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Abstract

By measuring energetic charged-particle products from fusion reactions occuring in plasmas, nuclear
diagnostics can be used to study the properties of the burning plasma, as a probe of the plasma, or
of the fundamental fusion reaction physics. In this thesis, fusion product spectroscopy is used to
study ignition-scale inertial fusion implosions, measure charged-particle stopping in dense plasmas
to high accuracy, and study reactions relevant to nuclear astrophysics.

‘Surrogate’ plastic-shell implosions at the National Ignition Facility with D*He fuel produce
14.7-MeV protons. Spectrometry capability developed for the NIF has been used to study these
protons produced at the ‘shock’ burn in these implosions, which preceeds the main ‘compression’
burn by several hundred picoseconds (ps). A 1-D implosion model was developed to interpret
the spectra of the emitted shock-produced protons. Higher areal densities (pR) are observed for
implosions where the laser is kept on for a longer duration (‘no-coast’); combining these data with
x-ray radiography reveals that the shock-bang time occurs anomalously late in these implosions
relative to hydrodynamic simulations. By using multiple detectors, low-mode (~ 2) implosion
asymmetries are measured. When compared to stagnation x-ray self-emission an anomalously-low
growth factor is observed relative to models, indicating potential time-dependent asymmetries or
that the x-ray shape underestimates the asymmetry amplitude of the surrounding shell.

Charged-particle spectroscopy relies upon untested theory for the stopping power as the particle
traverses the dense imploding plasma. These theories are also critical for modeling a-particle self-
heating and burn. By using D3He protons to probe a x-ray isochorically-heated subject plasma in
the warm dense matter (WDM) regime, the stopping power has been measured to high accuracy
for the first time in a dense plasma. This measurement is also a strong constraint on WDM electron
structure models.

Finally, nuclear diagnostics have been used to study several fusion reactions relevant to as-
trophysics. Unlike prior work using accelerators, these measurements are the first to be done in
a hot plasma, like astrophysical plasmas of interest. Cross-section measurements of the reaction
T+3He—O5Li+~ show that anomalously-high production of °Li during the Big Bang cannot occur
via this mechanism. In addition, measurements of the proton spectrum from this reaction, and the
solar fusion reaction *He+>He, are used to constrain the R-matrix nuclear theory. Finally, a cross
section measurement for the reaction p+D—3He+~ has been performed; this reaction is relevant
to energy generation in brown dwarfs, protostars, and to production of *He during the Big Bang.
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Thesis Overview

This thesis presents original work by the author in the fields of inertial confinement fusion, high-
energy-density physics, and nuclear astrophysics. The main body of the work is divided into three
parts: studying inertial fusion implosions with proton spectroscopy, measuring charged-particle
stopping power in dense plasmas, and studying nuclear astrophysics. The organization of the thesis
is described below.

First, a general introduction to the physics of nuclear fusion reactions, and a history of the field
of fusion ignition by inertial confinement and high-energy-density physics is given in Chapter 1.

Part I: NIF Proton Spectroscopy
This Part of the thesis discusses in detail the development and use of proton spectroscopy at the
NIF. First, the details of proton spectrometry are discussed in Chapter 2, including the details
of the NIF spectrometers, necessary corrections for energy loss in the hohlraum wall, and a 1-D
implosion model used for interpreting the measured spectra. Chapter 3 uses this capability to study
the shock dynamics of ‘surrogate’ implosions at the NIF, while Chapter 4 uses the multiple detector
lines of sight to study low-mode implosion areal-density (pR) asymmetries.

Part II: Plasma Stopping Power
This Part discusses plasma stopping power experiments. An experiment used a D3He proton source
and x-ray isochorically-heated WDM plasmas to measure the stopping power to high precision in
dense plasma for the first time, as discussed in Chapter 5. Significant work has been conducted
with the aim of developing a platform for similar measurements using the OMEGA EP short-pulse
laser facility, which is summarized in Chapter 6.

Part III: Nuclear Astrophysics
This Part of the thesis discusses several experiments, which studied fusion reactions relevant to
nuclear astrophysics; a brief overview of this field is given in Chapter 7. Studies of the T+3He
reaction are discussed in Chapter 8, in particular the v branch is focused upon, which is relevant to
big-bang nucleosynthesis. The proton spectrum was also used as a constraint on nuclear R-matrix
theory. Similarly, the *He?He proton spectrum was measured in experiments discussed in Chapter
9; this reaction is relevant to solar fusion, and the spectrum at low energies is used as a contraint
on nuclear theory. Finally, the p+D v-producing reaction, relevant to big-bang nucleosynthesis
plus energy generation in brown dwarfs and protostars, was measured in experiments discussed in
Chapter 10.

Part IV: Conclusion and Appendices
The main results of this thesis are summarized in Chapter 11.

In addition to the material discussed in previous chapters, significant diagnostic development
work has been performed by the author over the last few years, and this work is documented
in the Appendices. Proton radiography techniques using the short-pulse OMEGA EP laser were
developed (Appendix A); a compact recoil spectrometer was developed for DT neutrons (Appendix
B); the energy and fluence dynamic ranges of CR-39 detectors were extended by novel techniques
utilizing multiple surfaces and statistical analysis, respectively (Appendix C and Appendix D).

Charged-particle spectroscopy was also used to study dynamic charging of hohlraum targets
during intense laser irradiation (Appendix E).



Many 1-D hydrodynamics simulations have been performed by the author over the last several
years in support of this work and work by other students; these simulations are briefly discussed in
Appendix F.

The evaluation and comparison of several common stopping-power models in relevant regimes,
and the negligible impact of scattering on this work are discussed in Appendix G.

Additional details on several experiments are documented in the remaining sections: the many
NIF shots used in this work (Appendix H) and the T+3He experiments (Appendix I).

Recent experiments on NIF have studied lower-convergence (higher-adiabat) shots, these ex-
periments and preliminary results are discussed in Appendix J.

Finally, fusion reaction product kinematics are discussed in detail in Appendix K.









1

Introduction

In 1905 Albert Einstein developed his theory of special relativity!, and then further posited a
fundamental relation between the inertia (mass) of an object and its energy?:

E =md, (1.1)

which is probably the most famous equation in physics. Since the speed of light (¢) is large, this
result implies that small differences in mass correspond to large differences in energy. The full
implications of this result took a long time to comprehend.

Fifteen years later, spectrographic measurements by Aston?® revealed that the mass of a “He
ion is slightly less than the sum of the individual nucleons (two neutrons and two protons) by
about 0.8%, implying a significant binding energy via Eq. 1.1. Then Arthur Eddington, working
on the internal composition of stars?, suggested that fusion of hydrogen into helium may be the
source of energy in stars. Since material in the universe is primarily hydrogen®, a reaction taking
advantage of the mass deficit above could produce helium and copious energy in stellar interiors.
Eddington did not know of a mechanism to accomplish this, though it was an attractive way to
solve an outstanding conundrum in stellar dynamics: the apparent discrepancy between lifetimes of
stars utilizing gravitational Kelvin-Helmholtz contraction as an energy source (of order 107 years),
and the apparent age of the earth from biological and geologic arguments (of order 10? years). The
problem was that at central stellar temperatures of order 107 K, the energy of ions is much less
than the substantial Coulomb potential energy barrier from mutual electrostatic repulsion, which
would be necessary to overcome for fusion reactions to occur classically.

