions as plasma conditions become more kinetic. Ex-

perimental observations include: unexpected yield degradation as implosion becomes

more kinetic28, thermal decoupling between ion species29, anomalous yield scaling for

different plasma mixtures56,57, ion diffusion27, and ion species stratification.58 Many

of these results are obtained in shock-driven, exploding pusher implosions where shock

convergence and rebound dominate the implosion dynamics and nuclear yield produc-

tion.

To reconcile these new experimental results that cannot be adequately explained
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by radiation-hydrodynamic codes such as HYDRA68, modelers turned to hybrid codes

with reduced ion kinetic models33, or kinetic codes such as LSP69 and FPION.70

These kinetic codes, which model the shock front in a more realistic manner and

compute electric fields self-consistently, have already provided valuable insights on

the role strong shock propagation plays in species separation53,55 and thermal decou-

pling between ion species.116 The structure of a plasma shock front has also been

studied extensively using analytic theories and other computational tools63,65,66, with

the general consensus that a hydrodynamic description of the shock front is inad-

equate and underestimates transport coefficients such as ion viscosity and electron

thermal conductivity. The wealth of theoretical and computational efforts toward

understanding strong shocks in low-density plasmas is contrasted with sparse exper-

imental results with relevance to ICF.26,117

These theoretical and computational studies motivate the development of a ver-

satile experimental platform for systematic study of strong shock propagation that

allows for quantitative comparison with both kinetic and hydrodynamic models. This

platform has been developed on OMEGA-EP118, using long-pulse lasers to drive a

strong shock into a gas-cell target, while using a short-pulse laser to drive a pro-

ton backlighter to side-on radiograph the shock propagation. The gas-cell design

used for this setup emphasizes minimal target mass along the radiography axis to

minimize scattering effects. Similar geometries have been previously used to study

shock-compressed aerogel foam119, collision-less shocks120, and implosions.121,122

Although self-generated electric fields at the shock front in a direct-drive ICF im-

plosion have been observed by Li et al.26 using monoenergetic proton radiography,

low temporal and spatial resolution of the proton backlighter (source size ∼70 𝜇m,

temporal resolution ∼100 ps) blurs out features of the fast-moving shock front. In

this experimental setup with a short-pulse proton backlighter, there are marked im-

provements in both temporal and spatial resolution with a broadband proton energy
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spectrum. One additional benefit of probing shock propagation in a side-on geometry

is that the shock front is spatially separated from the ablator and can be probed sep-

arately, whereas in an imploding shock geometry protons necessarily have to traverse

both the shock front and the ablator.

The structure of this appendix is as follows. Sec.D.2 describes the experimental

setup on OMEGA-EP. Sec.D.3 outlines typical plasma conditions. Sec.D.4 discusses

the different contributions to radiography features and analysis methods. A summary

is given in Sec.D.5.

D.2 Experimental Setup

On OMEGA-EP, up to three long-pulse UV laser beams can be used to drive a strong

shock through an ablator. The shock propagates into a gas region, shock heating the

gas to different post-shock temperatures depending on ablator material, laser focus,

and gas fill. For OMEGA-EP long pulse laser parameters (using 1-ns duration and

400-𝜇m focus), the laser intensity can be as high as 3× 1015 W/ cm2 using all three

long-pulse beams.

The OMEGA-EP short-pulse infrared laser is suitable for driving a proton back-

lighter for radiography.122 The broadband proton source is generated by high-intensity

laser-foil interaction through the TNSA (target normal sheath acceleration) mecha-

nism.123 The multiple energies of protons provide more constraints on the electric

field strength and distribution than monoenergetic proton sources.

In a proof-of-principle experiment, three long pulse UV beams were used to drive

a strong shock through a 50-𝜇m-thick CH ablator and into the gas cell. A schematic

experimental setup is shown in Fig.D-1a. The proton beam axis is perpendicular to

the gas tube axis for side-on radiography. The proton backlighter foil is positioned

8-mm away from the center of the gas cell, and is typically driven with the short
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pulse laser at best focus, at different delays relative to the long pulse driver. The

radiochromic film (RCF) pack is positioned 8 cm to 20 cm away from the center of

the gas cell on the opposite side, depending on the desired magnification. Combined,

the entire RCF film pack has a broadband spectral coverage from 3-30 MeV, with

each film sampling a different energy range (separated by ∼1-3 MeV) and having a

narrow bandwidth (∼0.1 MeV).

The proton backlighter is a cylinder containing two foils122 spaced 1 mm apart.

The first foil, typically 3-𝜇m-thick tantalum, shields the second foil from target plas-

mas. The short-pulse laser focuses onto the second foil, typically Cu, to produce the

TNSA protons for radiography. After testing different foil thickness (20 𝜇m to 100

𝜇m) and different short-pulse energies (50 J in 0.7 ps, to 850 J in 10 ps), it was found

that short pulse energy ∼500-850 J in 10 ps, and 40-100-𝜇m-thick Cu foil, produced

the best spatial uniformity and signal level.

Figure D-1b shows a 3-D model of the gas cell target as viewed along the radio-

graphy axis. The gas cell is a 5-mm-long, 1.8-mm-diameter tube with 50-𝜇m-thick

kapton wall. Two 2.5-mm x 1.5-mm rectangular windows are laser-cut along the

kapton tube, and patched over with 1-𝜇m-thick kapton film to minimize target mass

along the proton radiography axis. A mesh is attached outside the gas cell to provide

spatial fiducials. Figure D-1c is an example proton radiograph of the shock front as

imaged by ∼13-MeV protons, at t = 4.2 ns after the main drive lasers turned on. A

quasi-spherical shock front with proton accumulation (darker color) is clearly seen.

The curved shock front is advantageous for quantitative data analysis as edge effect

is minimized. Fig.D-1d is a zoomed-in lineout of the shock front along the direction

of shock propagation, where the valley and peak in proton fluence correspond to the

ablation region and the shock-front region, respectively; the blue and red lineouts

correspond to 8-MeV and 13-MeV proton radiographs, respectively. As expected,

the proton shock front feature in the 13-MeV radiograph is narrower as compared
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to the 8-MeV radiograph’s feature because of the smaller deflection. Having lineouts

at multiple different proton energies provide additional constraint (different widths

and deflections) on the electric field strength as compared to monoenergetic proton

sources. Quantitative analysis of the energy-dependent shock-front feature has been

published in a separate paper.114

This gas cell design can accommodate gas fill to 3 atm. Hydrogen and helium gas

fills are advantageous for several reasons. They are expected to be fully ionized by

the shock front, and changing laser energy will change electron temperature without

affecting the average ionization. Because of the low Z, radiative pre-heat ahead of

the shock front and radiative cooling behind the shock front are both small. Noble

gas additives (Ne, Ar, Kr) can be added both as a radiative diagnostic tool, and as a

means to study the behavior of binary plasma mixtures with large differences in mass

and charge states.