The solution came together with the quantum physics revolution. George Gamow was the first
to apply the probability for quantum mechanical tunneling to the problem of nuclear reactions, in
particular for o particle decays®, a result which was quickly followed by the application to fusion
reactions by Atkinson and Houtermans”®. A major breakthrough in stellar dynamics then came
in 1938 from Bethe, who calculated the reaction rate for proton-proton fusion via a weak process®.
The field of nuclear physics emerged and grew substantially in the 1930s and 40s for both terrestrial
applications and stellar physics, as discussed in the following sections.

1.1 Nuclear Reactions

1.1.1 Energetics

The dynamics of nuclear reactions will be driven by the available energy, in particular reactions
going from loosely- to tightly-bound systems will be exothermic and release energy equivalent to the
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difference in binding energy. It is therefore critical to evaluate the binding energy of the elements
using available data!'® or simple models. A semi-empircal relation for the binding energy of nuclei
is the Bethe-Weizscker mass formula or the ‘liquid drop’ nuclear model '

E
IB =ay —agA™Y3 —ap

72 (A—27)?
A43 AA™ 12 ’

(1.2)

which depends on the total number of nucleons (A) and the atomic number (Z). The model has
the following components: the nuclear volume term (ay = 15.8), the surface area term (ag = 18.3),
the Coulomb term (ac = 0.714), and the asymmetry term (a4 = 23.2). Each coefficient is obtained
from a fit to available data in units of MeV. The data and liquid-drop model are shown in Fig. 1.1.
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Figure 1.1. Nuclear binding energy per nucleon versus total number of nucleons (a) Data (blue) and
liquid-drop model (gray) for nuclei up to 2**U. The most common or longest-lived isotope of each element
is plotted. (b) Binding energy for light nuclei up to oxygen.

There is a peak in the binding energy per nucleon around A = 60 corresponding to several
isotopes of Fe and Ni, with 52Ni the most tightly bound (most binding energy per nucleon) and
%TFe the most efficiently bound (least average mass per nucleon). For lighter nuclei, the binding
energy per nucleon generally increases as A increases, meaning that ‘fusion’ reactions combining
light nuclei into a heavier nucleus will generally be exothermic. For heaver nuclei the trend is
opposite, meaning that ‘fission’ reactions splitting a heavy nucleus into multiple lighter nuclei will
release energy.

The liquid drop model does a poor job at explaining the binding energy of certain nuclei, which
is exceptionally important for fusion reactions. This is shown in Fig. 1.1b. In particular, the
nucleons are bound about twice as strongly in *He as predicted by the model. This is because *He
has a closed nuclear shell; in general, nuclei with proton or neutron numbers corresponding to the
‘magic numbers’ (2, 8, 20, 28, 50, 82, and 126) are more strongly bound. Some nuclei such as “He
are ‘doubly magic’ with very high binding energy. Note that 2C and 60 are also tightly bound.
This means that light nuclei fusion reactions producing “He, 12C, or 0 will tend to release large
amounts of energy.

The energy released in a reaction is denoted @ and can be calculated from the difference in
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reactant-product masses or binding energies:

Q = Zmi_sz c? (1.3)
i 7

= ZEB,f_ZEB,iy (1.4)
7 i

where the index ¢ corresponds to the reactants and f corresponds to the reaction products.

1.1.2 Fusion Reactions
1.1.2.1 Kinematics

The most common fusion reactions have two reactants and two products, which we can denote:
A+B—C+D. (1.5)

Equivalent notation is A(B,C)D, both notations will be used interchangeably in this text. The
two reactants A, B will have some initial energy, and in the center-of-mass frame the energy of the
system is
1 mam
ECM — *$U2

1.6
2ma+mp (1.6)

where v is the magnitude of the relative velocity (v = |04 — Up|) and m represents the particle
masses. The energy Ecy is referred to as the ‘center-of-mass energy’. The energies of the products
C and D are determined from conservation of energy, including the reactant Q (Eq. 1.3), and

momentum: 1
m
Eco = *chQ + D

2 me +mp (Q+ Ecm) (1.7)

where V' is the velocity of the center-of-mass frame V' =mjva/(ma+mp). The energy of particle
D follows similarly. If the reactants have distributions, such as in a thermal plasma, then the
product energies can be calculated as functions of distribution-averaged quantities'?.

1.1.2.2 Cross-section and Reactivity

The fusion reaction rate depends on the probability for colliding particles to fuse, the particle
number density, and energy distribution. The probability is given by the reaction cross-section
oap for the reaction A + B. In this work we will use the cross-section as a function of Egyy.
However, the cross-section is commonly determined from accelerator experiments, where a beam of
particles A is incident upon a stationary target of particles B. The cross-sections are related by:

(1.8)

_ ma +mp
oap (Ecm) = oi5" (ECM>

mp

where ‘B-T’ denotes beam-target fusion.

Generally, the cross-section depends on the geometric probability of ‘interaction’ (ogeom), the
tunneling probability for the reactants to penetrate the barrier of mutual Coulomb repulsion (7),
and the probability that two reactants will fuse after tunneling (R):

0 R 0geom X T X R, (1.9)



30 Chapter 1 Introduction

where the geometric factor is approximately the square of the particle’s de Broglie wavelength:
9 1
Ogeom ™~ AdB X Ei (110)
CM

The factors 7 and R depend on the barrier penetration factors for each partial wave and nu-
clear interactions, which can be approximated by only keeping the S-wave factor as dependent on

T xR xexp(—vEqc/Ecm) (1.11)

which is known as the ‘Gamow factor’, where Eq is the ‘Gamow energy’:

energy 13

Eg = (raZsZp)* x 2m,.c?. (1.12)

Here, « is the fine structure constant, m, is the reduced mass, and Z4 and Zp are the atomic
numbers of the reactants. This result is combined with the geometric factor (Eq. 1.10) and the full

cross-section is often written:

exp <—\/ EG/ECM)

1.13
Fonr (1.13)

o(Ecy) = S(Eowm)

where S is the ‘astrophysical S-factor’, a weak function of the energy, while the primary energy
dependence is contained in the exponential and inverse dependence on E¢js. Typically the S-factor
is determined from a combination of experimental data and nuclear theory.
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Figure 1.2. (a) Astrophysical S-factor and (b) resulting cross-section for three fusion reactions of interest.

The S-factors and cross sections for the DT, D3He, and DD reactions:

D+ T — n(14.04 MeV) + « (3.56 MeV) (1.14)
D + %He — p (14.65 MeV) + « (3.72 MeV) (1.15)
D+ D — n(245MeV) + 3He (0.82 MeV) (1.16)
—  p(3.03 MeV) + T (1.01 MeV) (1.17)

are shown in Fig. 1.2 using published fits'. The cross-section is a very strong function of Ecyy.
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As intended, the astrophysical S-factor is a weak function of E¢js, particularly for the D+D and
D+3He reactions. The D+T reaction has a resonance at Ecys ~ 65 keV, which is apparent in both
the S-factor and cross-section.

In real systems of interest (both terrestrial and astrophysical), fusion reactants are not monen-
ergetic but will have a distribution of energies, which means that reactions will occur at various
center-of-mass energies depending on both the reaction occurring and the reactant distribution.
The quantity of interest is the ‘averaged reactivity’ given by the product ¢ x v, where v is the
relative velocity. For a distribution of relative velocities, the reactivity is

(ov) = /Oooa(v)vf(v)dv, (1.18)

where f(v) is the distribution of relative velocities. Typically, an isotropic Maxwellian distribution
is agssumed for reactant A:

3/2 2
ma mav
_ _ 1.1

and similarly for reactant B. Then, the reactivity becomes

(ov) = [[ dvadvpoan(v)ofa(va) fo(vs), (1.20)

where the relative velocity is v = [v3 — vp|. The velocities can be rewritten in terms of the relative
velocity, center-of-mass velocity V = (mavi + mpvg)/(ma + mp), and reduced mass m,:

(mamp) 3/2 (mA +mp)V?  mu?
(ov) = “rksT) fdvAdeexp SkpT " %aT o(v)v (1.21)

3/2 0 2
ma +mp /dVexp ~(ma+mp)V
2nkpT 2kpT

X <2WWIZ;T)3/2/dUeXp< %BT> (v)v. (1.22)

The part depending on the center-of-mass quantities (in square brackets) is the integral of a
normalized Maxwellian and thus = 1. The integral over the relative velocity ¢' can be simpli-
fied with dv = 4mv?dv, and then the integral can be done over Ecy; with dEcy = myvdv, so
dv = (4mv/m,)dEcy and:

47
ov) = o(Ecym)Ecae Eem/*sTdEq . 1.23
< > \/m(kBT)S/Q / ( CM) CM CM ( )
With a known center-of-mass cross-section, the reactivity is easily calculated. Many parameteriza-
tions have also been published for popular reactlo]nb14 as an example the reactivities corresponding
to the reactions in Fig. 1.2 are shown in Fig. 1.3.

In addition to the reactivity, which dictates the total reaction rate, it is important to know the
average Fops for reactions occurring in a thermal plasma. The integrand in the reactivity (Eq.
1.23), with the typical form of the cross-section (Eq. 1.13), is the product of a decaying exponential
from the distribution function and a rising exponential in the cross-section for the limit Foyr < Fg
(which is the case in this work). The maximum in the integrand of Eq. 1.23 is known as the ‘Gamow
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Figure 1.3. Reactivities for three reactions 10-14
(corresponding to Fig. 1.2).
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Eq 1/3 (raZaZp)*m,.c? 1/3
o T = kgT 1.24
Gp <4kBT> kpT = kpT x 2%epT ’ (1.24)

which is the distribution-averaged reaction center-of-mass energy. From here on we will use Ecp =

Eg, for reactions occurring in a thermal plasma. Additionally, the width (full-width half-max) of
the reaction distribution in energy can be obtained from a Taylor expansion of Eq. 1.23 around

the Eg, with the result 13,

4 VA 2 'r2 1/6
A:\/g<(m f;‘kj%m C> kgT. (1.25)

The Gamow peak is shown schematically in Fig. 1.4.

Figure 1.4. Gamow peak resulting from
the product of the decaying distribution
function (f(E), red) and the cross-section
(o(E), blue).
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1.2 Terrestrial Fusion Energy

1.2.1 Historical

A number of important discoveries in nuclear physics occurred in the 1930s, starting with Chad-
wick’s discovery of the neutron in 1932'%, Hahn’s experimental discovery of fission'%, and Meitner’s
theoretical explanation of fission!”. The latter led to the realization by Szilard that in certain nuclei,
neutron-induced fission produces additional neutrons leading to the possibility of chain reactions
in ‘fissile’ elemental isotopes (notably ?*U and 23°Pu). During the Manhattan project, the first
controlled nuclear chain reaction was realized in 1942 by Enrico Fermi and collaborators in the
Chicago Pile 1 reactor, which led to the first uncontrolled (explosive) fission chain reaction at the
Trinity test in 1945.

During the Manhattan Project several scientists became interested in fusion reactions as a next
step beyond fission. Notably Enrico Fermi first proposed to Edward Teller the concept of igniting
a nuclear fusion chain reaction, which would be a thermal fusion chain reaction rather than a
neutron-induced fission reaction. With significant contributions from Stanislaw Ulam, Teller led
US efforts to create the ‘super’ or thermonuclear (TN) weapon, with the final Tellar-Ulam design
based on the following declassified principles'®:

“..a fission ‘primary’ is used to trigger a TN reaction in thermonuclear fuel referred
to as a ‘secondary’... radiation from a fission explosive can be contained and used
to transfer energy to compress and ignite a physically separate component containing
thermonuclear fuel.”

The first explosive fusion chain reaction was achieved in the 1952 Ivy Mike test.

After the Manhattan Project, research into controlled (i.e. non-explosive) nuclear fusion became
prominent. In particular, AEC chairman Lewis Strauss led a substantial increase in research dur-
ing the 1950s on several proposed schemes of building fusion reactors for power production. Early
work focused on magnetic confinement schemes: the ‘stellerator’ proposed by Spitzer, magnetic
mirror machines, and Z-pinch devices. Contemporary efforts by British scientists focused on the Z
pinch. Experiments eventually showed that magnetic mirror machines lack sufficient confinement
for energy gain, and that Z-pinches studied early produced fusion yield primarily via ‘beam-target’
reactions, which are fundamentally unable to achieve energy gain. In the Soviet Union, Sakharov
and Tamm conceptualized the ‘tokamak’ in 1950, with experimental work starting in 1956. Sig-
nificant declassification of fusion research in 1958 spurred developments on both sides of the Cold
War. By the 1960s Soviet experimental results showed the promise of tokamak confinement, which
remains the primary approach pursued for magnetic confinement.

‘Inertial confinement’ fusion was developed as an alternative approach to magnetic confinement,
and was born out of the weapons program at the Livermore and Los Alamos national laboratories.
At Livermore, physicists began exploring ‘pure fusion’ explosions in the 1950s, though it was not
clear what could be used to drive the implosion. In 1960 Theodore Maiman announced the invention
of the ruby laser'. A year later, John Nuckolls wrote a now-famous memo to the director of
LLNL proposing small laser-driven implosions of fusion fuel to produce power?’. This sparked the
development of a laser fusion program at the national labs. By this point it was already apparent
that the most promising fuel was a mixture of deuterium and tritium (DT) due to the very high
cross-section (and thus reactivity) at low energy (temperature) - see Figs. 1.2 and 1.3.

As of this writing, the two most prominent approaches to fusion energy remain magnetic and
inertial confinement, though alternative approaches, such as the hybrid magneto-inertial fusion
scheme, are also being explored. For magnetic confinement, the tokamak is the mainline approach
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with the next-generation ITER machine under construction in Cadarache, France. The goal of
ITER is to produce ~500 MW of fusion power in a steady-state plasma. Other promising magnetic
fusion concepts include, but are not limited to, the stellerator and the spherical torus, with leading
candidates including Wendelstein 7-X for the former and the National Spherical Torus Experiment
(NSTX) for the latter.

For inertial fusion, laser and pulsed-power drivers are being pursued for ignition and energy gain
experiments. The Z-pinch, driven by pulsed power systems, currently being studied at Sandia’s
Z-machine. Laser-driven experiments are being conducted at the National Ignition Facility in
Livermore, CA and soon at the Laser MegaJoule in Bordeaux, Frace, and are discussed in more
detail in the subsequent section.