A hollow plastic insert and quartz window cap compose one end of the gas cell

to provide fill-tube access and a direct line-of-sight for the active shock breakout

(ASBO) diagnostic124 to monitor shock breakout from the ablator into the gas. The

quartz window has a 10-degree tilt relative to the kapton tube axis to avoid direct

reflection of the ASBO laser. At the other end, a 50-𝜇m-thick CH ablator is inserted

into the tube past the edge of the proton radiography windows, attached to a 4-mm-

long plastic cone shield. The cone shield restricts the ablator plasma blowoff from

interfering with the proton backlighter during the duration of interest.

Experimental spatial resolution is ∼30-35 𝜇m for proton energies between 5-20

MeV, as inferred from radiograph images of the Cu mesh attached to the gas cell (see

Fig.D-1c, bottom). The bar width of the Cu mesh is 55 𝜇m, and the hole width of

the Cu mesh is 285 𝜇m. The spatial resolution is estimated from the full-width-half-

maximum of the mesh bars as they appear on proton radiographs of different energies.

This is an estimate of the experimental resolution that includes contributions from
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Figure D-1: In the experimental configuration, a) up to three long-pulse UV lasers drive
a strong shock through a CH ablator which unloads into a gas region. At different delays
after the main laser drive, a short pulse laser irradiates a side-on proton backlighter for
radiography. The short-pulse proton backlighter is placed 8 mm away from the center of
the gas cell, and the RCF film pack can be placed 8 cm to 20 cm away from the gas cell
for different magnifications. b) shows a CAD model of the gas cell target, as seen by the
proton backlighter. c) is an example proton radiograph of the shock front as imaged by ∼
13-MeV protons, at t = 4.2 ns after the main drive lasers turned on for OMEGA EP shot
21793. d) is a zoomed lineout of the shock front region, with the valley and the peak in
proton fluence corresponding to the ablator region and the shock-front region, respectively.
The red lineout is a lineout of the 13-MeV proton radiograph in c). The blue lineout is a
lineout of the 8-MeV proton radiograph (not shown) on the same shot. The two lineouts are
scaled to each other to better show differences in the widths and deflections.

the finite source size of the backlighter, scattering from the 3-𝜇m-thick Ta film in the

backlighter assembly, and scattering at the sharp edges of the Cu mesh. As protons,

unlike X-rays, can be scattered at sharp edges, this approach sets an upper limit on

the experimental spatial resolution.

One consideration is that probing electric fields at early times is difficult because

the ablator-gas interface and the shock-front are too close together. Probing at later

times (> 4 ns), after the ablator-gas interface and the shock-front have sufficiently

separated, decouples the scattering from the dense ablator from electric fields mea-
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surements in the shock-front (Fig.D-1d).

Using this configuration, shock strength (and temperature) can be tuned by vary-

ing the drive laser energy, allowing proton radiography of the shock front as a func-

tion of relevant plasma parameters. Experiments on this platform have radiographed

shock-front propagation in 4He at different time and different drive intensities, and

studied shock propagation in binary plasma mixture (4He and Ne).

D.3 Plasma conditions

The 1-D radiation-hydrodynamic code HYADES10 is used to simulate plasma con-

ditions in the gas cell after shock breakout. LANL SESAME Equation-of-State is

used. Radiation transport and ionization are treated with the multi-group gray ap-

proximation and average-ion, local-thermal-equilibrium (LTE) model, respectively.

Figure D-2 shows the HYADES hydrodynamic profiles (at t = 0, 1, 2, 3 ns after laser

onset) for ion temperature (eV), electron temperature (eV), and density (mg/cm3)

for a modest laser drive (1-ns duration, square pulse, 1× 1015 W/cm2 ). The colored

dotted lines denote the ablator-gas interface at each time step. The laser drive is

incident on the edge of the CH ablator located at z= -50 𝜇m. The shock breaks

out into the 4He gas at ∼1 ns. The gas is compressed by ∼4-6× on average. Even

for this relatively modest laser drive (for OMEGA-EP), electron temperature at the

shock front is ∼80 eV. The shock primarily heats the ions, and the ions thermally

equilibrate with the electrons at the ion-electron equilibration time scale (∼100 ps).

The plasma conditions at the ablator-gas interface and in the gas are similar to con-

ditions during shock convergence in a spherical ICF implosion. In addition to fewer

beams needed to drive the target, in a planar, side-on radiography geometry, the

shock front is spatially separated from the ablator, whereas in an imploding shock

geometry protons necessarily have to probe both the shock front and the ablator.
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Figure D-2: HYADES hydrodynamic profiles for a) ion temperature, b) electron tempera-
ture, and c) density at time = 1, 2, 3 ns after the laser turns on. The system being modeled
is a 3 atm 4He gas cell with a 50-𝜇m-thick CH ablator. At t = 0, the CH ablator is located
from z = -50 𝜇m to z = 0 𝜇m. The laser is incident on the CH ablator at z = -50 𝜇m. The
colored dotted lines denote the ablator-gas interface at each time step. The laser drive (1
ns duration, square pulse, 1× 1015 W/cm2) is incident on the CH ablator.

In this simulation driven with relatively modest laser energy, the 0.15-keV ion

temperature corresponds to an ion-ion mean free path (𝜆𝑖𝑖) of ∼ 0.2 𝜇m at the shock

front for a 4He gas fill. Driving the target using a 2-ns pulse at twice the intensity,

the ion temperature reaches ∼1 keV, corresponding to 𝜆𝑖𝑖 ∼ 5 𝜇m at the shock front.

Fully kinetic ion simulations55 have shown that for a strong shock (Mach Number >

10), a good estimate of the shock front width is ∼ 20×-40× the downstream ion-ion

mean free path, implying a shock front width of ∼6 𝜇m and ∼150 𝜇m, for these two

cases respectively. The typical source size of TNSA protons is on the order of ∼10
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𝜇m121, and the experimentally inferred resolution is ∼35 𝜇m. If the width of the

shock front is larger than the spatial resolution of the proton backlighter, as is the

case for a sufficiently strong shock, this experimental approach is capable of probing

local electrical potentials within the shock. For weaker shocks with a narrower shock

front, the proton deflections cannot resolve internal structures and instead probe the

average electrical potential across the shock front.