1.2.2 Fusion by Inertial Confinement

The principle of fusion by inertial confinement, first described by Nuckolls in 19722!, is summarized

in this section. Detailed history of experimental efforts and related history, the current understand-
ing of challenges and designs, and summaries of current inertial fusion implosions can be found in
several review articles?? 25,

1.2.2.1 Spherical Implosion

For inertial confinement to work, the timescale for fusion burn must be shorter than the mass
confinement time, the latter representing the duration of fuel assembly. Considering the simplest
possible geometry, a uniform sphere of DT fuel surrounded by vacuum, the mass confinement
time will be set by the rarefaction wave which propages into the fuel. The front of a rarefaction
propagates at the sound speed, so the confinement time is approximately

R
Teonf ™ Za (126)

S
where R is the size of the fuel sphere and c; is the sound speed. The confinement time must be

compared to the fusion timescale:
1

o’ (1.27)

Tfus —
where n is the ion number density, so n = p/my where p is the mass density and my is the mass
of one (average) fuel ion. The ratio of the two timescales is thus

Teonf _ (oV)NTeonf, (1.28)
Tfus

which must be greater than some limit for fusion burn. Since the reactivity is set by nature, the

main confinement parameter is:
1

mfCs

pR. (1.29)

NTeonf =

Thus, the inertial confinement of the fusion fuel is primarily set by the ‘areal density’ pR. Taking
this further, the fraction of fuel burned (®) can be related to the pR by !'3:

pR

o~ P 1.30
Hp + pR (1.30)
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where Hp is a constant parameter depending on the fuel, for DT reactions Hg ~ 7 g/cm?. This
means that for a reasonable burn-up fraction of ~ 20%, a fuel areal density of ~ 1.75 g/cm? is
required. This sets one fundamental requirement for an ICF system.

As cryogenic DT ice has a density ~ 0.225 g/cm?, a uniform sphere of DT ice with a radius
of 7.8 cm would be needed for the given pR, and thus would have a total mass of 450 g. With
volumetric heating of the fuel and with a burn fraction of 20% this system would have a yield of
6 x 10'3J, which is 14kT of energy, roughly equivalent to the yield of the ‘Little Boy’ fission bomb.
Clearly, this is unsuitable for a laboratory experiment or power plant. The solution is spherical
compression. Since the density of the fuel in uniform spherical compression is oc B3, the areal
density pR o< R™2, implying that a small amount of initial fuel may be compressed by spherical
implosion to achieve the required pR. For reactor-scale systems yield of order 100MJ per implosion
would be desirable, corresponding to spherical compression of a fuel mass of order 1mg. This
requires compression of the DT fuel to densities of several hundred or 1000 g/cm? (50 — 100x the
density of solid lead).

1.2.2.2 Hot-spot Ignition

The previous section considered a uniform sphere of fuel, so-called ‘volume ignition’. Unfortunately,
the maximum gain of this system is limited by '

Q

maxr — ——P )
¢ skpT

(1.31)
where ® is the burn fraction, and 4kpT represents thermal energy coupled to the plasma (two
ions and two electrons per reaction). 7 represents the efficiency of coupling driver energy to the
fuel, optimistically ~ 10%. With an initial temperature of 5 keV and a burn fraction of 30%, the
maximum gain is 20 for the DT reaction. For inertial fusion to be an economically-viable source of
energy, the target gain needs to be as high as possible, and simple estimates'? put the requirement
on a gain of at least 30 — 100x. This rules out volume ignition.

High-Density Cold Fuel
Low-Density Hot Spot

Figure 1.5. Hot-spot ignition geometry.

The solution is to ‘volume ignite’ a small fraction of the fuel, known as the ‘hot spot’ and
let the subsequent runaway thermonuclear reaction initiate burn in a larger mass of fuel. In this
scheme the total energy produced is comparable to volume ignition of the same fuel mass, but the
driver energy is significantly reduced since initial thermal energy only needs to be coupled to the
low-density hot spot. This scheme is known as hot-spot ignition, and the implosion geometry is
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shown schematically in Fig. 1.5.

For thermonuclear burn to initiate in the hot spot and propagate into the cold and dense fuel, the
power produced from fusion that ‘bootstrap heats’ the hot spot must overpower loss mechanisms:
decompression (PdV'), thermal conduction, and radiation (Bremsstrahlung) losses. Simple analytic
expressions for the self-heating condition have been derived '3, with the typical result that the hot-
spot pp Ry, must be > 0.2 — 0.5 g/cm?. The hot-spot temperature is also critical for ignition. If T},
is too low, then radiation losses dominate. If the hot-spot pR is low, the temperature can also be
too high causing conduction losses to dominate. The self-heating condition thus requires that the
initial hot spot in ignition designs has a py T} ~ 0.3 g/cm? with T, ~ 5 — 8 keV.

1.2.2.3 Drive

% s

Ablation

- =

7 I N

Figure 1.6. Target drive via ablation.

Spherical implosion to hot-spot ignition-relevant conditions must be achieved by suddenly ap-
plying a high pressure to the outside of a spherical target containing the fuel. The most efficient
mechanism for this is ablation pressure, shown schematically in Fig. 1.6. A radiation source is
incident upon the outside of a spherical target. As radiation is absorbed at the outer surface, the
target material is rapidly heated to high pressure, causing ablation. Some material is driven rapidly
outwards, which forces the remaining target material inwards to conserve momentum. Thus, the
outer surface of the capsule is known as the ‘ablator’. For ignition at ~ MJ scale, ablation pressures
of order 100 MBar are required.

When using lasers as the driver, two main approaches have been proposed (shown in Fig. 1.7).
The simplest is the direct-drive approach, in which the laser beams are directly incident upon the
outer surface of the target. The laser light is absorbed in the under-dense corona that develops
around the target, high temperatures develop around the critical surface and thermal conduction
transfers energy to the higher-density ablation front. Alternatively, in an ‘indirect-drive’ approach,
the lasers are incident upon the inner surface of a ‘hohlraum’, made of high-Z material (typically
Au or U). The laser light is converted to x rays, with an approximately black-body distribution of
~ 300 eV temperature. These thermal x rays are absorbed in the target. Unlike direct-drive, the
x rays are absorbed directly at the ablation front where a rapid transition in opacity occurs from
the high-temperature ionized corona to low-temperature remaining target material.

The two drive schemes have advantages and disadvantages'. Direct drive has higher en-
ergy coupling efficiency to the target, while indirect drive benefits from ablative stabilization of
acceleration-phase Rayleigh-Taylor instability at high mode numbers. The physics of laser-plasma
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Hohlraum
Figure 1.7. Direct- and indirect-drive with lasers.

interaction are also significantly different between the two.

1.2.2.4 NIF Ignition Design

A top-level summary of the main indirect-drive target design used during the National Ignition
Campaign at the NIF is shown in Fig. 1.8 (courtesy Ref. 26), including the hohlraum design (left),
capsule design (top right), and approximate laser and radiation drive (bottom right).

In addition to the main ignition experiments using the full target with a cryogenic DT-layered
capsule, several ‘tuning’ platforms have been developed. These ‘tuning’ experiments are designed
to either measure key physics variables or adjust parameters to achieve an ignition spec. The main
characterization and optimization campaign focuses on four main physics goals: the fuel adiabat,
velocity, level of mix, and shape of the stagnated implosion. To address each of these, one or more
platforms were developed. Figure 1.9 shows these platforms schematically: at left (a), the physics
goals, and at right (b), the experimental platforms to study the adiabat, velocity, mix, and shape.

Fuel adiabat refers to the state of the dense fuel, which is shock-compressed and remains quasi-
degenerate during the implosion. A lower adiabat fuel is more compressible. Since it is important
to achieve high pR (high compression) for ignition, the fuel adiabat must be at or below a design
value. The adiabat is primarily set by the initial shock compression of the fuel, thus shock-timing
measurements are critical to understanding the adiabat?’. Additionally, hot electrons generated
may preheat the fuel, thus increasing the adiabat. The effect of these hot electrons must be
characterized?® and potentially mitigated.

The fuel velocity indicates the level of coupling between incident laser energy and implosion
kinetic energy, a key metric for ignition since the PdV hot-spot heating is limited by the kinetic
energy in the system. The velocity is measured by in-flight x-ray radiography %3,

Mix refers to the amount of high-Z material from the ablator (CH plus dopant - Si or Ge).
Any high-Z material introduced into the hot-spot will dramatically increase radiative cooling via
bremsstrahlung emission; since the bremsstrahlung power is o< nen; Z2y/T, it is primarily sensitive
to Z. Experiments to quantify the level of mix in ignition-relevant implosions have used x-ray
spectroscopy of the Ge dopant®! or an analysis of the total x-ray power radiated 2.

Finally, the shape of the implosion refers to the overall ‘low-mode’ shape which may develop
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Figure 1.8. NIF Ignition Design, showing the hohlraum target design with laser illumination (left), the
capsule design (upper right), and a typical laser pulse with resulting radiation drive (lower right).

perturbations (typically modeled as spherical harmonics) due to the asymmetries in the radiation
flux. For example, the hohlraum geometry may induce a P> mode if the poles are ‘dim’ due to
the presence of the laser-entrance holes (LEH). Traditionally the shape is diagnosed via x-ray
self-emission®? and in-flight radiography3°.
The performance of an fusion experiment is often described with the Generalized Lawson Cri-
terion®* (GLC):
Pr
Ptign

GLC = (1.32)
which is the ICF analogue to the Lawson criterion for magnetically-confined plasmas. The Lawson
criterion, the product of the plasma pressure (P) and confinement time (7), can be compared to
a threshold value (P7;gy,) required for the fusion self-heating power to overcome loss mechanisms.
In this expression, 7 is a measure of overall energy confinement and thus more general than the
simple hydrodynamic confinement time considered in Eq. 1.26. Since neither P or 7 is directly
inferred from the data, or is a resulting quantity of one of the four tuning areas, the performance
metric for ICF implosions is typically the Ignition Threshold Factor (ITF) or ITF experimental
(ITFX). These metrics are derived from suites of radiation-hydrodynamics simulations?*25. The
ITF is written with quantities normalized to nominal values for an ignition design:

ITF:LQ[ Mpr } [ v ]8 [ a }72.6 [I_ARHS/RHs]&S

0.17mg| |370km/s| L1.5 0.815
Mclecm/MDT 05 1 — Mpys—mix
: 1.
X[ 0.7 ] 0.9 (1.33)

ITF > 1 corresponds to an implosion with a > 50% chance of igniting with energy gain. The
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advantage of the ITF formalism is that it directly relates the implosion performance, relative to
ignition (ITF=1), to fundamental ICF design parameters. The first term is the total mass of
fuel (Mpr), the second term is the peak implosion velocity (v), the third is the fuel adiabat («),
the fourth is the low-mode shape (ARps/Rps), and the final two terms correspond to mix into
the cold-fuel and hot-spot. Note the extreme dependence of ITF on velocity [oc 08], low-mode
shape [oc (1 —A)*3], and adiabat [oc & 2®]. Lindl notes®® that GLC ~ ITF°%. Finally, an
‘experimental’ expression for ITF (i.e. ITFX), which can be calculated from directly-measured
experimental values, is expressed as?3

~( Yi3-15 DSRyg_12\*!
[TFX = (4 X 1015> < 0.067 ’ (1:34)

which may be inferred directly from neutron diagnostic results. Yi3_15 is the primary DT-n yield
(between 13 and 15 MeV) without « particle self-heating, and DSR19—12 is the ‘down-scattered
ratio’ of neutrons, defined as:

Yio0-
DSR10,12 = 10-12 0.8 pR (135)
Yiz—15

The constant of proportionality is ~ 20 so a DSR of 5% corresponds to approximately 1 g/cm? of
pR.

1.3 Experimental Facilities

Four main experimental facilities are used in this work: the MIT Linear Electrostatic Ion Accelera-
tor (LEIA)3? for development of ICF/HEDP diagnostics, the OMEGA % and OMEGA EP37 laser
facilities at the University of Rochester’s Laboratory for Laser Energetics, and the National Ignition
Facility (NIF) at Lawrence Livermore National Laboratory®. These facilities are described in the
following sections.

1.3.1 MIT Linear Electrostatic Ion Accelerator (LEIA)

% g ASSNS

£y

Target Chamber

Figure 1.10. The MIT accelerator. D or ®He ions are extracted from a plasma ion source (right) and
accelerated onto a *He-doped ErDs target in the target chamber (left).
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The LEIA facility is an accelerator fusion product source, shown in Fig. 1.10. D or 3He ions
are extracted from a plasma ion source, accelerated to a maximum ion energy of 140 keV. These
ions are then incident upon a 3He-doped ErDs target, which generates the DD and D3He primary
fusion reactions (Egs. 1.15, 1.16, 1.17). The D+D reactions are generated with typical count rates
of 10%/s into 47, while a typical D+3He reaction rate is 10°/s. Diagnostics can be installed in the
target chamber at various angles and distances. This lab is primarily used as a development, test,
and calibration facility for the diagnostics used at the larger laser facilities. In this thesis, the LEIA
facility is used to calibrate the WRF proton spectrometers used in experiments at both NIF and
OMEGA (see Chapter 2), to develop the front-vs-back CR-39 counting technique (Appendix C),
and to develop a new method to account for track overlap in CR-39 data (Appendix D).

1.3.2 OMEGA

Figure 1.11. The 60-beam OMEGA laser facility. The laser can be operated in either the direct-drive
configuration or the indirect-drive configuration (using up to 40 beams).

The OMEGA laser facility (shown schematically in Fig. 1.11) is a 60-beam long-pulse Nd:glass
laser system®®, most commonly run at 3w (351nm). The laser system is capable of up to 30kJ
of energy in the 60 beams with extensive pulse-shaping capability. Optional beam smoothing
techniques such as distributed phase plates (DPP)3%40_ distributed polarization rotation (DPR) ar
and smoothing by spectral dispersion (SSD)*? can be used. The final laser light is transported into
the experimental target bay, and focused to target chamber center (T'CC) inside of the evacuated
target chamber. Numerous diagnostic systems are used, either in ‘fixed’ mode (i.e. permanently
attached to the target chamber), or as a modular system inserted using the ten-inch manipulators
(TIMs).

The OMEGA facility is used extensively in this thesis: for studies of various astrophysically-
relevant nuclear reactions (Chapters 8, 9, and 10), to measure charged-particle stopping powers in
WDM plasma (Chapter 5), and for studies of hohlraum-produced fast ions (Appendix E).
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1.3.3 OMEGA EP

OMEGA
| target chamber

OMEGA EP
target chamber

OMEGA
beamlines (60)

OMEGA EP
beamlines (4)

Figure 1.12. The four-beam OMEGA EP facility.