D.4 Analysis

Lower energy protons are deflected more by electric field structures at the shock

front than are higher energy protons, but they are also more affected by Coulomb

scattering125 as they probe the shock front along the radiography axis. The gas-cell

target described in Sec.D.2 is designed to minimize Coulomb scattering by minimizing

target mass along the radiography axis. Along the radiography axis (Fig.D-1) are two

1-𝜇m-thick Kapton windows, and then 1.9 mm of both unshocked 4He gas (∼3 atm)

and shock-compressed 4He gas (average compression∼ 4×-6×). Using the expressions

in Highland et al.125, the expected scattering contributions from the kapton window

(yellow line) and 4He (green line), expressed as 1/e scattering angle (𝜃1/𝑒), is plotted

as a function of proton energy in Fig.D-3. Both scattering components are less than

0.1 deg. for protons with energy higher than 5 MeV.

At the shock front, the mobile electrons diffuse ahead of the shocked ions in

response to the strong density gradients, and the departure from charge neutrality

establishes a strong electric field along the direction of shock propagation. This

potential difference across the shock front(ΔΦ) has been estimated by Amendt et

al.126 to be ∼ 𝑇𝑒/𝑒, where 𝑇𝑒 is the post-shock electron temperature in energy units,

and 𝑒 is the electron charge. For protons traversing a shock front with a potential

difference ΔΦ ∼ 100 V (𝑇𝑒 ∼ 100 eV), the expected deflection can be estimated as
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Figure D-3: Expected electric field deflection from the shock front, and expected Coulomb
scattering from target mass along the radiography axis. For protons above 5 MeV probing
a strong shock front, electric field deflection is expected to be the dominant mechanism.

the ratio of the transverse velocity induced by the electric field over the initial proton

speed. This approximation is valid for very small angle deflections, as is the case here.

This expected proton deflection by electric fields (red-solid and red-dashed lines) is

plotted, along with the expected 1/e scattering angles (𝜃1/𝑒) from Coulomb scattering,

as a function of proton energy in Fig.D-3.

If this shocked CH of the pusher is too close to the shock-front, scattering from

the shocked CH will interfere with proton radiography of the shock-front. The 1/e

scattering angle from the shocked CH of the pusher (∼100 mg/cc) is 0.15 deg for 10-

MeV protons, and 0.1 deg for 20-MeV protons. This is comparable to other sources

of scattering. Probing at later times (> 4 ns), after the pusher and the shock-front

have sufficiently separated, removes this complication and decouples the scattering

from the pusher from electric fields measurements in the shock-front (Fig D-1d).

Over the proton backlighter energy range (∼ 2-30 MeV), the expected electric field

deflection is larger than the Coulomb scattering introduced by target mass along the

radiography axis. In the energy range useful for quantitative analysis (5-25 MeV),
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electric field deflection is expected to be the dominant contribution to radiograph

features. For denser system, such as the 100 mg/cm3 SiO2 aerogel as used by Ravasio

et al.119, the density scattering angle is larger (0.5-1.0 deg) because of the much higher

density, and the expected electric field deflection is smaller because of the lower T𝑒;

in such cases, the expected dominant radiograph feature would be from Coulomb

scattering, as the authors attributed.

The expected deflection angle of 0.2-0.4 deg. for > 5-MeV protons is easily mea-

surable. For an RCF pack at 8 cm, the deflection offset is 300-600 𝜇m, much larger

than the RCF resolution. To observe finer structures in the radiographs, larger mag-

nification is also possible by moving the RCF film pack further away as long as the

proton fluence on the film is sufficient.

The deflection angle dependence on initial proton energy, combined with proton

radiographs at multiple energies, are used to infer the average potential across the

shock front using the following expression:

Δ𝑥

𝑑
= Δ𝜃 =

𝑣⊥
𝑣‖

− 𝑣⊥0

𝑣‖0
=

√︃
ΔΦ

𝜖𝑝
−
√︂

ΔΦ

𝜖0
(D.1)

where Δ𝑥 is the measured deflection on film, 𝑑 is the distance to the RCF film,

𝑣⊥ and 𝑣‖ are the proton velocity components perpendicular or parallel to the initial

proton velocity, ΔΦ is the average electrical potential across the shock front, and 𝜖

is the proton energy. Subscript "0" denotes the initial condition. Each radiograph at

a specific proton energy infers an average ΔΦ, and multiple radiographs at different

proton energies are combined to infer a best fit for ΔΦ. Each proton radiograph

probes the shock front at a slightly different time, as protons of different energies

arrive at the shock front at different times. This difference in arrival timing, and the

shock front’s travel during this time difference, are taken into account during analysis.

A parallel approach also being used is to assume an electric field structure with

adjustable parameters at the shock front, and using a Monte-Carlo approach to sim-
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ulate proton radiographs to forward fit to the experimental radiograph features. An

example of qualitative changes in radiograph features as ΔΦ is varied is illustrated

in Fig.D-4. The proton accumulation at the shock front is consistent with the exper-

imental radiograph shown in Fig.D-1. As these simulations are performed without

including the effect of scattering, the minimal spatial resolution necessary to discrim-

inate between the different ΔΦ values is discussed here as an example. In Fig.D-4,

the FWHM of the proton are ∼ 2.1 mm, 1.5 mm, and 1.1 mm on RCF film for T𝑒 =

100 eV, 50 eV, and 25 eV respectively. This translates to 84 𝜇m, 60 𝜇m and 44 𝜇m at

the target plane respectively, for these three cases. The estimated scattering from the

4He and the Kapton window is ∼20 𝜇m (Fig.D-3), and the spatial resolution is better

than 35 𝜇m (as discussed in Sec.D.2). These scattering sources, as they are added in

quadrature, are small enough to distinguish among the T𝑒 = 25, 50, and 100 eV cases.

If the scattering contribution to FWHM is larger than 44 𝜇m (the FWHM expected

in the T𝑒 = 25 eV case), distinguishing among the three cases would be problematic.

Finally, this estimate is calculated for 5-MeV protons; the scattering effect is less

important when compared to electric deflection at higher proton energies.