The OMEGA EP laser facility (shown schematically in Fig. 1.12) is a 4-beam Nd:glass laser sys-
tem>”. In long-pulse operation, the four beams are typically run at 3w (351nm) with energies up to
several kJ in several ns, with optional beam smoothing by DPP. Similar to OMEGA, the final laser
light is transported to a target chamber with many fixed and TIM-based diagnostics. The unique
capability of OMEGA EP is that two of the beams (#1 and 2, also known as the sidelighter and
backlighter respectively) may be pulse-compressed using the chirped-pulse amplification technique
(CPA)*3. In this mode, energies of several hundred Joules may be delivered to target in a short
pulse (1 — 10 ps) for resulting powers in the petawatt-class range, and on-target intensities up to
several 101 W/cm?. Additionally, beam #2 may be transported into the OMEGA target chamber
for so-called ‘joint’ shot operations. This allows fundamentally new physics such as ion acceleration
to many tens of MeV for backlighting or fundamental physics studies. In this thesis, the OMEGA
EP facility was used to develop proton radiography for full-energy 60-beam OMEGA implosions
(Appendix A) and in platform-development work for stopping-power measurements (Chapter 6).

1.3.4 NIF

As of this writing, the NIF laser is the largest in the world, with 192 Nd:glass long-pulse laser
beams with a maximum capability of 1.9MJ of 3w light at a peak power of 500TW. The facility
is shown schematically in Fig. 1.13. The NIF beams are arranged in a polar-drive configuration,
as the primary motivation is to use indirect (hohlraum) drive. As in the OMEGA and OMEGA
EP facilities, the lasers are focused to the center of a target chamber. Diagnostics are permanently
attached to the chamber, or are inserted into the target chamber by the Diagnostic Instrument
Manipulator (DIM). In this thesis, NIF is used to study shock dynamics (Chapter 3) and low-mode
pR asymmetries (Chapter 4) of ‘surrogate’ ignition-scale implosions.

NIF has not yet achieved ignition. Finding an optimal design in the presence of physics un-
certainties in the extreme conditions required for ICF is a challenge. There are direct trade-offs
between several quantities in the ITF formalism (Eq. 1.33) that are not apparent in the equation
itself. In particular, increasing the velocity is highly beneficial for ITF, but doing so can severely
increase the level of mix, which is detrimental. Similarly, the level of mix can be reduced with
higher-adiabat designs, at the cost of pR achieved. The nominal low-adiabat designs?® have only
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NIF concéntrates all
¢ the energy in a football |
4 stadium-sized facility |

into a mm3

Radiation
Temperature >3.5 x >108 K

Densities ~ >103 g/cm3
Pressures  >10'1 atm

Figure 1.13. The NIF facility.

achieved an ITF ~ 0.1 in the best cases?5. On the other hand, high-adiabat (‘high-foot’) exper-
iments have proved very promising, with an achieved GLC of ~ 0.5 and a “fuel gain” exceeding
unity *4.
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Part 1

NIF Proton Spectroscopy



2

Proton Spectrometry at the NIF

2.1 WRF Concept

protons Figure 2.1. A schematic of the Wedge Range
Filter (WRF) proton spectrometer concept. Pro-
WRE tons are incident on a wedge-shaped filter, protons
traversing more material in the filter lose more en-
¢ ¢ ¢ ¢ ergy. After the WRF, protons are detected on CR-
39; the size of the proton tracks in the CR-39 cor-

‘ CR-39 responds to the final particle energy.

e

The Wedge Range Filter (WRF) is a compact proton spectrometer »?. The basic concept is
illustrated in Fig. 2.1. Protons are incident upon the front surface of a wedge-shaped filter made
out of aluminum or ceramic. Depending on how much material the proton traverses, it loses a
varying amount of energy. This is schematically shown in Fig. 2.1 by the width of the arrows. The
protons are detected with CR-39, a solid-state nuclear track detector. Protons create tracks in the
CR-39, which are revealed by chemically etching for several hours in a 6 molar solution of NaOH.
The rate of material removal is greater for plastic damaged by charged particles, therefore conical
‘pits’ or ‘tracks’ are formed. The diameter of a track is related to the incident proton energy?.
Since the post-filter energy of a proton is known via the track diameter, the incident proton energy
is determined from the known thickness profile of the filter, and the proton spectrum is determined
by a histogram of individual proton counts. The Linear Electrostatic Ion Accelerator (LEIA) fusion
products source at MIT is used to test and calibrate the WRFs**.

The stopping of protons in aluminum, critical physics to the WRF, is shown in Fig. 2.2. The
stopping power (dE/dz), range, final energy vs initial energy, and final energy versus thickness are
shown. The downshift calculations are performed using the SRIM cold-matter tabulated stopping
power®. Example images are shown in Fig. 2.3 of a WRF filter itself (a) and a completed WRF
diagnostic package (b).

2.2 WRF Calibrations

A robust calibration procedure has been developed for the WRFs using LEIA 125, A schematic is
shown in Fig. 2.4. The accelerator beam is incident from the right onto a deuterated, He-doped
target, which produces DD and D3He reactions (see Section 1.3.1). The WRF to be calibrated is
placed at a kinematic lab angle of 90°, 15cm away from the target. Simultaneous and real-time
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Figure 2.2. Example ranging calculations for protons in aluminum. (a) Proton stopping power in Al. (b)
Proton range in Al versus initial energy. (c) Proton final (downshifted) energy versus initial energy for three
thicknesses of Al. (d) Proton final energy versus Al-filter thickness for three initial energies.

(b)

Figure 2.3. WRF detector images. (a) WRF itself, Al Gilbert-series NIF WRF ID 13425841. In the central
region the Al thickness is increasing from right to left from ~ 140um to ~ 2000um. (b) Full WRF assembly.
The diagnostic outer diameter is 5cm. Behind the WREF is the spectrometer CR-39 followed by neutron
detectors (either CR-39 based or indium activation).
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Overlay

Filter

(b)

Figure 2.4. The MIT accelerator setup used to calibrate NIF WRFs. (a) Experimental schematic. A D
beam at ~ 140 keV is incident from the right onto an ErDy target. A WRF is placed at 90° while an SBD
is used for real-time proton production measurements at 73°. (b) Image of a calibration setup. An overlay
filter is used to create two energy lines on the spectrometer from the incident 14.7 MeV D?He protons.

proton production information is recorded using a Surface Barrier Detector (SBD), which has 100%
detection efficiency for the protons of interest and is energy calibrated to an accuracy of £(50 — 75)

keV using a ??Ra a source®.

The WRF spectrometer assembly for calibration is shown in Fig. 2.4b. Incident D3He protons
create a line at their birth energy ~ 14.7 MeV. To obtain a second calibration point, a lower-energy
line is created by placing a flat filter over the thin end of the WRF. The two lines together constrain
the total thickness and slope of the aluminum filter itself. Sample data is shown in Fig. 2.5 showing
the two lines. In some cases three line filters have been developed and used.

<107 Figure 2.5. Sample calibration data, using
4.0 ' ' ' ' ' ' ' ' the scheme illustrated in Fig. 2.4. The inci-
3.5 | A2012051801 dent unfiltered D3He protons create Line 1 at

~ 14.7 MeV while the filtered (downshifted)
protons are observed in Line 2 at ~ 8.5 MeV.
The data shown was obtained with NIF WRF
# 13425141 on accelerator shot A2012051801.
The red curves are Gaussian fits to the data.

Yield / MeV

7 8 9 10 11 12 13 14 15 16
Energy (MeV)

Since LEIA and experimental techniques are being continually upgraded and developed, a num-
ber of filter schemes have been used over time for NIF WRF calibrations. These are summarized in
Table 2.1. Each filter configuration is identified by a date range of its use, its type (2 or 3 line), and
then the provided line energies. In each case, the line energy is measured using the SBD system
and ??°Ra source cross-calibration®.
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Table 2.1. Filters used for the calibration of WRF's on LEIA.

Start End Type | Low E (MeV) | Mid E (MeV) | High E (MeV)
2012-01-30 current 2-line 8.40 14.57
2011-09-19 current 3-line 7.45 11.13 14.57
2011-02-22 | 2011-09-06 | 3-line 7.51 9.893 14.638
2010-09-09 | 2010-11-01 | 3-line 7.139 9.893 14.638

2009 2010-09-02 | 2-line 9.893 14.638

2.3 NIF Capability

2.3.1 DIM Cling-on Diagnostics

The NIF has implemented a capability to field several small auxiliary diagnostics on the side of a
main x-ray imaging diagnostic in Diagnostic Instrument Manipulators (DIMs)” (0,0) and (90,78).
These small diagnostics are collectively referred to as ‘cling-on’ diagnostics.

(a) DIM (0,0)

(b) DIM (90,78)

Figure 2.6. Snout assemblies with cling-on diagnostics, such as WRFs.

The main DIM diagnostic is generally a pinhole-based x-ray imager. A ‘snout’ is constructed
to accurately position the imaging pinholes close to TCC. The cling-on diagnostics are bolted to
the outside of this snout assembly. These assemblies are shown in Fig. 2.6. Images of the WRF
assembly itself are shown in Fig. 2.3. An image of the DIMs with WRFs cling-on diagnostics in
the target chamber on a NIF shot is shown in Fig. 2.7.

A table of snout configurations used on the NIF to acquire WRF data is shown in Table 2.2. For
each DIM a list of primary x-ray instruments and snouts (identified by magnifications) is shown. For
some configurations x-ray imaging data is not taken simultaneously and the snout is primarily used
to hold the WRFs or other cling-on diagnostics. In addition to the WRFs, other diagnostics that
can be fielded with this capability include Indium Nuclear Activation Detectors (NAD), particle
Time of Flight (pTOF), and Solid RadioChemistry (SRC).

Fig. 2.8 shows a cartoon of the NIF experimental setup. WRF's are fielded on DIMs (0,0) and
(90,78) [chamber coordinates (6,¢), where § = 0 is vertically up]. One to four WRFs are fielded
simultaneously on DIMs (0,0) and (90,78). On DIM (0,0) the WRFs have a clear line of sight to
the implosion through the laser-entrance hole (LEH). The DIM (90,78) WRFs look through the
hohlraum wall, requiring an energy-loss correction in the analysis (see Section 2.4).
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Figure 2.7. False-color photograph of
NIF DIM (0,0) [top] and (90,78) [right]
with four cling-on diagnostics each inserted
into the NIF target chamber for a shot.

Table 2.2. NIF DIM configurations used to field WRFs.

DIM Primary Instrument Compatible Snouts
(0,0) GXD 12x
HGXI 9x
DISC 4x
2.5x
(90,78) GXD 12x
HGXI 9x
DISC 4x
2.5x
1x
Pole Figure 2.8. WRF setup on the NIF. Com-
MO0 DIy ©0 pact WREF proton spectrometers are placed at
DlRes WRp.” +13.6° to the DIM axis on both the pole [DIM
(0,0)] and equator [DIM (90,78)].
- Hohllaum,_“"- ' _\‘
§~ v
g 50cm
5= e — 2mm
Equator eeeeseeeeene 13,67 7= 9.4-10.0 mm
é_ o\ e - Capsule
% ‘He (1mg/cc)
o) - LEH Ay

5.44-5.75 mm
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2.3.2 Types of WRF assemblies

Up to three detectors can be fielded within a single WRF module (as shown in Fig. 2.3(b)). In
addition to the WRF proton spectrometer, which must be at the front of the module, a number
of neutron detectors can be used: CR-39 based recoil detectors, or indium activation samples. In

total, up to three detectors are fielded per module in a variety of configurations. An exploded view
of a WRF assembly is shown in Fig. 2.9.

' Detector 3
‘ ' Detector 2

Detector 1 (WRF)

Figure 2.9. Exploded view of a WRF assembly. Housing parts are shown in gray, WRF filters in green,
CR-39 in blue, 100pm Al filters in orange, and 100um polyethylene neutron multipliers in yellow.

Table 2.3. Types of WRF detector assemblies.

Tab # Detector 1 Detector 2 Detector 3
01 Neutronics Neutronics Neutronics
02 Thick WRF Neutronics Neutronics
03 Thick WRF
04 BB WRF Neutronics Neutronics
05 BB WRF
06 Indium
07 Thin WRF Neutronics Neutronics
08 Thin WRF
09 Indium Neutronics Neutronics
10 Thin WRF Neutronics Indium
AAA12-119652-AB | 10/15/20/25um SRF
AAA13-106446-AA | 5/10/15/20pm SRF

A number of different configurations have been created to allow for experimental customization
of the detector setup. All WRF assemblies are defined in NIF drawing AAA10-108020 with ‘tab
numbers’ denoting individual module types. For example, subdrawing AAA10-108020-01 is tab-
01. All possible defined assembly types are defined in Table 2.3. In the table, ‘WREF’ refers to
the proton spectrometer itself! with various types: thick and thin denote Al WRFs with varying
low-energy cutoffs?, broadband (BB) WRFs are made of Zirconia ceramic. ‘Neutronics’ refers to a
CR-39 based neutron detector®.

A ‘step range filter’ (SRF) has also been developed and used on NIF?. The drawing number
for the SRF is separate from the typical WRF configurations, and is given separately in Table 2.3.
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2.3.3 CR-39 exposure to vacuum

Pieces of CR-39
Pieces of CR-39

0
0 20 40 60 80 100 120 140 160 180 200 00 05 1.0 1.5 20 25 3.0
Pre-shot vacuum (hours) Post-shot vacuum (hours)

Figure 2.10. WRF CR-39 exposure to vacuum (pre- and post-shot) at the NIF.

The NIF facility records pre- and post-shot vacuum exposure for the WRF CR-39 used on shots.
This is because the CR-39 sensitivity changes with prolonged vacuum exposure !’ particularly for
pre-shot exposure. Due to the significant operational effort required at NIF for one shot, WRF
CR-39 can be exposed to vacuum for very long periods of time relative to other facilities (LEIA,
OMEGA). As seen in Fig. 2.10, the NIF WRFs are generally exposed to vacuum for 12-48 hours
pre-shot. Post-shot exposure is typically much shorter (1-2h) and less significant.

The time in vacuum is known to affect the CR-39 response to protons'®. In the WRF analysis,
the CR-39 response is primarily described by the maximum observed proton diameter (D),q,) and
the ¢ parameter?, which describes the shape of the proton diameter versus energy curve. Histograms
of these two parameters in the WRF analysis for the NIF dataset are shown in Fig. 2.11. The
maximum diameter is observed to average around 15 pm for a 5 hour etch time. The ¢ parameter
averages 1.2. These values are plotted against the pre-shot vacuum time in Fig. 2.12. No clear
trend is observed, demonstrating that the vacuum exposure is not causing significant shot-to-shot
variation in the CR-39 response. Since much of the response change is over the first several hours ',
this is expected. The scatter in the data is likely due to intrinsic variations in CR-39 and other

causes of CR-39 response change, such as x-ray exposure'!.