The relatively simple deflection-based approach outlined above has the advan-

tage of providing an average, shock-front-integrated, electrical potential that can be

straightforwardly compared between different shots with different laser intensities,

charge states, and ion compositions. Using Monte-Carlo simulations that allow for

arbitrary electric field profiles is especially useful on shots when the shock-front width

is larger than the spatial resolution. In such a case, protons probe the internal electri-

cal profile in the shock front, and Monte-Carlo simulation with adjustable parameters

is the best approach to compare with data. These two approaches are complementary,

and their agreement provides an additional check on the inferred values.

Finally, we expect magnetic fields to play a negligible role when considering con-

tributions to proton deflections. In a planar or radial shock, electron density and
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Figure D-4: Simulated proton radiographs assuming an electric field potential of a) 25 V,
b) 50 V, and c) 100 V across a spherical shock front, corresponding to post-shock T𝑒 = 25
eV, 50 eV, and 100 eV, respectively. Proton energy range is 4.8-5.2 MeV. Darker coloring
indicates higher proton fluence. In this simplified model, the shock front is assumed to be
smaller than the radiograph resolution, and density scattering effect is not included. The
detector is placed 20 cm away from the target, with an overall magnification of 25×.

temperature gradients are along the same direction. The generation of B-fields due

to thermo-electric effect (Biermann battery), proportional to ∇𝑇𝑒 ×∇𝑛𝑒, is to first-

order zero because there are no perpendicular gradients in the shock front. Effects of

any azimuthal field will also cancel out as protons travel across the cylindrical struc-

ture. While magnetic fields may exist in the ablator region, that region is spatially

separated from the shock-front in this planar geometry.

D.5 Conclusion

A broadband proton backlighting platform has been developed on OMEGA-EP to

probe strong shock propagations in a planar geometry. Recent anomalous experimen-

tal results in shock-driven ICF implosions, and new kinetic models to explain these
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results, motivate the development of a versatile experimental platform for systematic

study of strong shock propagation that allows for quantitative comparison with both

hydrodynamic and kinetic models. First experiments on this platform radiographed

shock-front propagation at different proton energies, and varied the backlighter-beam

timing to probe at different times. Future experiments will vary shock strength and

gas-fill to probe shock conditions at different Z and T𝑒, with additional improvements

in target design and diagnostics.
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Appendix E

High-track-fluence CR39 data

processing

Wedge Range Filter (WRF) proton spectrometers are routinely used on OMEGA and

the NIF for diagnosing 𝜌R and 𝜌R asymmetries in direct- and indirect-drive implo-

sions of D3He-, D2-, and DT-gas-filled capsules. By measuring the optical opacity

distribution in CR39 due to proton tracks in high-yield applications, as opposed to

counting individual tracks, WRF dynamic range can be extended by 102 for obtain-

ing the spectral shape, and by 103 for mean energy (𝜌R) measurement, corresponding

to proton fluences of 108 and 109 cm−2, respectively. Using this new technique, 𝜌R

asymmetries can be measured during both shock and compression burn (proton yield

∼108 and ∼1012, respectively) in 2-shock NIF implosions with the standard WRF

accuracy of ∼ ±10 mg/cm2.

E.1 Introduction

Wedge Range Filter (WRF) proton spectrometers12,13 are routinely used at OMEGA22

and at the NIF23 for diagnosing shell and fuel areal density (𝜌R) in direct and indirect

drive implosions of capsules filled with D3He127,128, D2
129,130, or DT131 gas. WRFs are

often fielded at multiple locations in the target chamber, where they record spectra

of fusion protons leaving an implosion in a number of different directions; this makes

225
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them ideal for studies of yield and 𝜌R asymmetries and yield. At the NIF, WRFs

are fielded at the equator and at the pole to diagnose low-mode 𝜌R asymmetries at

shock-bang time (convergence ∼ 4) in indirect-drive implosions of D3He gas-filled

surrogates.122 This is accomplished by measuring the energy downshift of the D3He

protons born at 14.7 MeV and emitted in the different directions, which can then be

translated into the total 𝜌R in the same directions by making use of plasma stopping

power calculations.

The WRF spectrometry technique is based on the recording of characteristics of

individual proton tracks132 generated in the CR39 nuclear track detector133 (diameter,

eccentricity, and opacity), making use of the fact that these characteristics are related

to proton energy. However, when the proton fluence on CR39 is raised to 106 cm−2

and higher, proton tracks overlap even for short CR39 etch times and information

about individual tracks is eventually lost (see Fig.E-1c). Monte-Carlo simulations

can be used to estimate the true proton yield by predicting the severity of track

overlap for arbitrary proton diameter distributions134 when the fluence is not too

high but this raises the upper limit on fluence by only a small factor and does not

help when most tracks overlap. A compact, CR39-based detector using track counting

has been developed for measuring proton yield when the fluence is very high113 (by

scattering a small number of protons into a large area), but it does not allow for

spectral measurement.

In high-yield applications, WRF spectrometers are usually fielded far enough from

the target to avoid excessive proton fluence, but in many experiments the proton yield

is not well-known beforehand or the fielding distance is constrained. At the NIF, for

example, WRFs are fielded on Diagnostic Insertion Manipulators (DIM)76 at a fixed

distance of typically 50 cm from the implosion. For implosions with high proton

yield, the measured proton spectrum becomes shifted and distorted when using the

standard approach of analyzing individual tracks, leading to large uncertainty in the
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𝜌R measurement.

This paper describes a novel method for analyzing the WRF data, not using

information about individual tracks, but rather the optical opacity of the heavily

exposed CR39. This method greatly extends the WRF dynamic range, enabling

accurate 𝜌R measurements for experiments at the NIF and OMEGA even when very

high proton fluence (106-109 cm−2) cannot be avoided.

E.2 Normal WRF analysis and limitations

The WRF proton spectrometer consists of a thin wedge made of aluminum or zirconia

positioned in front of a CR39 nuclear track detector,12,13 arranged in a compact

housing. Protons pass through a wedge-shaped range filter before striking the CR39

nuclear track detector, and protons traversing different thicknesses of aluminum will

exit with different energies and leave tracks of correspondingly different size in the

CR39 as a function of location along the wedge (see Fig.E-1). The CR39 is etched

with NaOH to reveal the proton tracks, and then scanned automatically by an optical

microscope system that records the location and characteristics of each individual

track. The optical contrast of each track, against the clear CR39 background, is due

to the fact that after etching the track becomes a conical pit that refracts light and

appears dark when viewed under a microscope. The two-dimensional distribution

of number of tracks vs diameter and position is then converted into a histogram of

number of protons per MeV.12,13 The WRF spectrometer covers an energy range of

about 4 MeV to 20 MeV, and measures the proton spectrum with absolute energy

uncertainty of ± 60 keV at Eproton = 14.5 MeV80.

To demonstrate the decline in the quality of normal WRF data analysis as track

overlap becomes more severe, several pieces of CR39 from WRF spectrometers ex-

posed to 107 14.7-MeV protons per cm2 during an experiment at OMEGA were etched
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Figure E-1: a) Schematic diagram of the WRF proton spectrometer and the formation of
individual tracks in the CR39 b) Proton tracks sparsely distributed within a microscope
frame and c) Proton tracks densely distributed within a microscope frame. Images b) and
c) cover an area approximately 10−4 cm2 and are from CR39 samples etched to 2 hours,
with track densities 1× 105 cm−2 and 1× 107 cm−2, respectively.

in stages to a total of four hours, in increments of one hour, and scanned at each stage.

Figure E-2a includes images representing the number of tracks per unit area at each

etch time, showing how the number of individually counted tracks decreased as longer

etch times increased the track sizes and resulted in more overlap. Figure E-2b shows

area-normalized spectra calculated from the scans in the normal way at the different

etch times, illustrating how the spectra become increasingly distorted at higher etch

times and eventually shift to slightly lower average energy. Figure E-2b also includes

the normally-processed ("reference") spectrum from another WRF spectrometer that

was exposed during the same OMEGA shot, but 10× farther away from the implo-

sion (for a proton fluence 100× lower). In previous experiments, WRF proton spectra

along multiple line-of-sight on these low convergence, low 𝜌R implosions were uniform

within uncertainty, from which we can conclude the angular asymmetry between the

reference (far-away) WRF and the close-in WRF is negligible.
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Figure E-2: a) Scans of high-fluence CR39 data (1× 105 tracks/cm2) etched for 1, 2, 3 and
4 hours (OMEGA shot 67017). The gray scale is the same in all four images; a darker pixel
indicates a larger number of recorded tracks per unit area. Note the decreasing number
of individually recorded tracks as the etch time increases due to track overlap. b) Area-
normalized proton spectra reconstructed from the data etched for 1, 2, 3 and 4 hours. Also
shown is a reference proton spectrum obtained with another WRF spectrometer that was
fielded much farther away from the same implosion, where the proton fluence was 100×
smaller. At higher etch times, the (high-fluence) spectra become very distorted due to
overlap of individual proton tracks.

E.3 Opacity analysis

When a large fraction of the proton tracks overlap even at the shortest usable etch

time (about 0.5 hour), individual track information is lost. However, the tracks

themselves are not lost, but only aggregated. As track overlap increases, the local

optical opacity of the CR39 increases, but the opacity is a highly nonlinear function

of the number of tracks and their diameters (a related result was reported previously

by Gaillardet al.135). However, the relationship between opacity, proton fluence, etch

time, and CR39 response to protons can be modelled at least until the fluence reaches

108 cm−2 (with an etch time of 1 hour).

The possibility of reconstructing a proton spectrum using opacity as a function

of position on the CR39 was investigated using the same CR39 samples described in

Sec.E.2. This approach uses opacity and thickness of the wedge filter as a function
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of position on the CR39, and a knowledge of track diameter as a function of proton

energy and etch time.

The optical opacity is recorded using the same microscope system used for normal

track counting, and modification to the software was made to record average optical

opacity as a function of position rather than the locations and properties of individual

tracks. Each optical opacity measurement is averaged over an area on the CR39

approximately 40 𝜇m × 30 𝜇m (adjustable in the software).

Figure E-3: a) Scans of high-fluence CR39 data (1× 107 cm−2 tracks/cm2) etched for 1, 2,
3 and 4 hours (shot 67017). The grey scale is the same in all four images; a darker pixel
indicates higher opacity. In the opacity scan images, the monoenergetic D3He proton line
is clear even at high etch times, which is in stark contrast to the data in Fig.E-2. (b) Area-
normalized proton spectra reconstructed from the data etched for 1, 2, 3 and 4 hours along
with a reference proton spectrum obtained with another WRF spectrometer fielded farther
away from the same implosion to observe a normal proton fluence. Note that even at higher
etch times, the spectra are nominally Gaussian with mean and linewidth comparable to the
reference proton spectrum.

To analyze these data, the recorded opacity is scaled and normalized to compen-

sate for the nonlinear behavior mentioned above. Then, if the etch time is relatively

short, an approximate one-to-one mapping between filter thickness and proton energy

is applied and the result is a proton spectrum (the mapping between filter thickness

and proton energy for a given etch time and CR39 type is determined by calibrating

the filter and CR39 using accelerator protons80 along with the normal WRF analysis
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technique). Figure E-3 shows the result this approach. In contrast to the standard

track scans, the sequence of opacity scans (Fig.E-3a) shows stronger signal (higher

opacity) at higher etch times. This is due to an increasing area covered by the re-

fracting tracks. The area-normalized proton spectra from opacity scans also agree

with the reference proton spectrum within the uncertainty. For a proton fluence of

107 tracks/cm2, the new WRF analysis using the opacity technique recovers the ex-

pected spectral shape, with mean energy and spectral width in excellent agreement

with expected values up to an etch time of 3 hours (see Fig.E-4).

If the CR39 is overexposed (proton fluence > 108 cm−2) and/or over-etched, we

expect to arrive at a threshold when even the opacity technique breaks down. This

corresponds approximately to the point where the overlapping tracks cover the entire

area and additional etching does not further increase the opacity. In this case, we

expect the proton spectrum to develop a plateau in the region of highest track density.

However, in the case of a monoenergetic D3He proton line the mean energy (and

hence, 𝜌R) can still be determined to high accuracy even when the peaked center

of the spectrum is flattened due to opacity saturation. It should still be possible to

measure the centroid, as defined by the wings of the proton spectrum, for fluence

levels as high as 109 cm−2. As seen in Fig.E-4a, the mean proton energy is robust

even when very high opacity starts to distort the inferred shape of the line.

We inferred the expected behavior for CR39 with a higher incident proton fluence

than in the present study by etching the CR39 above the optimal etch time and

observe deviation from expected spectral shape, as total track area increase with etch

time (see Fig.E-4). Recovering the spectral shape requires the peak fluence to be in

a region where opacity is not saturated. Recovering the mean energy only in the case

where the spectral shape is known can be done by fitting only to the lower-fluence

wings of the proton spectrum and thus is applicable to even higher incident fluence.

Overall, it is estimated that with appropriate etch times (long for low fluence, short
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Figure E-4: a) Proton mean energy, and b) standard deviation of the proton spectrum, as a
function of etch time when the standard track analysis technique (blue) and opacity analysis
technique (red) were applied to the data. These quantities were determined from the proton
spectra shown in Fig.E-2 and Fig.E-3 at a proton fluence of 107 tracks cm−2. The green
region denotes ±1𝜎 uncertainty of the expected values based on a reference proton spectrum
obtained with another WRF spectrometer fielded farther away from the same implosion to
observe a normal proton fluence.

for the highest fluence), the opacity method should work for proton fluences in the

range from ∼104 cm−2 to at least 108 cm−2 (for spectral shape) and 109 cm−2 (for

mean energy). This corresponds to an increase in dynamic range by a factor of 102

(for spectral shape) and 103 (for mean energy) relative to the normal WRF analysis.

At proton fluences less than ∼ 105 cm−2, the opacity method performs worse than

the standard track-based method because opacity variations due to proton tracks

become smaller than opacity variations intrinsic to the CR39 and the imaging system.

In addition, the higher information content from the track scans makes spectrum

analysis more robust than opacity analysis.
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E.4 Application and conclusion

A new analysis method has been developed that extends the dynamic range of the

WRF spectrometer by three orders of magnitude. This method uses the local optical

opacity of CR39 to reconstruct the proton spectrum, with mean energy (and hence,

𝜌R) uncertainty comparable to standard WRF analysis at high proton fluence (∼106-

109 cm−2).

One immediate application is 𝜌R measurements at both shock and compression

times (where the shock and compression yields are ∼108 and ∼1012, respectively) in

D3He gas-filled two-shock, near-vacuum hohlraum implosions at the NIF that produce

𝜌R up to ∼ 200 mg/cm2. Multiple WRF proton spectrometers fielded at the pole

and equator will be used to assess 𝜌R asymmetries during shock and compression

burns. The shock phase typically generates protons with energy ∼13 MeV (𝜌R ∼ 50

mg/cm2), and the compression phase generates protons with an energy of ∼10 MeV

(𝜌R ∼ 150 mg/cm2). As the WRFs are fielded on the pole and equator at a fixed

distance of approximately 50 cm from the implosions, the shock and compression

proton fluences are 3 × 103 and 3 × 107 tracks/cm2, respectively, spanning a large

dynamic range previously inaccessible using standard individual track analysis.
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Appendix F

Design of a Te(t) diagnostic on

OMEGA

This appendix describes the physics conceptual design of a time-resolved electron

temperature diagnostic for cryogenic DT implosions on OMEGA. This diagnostic -

the cryoPXTD - is designed to simultaneously measure eight X-ray emission histories

that cover different X-ray energy ranges. A time-resolved, spatially-averaged electron

temperature is inferred from the ratios of the X-ray signals behind the eight different

sets of X-ray filters.

cryoPXTD is designed to be a direct upgrade of the PXTD. The improved spatial

resolution of the optical system enables eight scintillator channels in the nosecone,

as opposed to only three in the PXTD. A ROSS 5100 streak camera136 provides

much-improved control, streak characterization, and time resolution. Positioning of

the streak camera outside the OMEGA target bay shields it from the DT-n flux in a

cryogenic DT implosion, significantly reducing neutron-induced noise in the Charged-

coupled device (CCD) camera. The expected IRF response width in cryoPXTD is ∼

40 ps, a 3× improvement from the current PXTD.

The mechanical and optical design of cryoPXTD will closely follow the existing

P11-NTD41, and is led by the mechanical and optical engineering teams at LLE.

This appendix will focus on the physics design, with an emphasis on synthetic data

235
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generation and analysis to assess final uncertainty in the electron temperature mea-

surement.

F.1 X-ray filters design

The starting point of the physics design is a 1-D hydrodynamic simulation of a

cryogenic DT implosion (OMEGA shot 84646) simulated using LILAC137, a LLE-

developed hydrodynamic code. The hydrodynamic output from LILAC is post-

processed with SPECT3D138 to generate the time-resolve X-ray emission from the

implosion for this study.i

The absolute X-ray history from the LILAC simulation is shown in Fig.F-1, along

with X-ray spectra at three different times (t = 2.72 ns, 2.79 ns, and 2.86 ns).
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Figure F-1: a) LILAC-simulated absolute X-ray history and b) absolute X-ray spectra at t
= 2.72 ns (purple), 2.79 ns (red), and 2.86 ns (blue) for OMEGA cryogenic DT implosion
84646.

The impact of opacity on the X-ray emission is shown in Fig.F-2, which plots

the total X-ray emission spectrum for this simulation with and without opacity. Al-

iLILAC and SPECT3D outputs are provided by Duc Cao (LLE).
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though opacity effects can be corrected, they are better off avoided altogether. For

this reason, X-ray emission measurements using cryoPXTD will be limited to X-ray

energies higher than 10 keV.
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Figure F-2: Time-integrated X-ray spectrum with opacity (black) and without opacity
(red) for OMEGA cryogenic DT implosion 84646.

The upper X-ray energy cutoff is dictated by photon statistics. X-ray emissions

above 20 keV do not contribute enough photons to significantly constraint electron

temperature. For this reason, X-ray emission measurements using the cryoPXTD are

limited to between 10 - 20 keV.

The current cryoPXTD filter design for the eight X-ray channels is shown in

Fig.F-3. Successively thicker titanium filters are used to reach higher X-ray energy

cutoffs, with energy cutoff defined as the 1% transmission level. The eight scintillator

channels in cryoPXTD are designed to measure X-ray emission above 10.1, 11.8,

13.6, 15.4, 16.3, 17.1, 18.0, and 19.1 keV, respectively. All channels also have a layer

100-𝜇m-thick Al as a blast filter, which minimally affects X-ray transmission.
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Figure F-3: X-ray transmissions for the eight cryoPXTD channels.45

F.2 Synthetic signal generation

This section describes, step-by-step, how the simulated X-ray emissions from LILAC

are translated to synthetic PXTD data from which the final uncertainty in the electron

temperature measurement can be assessed. Table F.1 summarizes all the parameters

in the cryoPXTD system (distances, efficiencies, etc) that will be used throughout

this section, in the order they will be used.
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Table F.1: cryoPXTD design parameters.

Quantity Value Basis / Notes

Scintillator distance from TCC 9 cm PTD

Scintillator volume (per channel) 1.0 × 3.0 × 0.5 mm imaged volume

Scint. photons per MeV deposited 2000 P11-NTD

Scint. rise time 20 ps P11-NTD

Scint. decay time 1200 ps P11-NTD

f/2 lens collection angle 4% of 4𝜋 P11-NTD

Optical pathway transmission 50% P11-NTD

S20 photocathode efficiency 10% P11-NTD

CCD counts per photocathode e- 150 H5-NTD

CCD pixel dwell time 20 ps approximate

CCD pixel per channel 100 approximate

F.2.1 X-ray emission at the scintillators
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Figure F-4: Absolute X-ray spectra at t = 2.72 ns (purple), 2.79 ns (red), and 2.86 ns
(blue) at the scintillators for OMEGA cryogenic DT implosion 84646. The scintillators are
positioned at 9 cm away from the implosion, each covering a solid angle of 1.9× 104.

The X-ray emission from the implosion is used to calculate the X-ray emission

at the scintillators using the solid angle (Ω ∼ 1.9 × 104) calculated from the imaged

scintillator surface area (3.0 mm × 0.5 mm) and distance (9 cm) from the implosion.

Note that this is not the physical scintillator surface area, only the portion of the
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surface area that is imaged onto the streak camera. Figure F-4 shows the X-ray

emission spectra at three different times (t = 2.72 ns, 2.79 ns, and 2.86 ns) at the

scintillators.

F.2.2 X-ray absorption in the scintillators
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Figure F-5: a) attenuation coefficients for scintillator material and b) fraction of X-ray
energy absorbed in a 1-mm-thick scintillator, as a function of X-ray energy.

X-ray absorption in the scintillator is calculated using NIST-calculated45 atten-

uation coefficients. Figure F-5a shows the attenuation coefficients as a function of

incident X-ray energy, and Fig.F-5b plots the fraction of X-ray energy absorbed in a

1-mm-thick scintillator.

The X-ray absorption in the scintillator (Fig.F-5) is combined with the X-ray

transmission through the filters (Fig.F-3) to calculate X-ray energy deposition in the

scintillator channels. Figure F-6 shows the fraction of X-ray energy absorbed in the

scintillators as a function of incident X-ray energy, taking into account the filtering

in front of the scintillators.
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Figure F-6: X-ray absorption fraction in 1-mm-thick scintillators after X-ray filters.

F.2.3 X-ray energy deposition histories in the scintillators
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Figure F-7: X-ray absorption (red) in 1-mm-thick scintillators after X-ray filters for one
example cryoPXTD channel (80-𝜇m-thick Ti). The X-ray spectrum at t = 0.79 ns (black)
is simulated by LILAC, which is folded with the X-ray filter transmission in Fig.F-3 and the
scintillator absorption in Fig.F-5.

At a moment in time, the instantaneous X-ray emission spectrum incident on the

scintillator (Fig.F-7, black) is folded with the X-ray responses in Fig.F-6 to generate
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the X-ray energy deposition response as a function of incident X-ray energy (Fig.F-

7, red). Figure F-7 is an example of this process, for one scintillator channel at one

moment in time. The integral under response curve (Fig.F-7, red) is the X-ray energy

deposited into this scintillator channel at this moment in time.
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Figure F-8: X-ray energy deposition histories in 1-mm-thick scintillator for all eight cry-
oPXTD channels, based on LILAC-simulated X-ray emission from the implosion.

This process in Fig.F-7 is repeated at all times for different X-ray filtering to

generate the X-ray energy deposition histories for all eight channels (Fig.F-8).

F.2.4 Scintillator emission histories

Using the scintillator response function discussed in Sec.2.7.1 with a rise time of 20

ps and a fall time of 1200 ps, the scintillator photon histories (Fig.F-9) are generated

from the X-ray energy deposition histories (Fig.F-8). The scintillator efficiency used

is 2000 scintillator photons per MeV of energy deposited. The decay time of the

scintillator histories in Fig.F-9 is not apparent because of the narrow plot range and

the log scale.
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Figure F-9: scintillator photon histories for all eight cryoPXTD channels, based on LILAC-
simulated X-ray emission from the implosion. The conversion factor from X-ray photon
energy deposition to scintillator photon generation is 2000 scintillator photons per MeV of
energy deposited.

F.2.5 Scintillator emission histories after light attenuation fil-

ters
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Figure F-10: scintillator photon histories after light attenuation filters for all eight cry-
oPXTD channels, based on LILAC-simulated X-ray emission from the implosion. Starting
from the lightest-filtered X-ray channel, the light attenuations applied are 100×, 40×, 10×,
4×, 2×, 1×, 1×, and 1×, respectively.

Light attenuation filters are individually applied to each scintillator channel to
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bring all scintillator signal amplitudes within a factor of 5 of each other. This ensures

that all scintillator photon histories are within the dynamic range of the streak camera.

After applying light attenuation filters to all the scintillator channels (attenuation

factors of 100×, 40×, 10×, 4×, 2×, 1×, 1×, and 1×, respectively), the scintillator

photon histories as they are about to be transported through cryoPXTD optical

system are plotted in Fig.F-10.

F.2.6 Scintillator emission histories at the streak camera pho-

tocathode
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Figure F-11: scintillator photon histories at the photocathode for all eight cryoPXTD chan-
nels, based on LILAC-simulated X-ray emission from the implosion. The signals in Fig.F-9
are multiple by the lens collection efficiency (×0.04) and the optical pathway transmission
fraction (×0.5).

The scintillator photon histories in Fig.F-10 are collected by a fast f/2 lens (4%

light collection efficiency) and transported through a long optical path outside the

OMEGA target bay (transmission ∼ 50%). The scintillator photon histories at the

photocathode in front of the streak camera (Fig.F-11) reflect these two losses in the

system.
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F.2.7 Photoelectron histories in the streak camera

Scintillator photons are converted to photoelectrons at the photocathode of the streak

camera with 10% efficiency. The photoelectron histories inside the streak camera are

plotted in Fig.F-12.
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Figure F-12: photoelectron histories after the photocathode for all eight cryoPXTD chan-
nels, based on LILAC-simulated X-ray emission from the implosion. The signals in Fig.F-9
are multiple by the photocathode quantum efficiency (×0.1).

F.2.8 Synthetic cryoPXTD streak signals

Photoelectrons are swept by the electric fields in the streak camera, and the tempo-

ral differences in the photoelectrons are into translated into spatial differences on a

phosphor screen. The light emission from the phosphor screen is lens-coupled to a

CCD camera. The photonelectron to CCD electron efficiency is ∼ 150. The CCD

pixel dwell time is taken to be 20 ps, and it is assumed that each scintillator channel

corresponds spatially to 100 CCD pixel. These factors are combined to generate the

synthetic cyroPXTD streak signals in Fig.F-13 for all eight scintillator channels.
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Figure F-13: Final synthetic signals for all eight cryoPXTD channels, based on LILAC-
simulated X-ray emission from the implosion. The signals in Fig.F-12 are multiple by the
CCD counts per cathode photoelectron (×150), the CCD pixel dwell time (0.02 ns), and
divided by the CCD pixels per channel (100).

F.3 Synthetic signal analysis

This last section focuses on how synthetic cryoPXTD streak signals are analyzed to

infer Te(t) in the implosion, with an emphasize on quantifying uncertainties in the

final measurements.

F.3.1 Deconvolution routine

The X-ray emission histories are recovered by deconvolving the effect of the long scin-

tillator decay from the recorded streak signal. To simplify the uncertainty analysis,

a simple deconvolution routine based on physical modeling is used. This method

assumes that the X-ray signal 𝑛𝑖 at time 𝑡𝑖 is the recorded streak signal 𝑠𝑖 minus the

sum of all earlier X-ray signals, which are all decaying exponentially at the scintillator

decay time:

𝑛𝑖 = 𝑠𝑖 −
𝑖−1∑︁
𝑗=0

𝑛𝑗 exp

(︂
− 𝑡𝑖 − 𝑡𝑗

𝜏𝑓𝑎𝑙𝑙

)︂
(F.1)
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where 𝜏𝑓𝑎𝑙𝑙 (∼ 1.2 ns) is the scintillator decay time. The uncertainties in the X-ray

emission signal are obtained by direct error propagation:

Δ𝑛𝑖 =

⎯⎸⎸⎷Δ𝑠2𝑖 −
𝑖−1∑︁
𝑗=0

(︂
Δ𝑛𝑗 exp

(︂
− 𝑡𝑖 − 𝑡𝑗

𝜏

)︂)︂2

(F.2)
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Figure F-14: a) synthetic streak signal and b) synthetic deconvolved X-ray history for
the cryoPXTD channel with 80-𝜇m-thick Ti filtering. The shaded region is the statistical
uncertainty in the analysis.

As an example of this deconvolution routine at work, Fig.F-14a shows the synthetic

streak signal for the 80-𝜇m-Ti channel (corrected for light attenuation filtering, and

Fig.F-14 shows the deconvolved signal and uncertainty using Eq.F.1 and Eq.F.2. The

uncertainty in the streak signal is based on photoelectron statistics (not scintillator

photon statistics). As this deconvolution process assumes that the signal at a given

time is a linear combination of all previous signals, the uncertainty at a given time also

inherits from the uncertainties of all previous signals. This is likely an overestimate

of the uncertainty in the analysis process.

Finally, this deconvolution is applied to all scintillator channels to recover the

synthetic deconvolved X-ray histories in Fig.F-15. In this plot, the light attenuation
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filters applied earlier to different channels have been accounted for.
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Figure F-15: synthetic deconvolved X-ray histories for all eight cryoPXTD channels.

F.3.2 Betti hot spot profiles

In inferring electron temperature, first an assumption needs to be made about the

temperature and density profile in the hot spot. This analysis uses "Betti profiles"

for temperature and density in an isobaric hot spot, which are in good agreement

with 1-D hydrodynamic simulations and discussed in more details in Betti et al..139

The electron temperature and density profiles are given by:

𝑇𝑒,ℎ𝑠(𝑟) = 𝑇0

(1− ( 𝑟
𝑅
)2)2/5

1− 0.15( 𝑟
𝑅
)2

(F.3)

𝜌ℎ𝑠(𝑟) = 𝜌0
1− 0.15( 𝑟

𝑅
)2 + 0.05

(1− ( 𝑟
𝑅
)2)2/5

(F.4)

where 𝑇0 is the central hot spot temperature, 𝑅 is the hot spot radius, and 𝜌0 is

the central hot spot density. The Te analysis will assume that X-ray emissions from

the implosion are emitted from these profiles. Example Betti profiles for a central hot
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spot temperature of 3.5 keV and a hot spot radius of 25 𝜇m are plotted in Fig.F-16.
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Figure F-16: Betti profiles for density (black) and electron temperature (blue) in an
isobaric hot spot.139

F.3.3 Synthetic cryoPXTD Te(t)

All the analysis pieces are now in place to infer Te(t) from the deconvolved X-ray

emission histories. Following the procedures outlined in Sec.4.1.2, at a moment in

time, a central Te corresponding to the Betti profiles is inferred by fitting to the

instantaneous X-ray signals behind different X-ray energy cutoffs. The Te(t) inferred

using this approach is shown in Fig.F-17a in black, with the shaded region denoting

statistical uncertainty. At peak Te, the synthetic analysis uncertainty is ∼ 5%.

For comparison, the direct Te fit (by fitting the simulated X-ray emission spectra

directly in similar X-ray energy range) is plotted in green. There is a discrepancy

between the two Te(t) that remains unresolved. The two Te(t) in Fig.F-17 are not

probing the same X-ray emission window, so there is no expectation that the two

Te(t) should agree exactly. However, the degree of discrepancy is still larger than

expected. Several potential sources for this discrepancy (instrument-induced broad-

ening, different X-ray probing windows, etc) have already been examined and ruled

out.

Figure F-17b shows the fit to Te at early time in the X-ray emission history.
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Figure F-17: a) fit to synthetic cryoPXTD data (black) and as comparison, a direct fit to the
X-ray spectra at different times (green). The shaded region denotes statistical uncertainty.
b), c), and d) shows the Te fit to the eight cryoPXTD X-ray channels at t = 2.70 ns, 2.76
ns, and 2.82 ns, respectively. The error bars are dominated by photoelectron statistics.

The photoelectrons per time bin (in black, with statistical uncertainties) for all eight

scintillator channels are plotted along with the fit to the synthetic data (blue). The

lower X-ray emission at early time reduced photonelectron statistics and increased
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uncertainty in the inferred Te.

Figure F-17c shows the fit to Te near peak emission time (bang time) in the X-ray

emission history. The high X-ray emission at bang time increased photonelectron

statistics and decreased uncertainty in the inferred Te.

Finally, Fig.F-17d shows the fit to Te at late time in the X-ray emission history.

The high uncertainty in the inferred Te in this case is dominated by uncertainty from

the deconvolution process.
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