2.4 Hohlraum Correction

The equatorial WRFs on NIF sample the implosion-generated protons after they traverse the
hohlraum wall (see Fig. 2.8). This necessitates an after-the-fact correction applied to the pro-
ton spectrum, requiring knowledge of the stopping power of protons in the hohlraum wall material,
and the thickness of that material. The energy loss in the hohlraum is corrected for using cold-
matter stopping powers®, which are plotted in Fig. 2.13 for the wall materials used at NIF. The
inner wall is a high-Z material (Au or DU), while the Thermo-Mechanical Package (TMP), which
encircles the hohlraum itself, it made of Al.



56 Chapter 2 Proton Spectrometry at the NIF

100 T T T T T T T
0 7]
L L
o o
= =
© ©
o @
o] o]
€ S
> o]
z z
0.8 1.0 1.2 1.4 1.6 4 6 8 10 12 14 16 18 20
DVE ¢ parameter Proton Dmax (#m)

Figure 2.11. CR-39 response is characterized by the DvE ¢ parameter and maximum proton diameter
(Diaz)- In the NIF WRF analysis, these are observed to vary around typical values of 1.2 and 15 pm,
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Figure 2.13. Proton stopping power in

' ' ' hohlraum materials: Au, DU, and Al

dE/dz (MeV/um)
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The initial hohlraum wall thickness is well known from target fabrication drawings. The high-Z
layer, typically Au or depleted Uranium (DU), is known to +1xm, while the Al thermo-mechanical
package (TMP) is known to £3um. These uncertainties propagate into an uncertainty in the
hohlraum energy-loss correction. Three hohlraum profiles used in this work are shown in Fig.
2.14. The WRF line of sight is marked in blue. The different materials are shown by color. Near
the equator (z = 0), there is a thick band of Au for assembly purposes, though the WRFs LOS is
designed to look through the thin part of the hohlraum wall, plus the Al TMP. An average thickness
of material is calculated for each type of hohlraum used, and for each equatorial WRF line of sight.

However, some hohlraum designs have significant ‘torus’ or ‘bump’ features (Fig. 2.14 a and
b) in the LOS. In these cases, the wall material can move laterally in or out of the WRF LOS as
a shock wave propages through the wall during the laser drive. In that case, when the protons
probe the wall the thickness may not be the same as the initial profile. This is calculated with 2-D
radiation-hydrodynamics simulations, which are shown in Fig. 2.15 as a series of density contour
plots as the laser pulse progresses. Near the shock-bang time at ~ 22.5 ns, significant lateral
material motion has occurred. All of the wall material also moves outwards several tens of pm
because of the interior drive. However, the 1-D motion is negligible, as the wall pR will drop as
1/r and the change in radius is small relative to the initial hohlraum radius.

From the simulations, a thickness of Au is calculated versus polar angle (A6, defined as dis-
placement from the equatorial DIM). The simulated data is fit with a polynomial, shown in Fig.
2.16. From these fits, an average thickness is calculated over the WRF LOS, shown in Fig. 2.17
versus time. From this calculation, the difference between the thickness at the shock-bang time
and the initial thickness is used as a correction factor when analyzing data with the bump or torus
features in the hohlraum. This correction factor is —9.5 um of solid Au for the bump, and —8.3
pm for the torus.

With the known hohlraum thickness, each data point in the measured proton spectrum must be
corrected using the stopping power (Fig. 2.13). From the measured energy FE, the initial pre-wall
energy E’ can be calculated as

L
E = E—/ aE e, (2.1)
0 d.’E

with L as the total hohlraum thickness. In this equation, dE/dz is negative such that E’; the
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Figure 2.14. Hohlraum profiles in
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energy before the wall, is greater than F, the measured energy at the detector. Due to the slope
in the stopping power (see Fig. 2.13), a proton spectrum expands due to an ‘accordion effect’ as
it is ranged through material. Fundamentally, this is because higher energies are downshifted less
than lower energies, stretching the spectrum. This must also be corrected for: the Yield / MeV in
the proton spectrum is given by:

AE
“B(E+ AEJ2) - E'(E — AEJ2)’

Y =Y (2.2)
where AF is the spectrum bin width. The denominator is smaller than the numerator due to the
‘accordion’ effect in reverse when correcting for downshift in the wall. This results in a narrower
and higher-amplitude spectrum. The error bars on yield are corrected in a similar fashion.

An example spectral shift is shown in Fig. 2.18. The corrected spectrum is calculated using the
hohlraum thickness shown in Fig. 2.14, the stopping power in Fig. 2.13, and Eqgs 2.1-2.2.

2.5 pR Model

In the surrogate implosions studied at NIF in this work, energetic protons are produced via the
fusion reaction:
D + 3He — « (3.67 MeV) + p (14.7 MeV). (2.3)

The D3He protons slow down monotonically as they traverse the implosion. The measured
proton enery downshift is directly related to the implosion pR at the time of shock burn. This is
illustrated in Fig. 2.19, which shows the birth spectrum plus modeled spectra for several values of
the shell center-of-mass radius (Rcn,) and pR using the model described in this section, spanning
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Figure 2.15. Simulated hohlraum density profiles with a torus (left) and bump (right), at various times
throughout the pulse. In these implosions, the shock-bang time is around 22.5 ns.
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Figure 2.16. Simulated thickness of the Au hohlraum wall (given as pL) versus polar angle (A6, the
displacement from the equator) for the bump (left) and torus (right) hohlraums.
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Figure 2.17. Calculated average hohlraum-wall thickness over the WRF LOS versus time for the bump
(left) and torus (right) hohlraums.
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Figure 2.18. Corrected- (blue) and uncorrected- (red) proton spectra for shot N101004. The average birth
energy (14.7 MeV) is shown by the dashed line. The ~ 2 MeV shift through the hohlraum wall for this shot
is typical.

a typical range of pR values at shock-bang time in NIF implosions. To relate the measured D3He-
proton spectrum to the implosion conditions, a model involving charged-particle stopping theory 2
is required. The simplest 0-D model is to take a single characteristic plasma composition, density,
and electron temperature from a simulation or an estimate, and then use a stopping power theory
to calculate dE/dr. This works well for OMEGA implosions where the dense shell dominates
slowing '3, but for ignition-scale surrogate implosions being conducted at the NIF, a significant
fraction of proton slowing during the shock burn occurs in the fuel and ablated material. These
plasmas have much lower density and higher temperature than the dense shell, so a single choice
of plasma conditions cannot accurately describe the entire system. This necessitates a 1-D self-
consistent model, which is constructed using initial target conditions and assumptions about in-
flight plasma conditions to specify the density and temperature profiles of the implosion. As the shell
converges, the pR increases and the energy of emitted protons decreases. The shell center-of-mass
radius Rep, is taken as a free parameter, and thus is varied to obtain pR(Re,) with pR = [* p(r)dr.
Similarly, the energy of protons escaping the implosion is calculated as a function of R.,, by
®dFE

Ep(Rem) = Eo — /0 = (r, Rey) dr, (2.4)

where Ej is the average birth energy of the protons. The charged-particle stopping power dE/dr
depends on plasma conditions specified by the model and thus on both r and R,,,. The Li-Petrasso
theory!'? is used in this work.

The initial capsule conditions are used as model inputs: the shell material, inner and outer
radii, and gas fill (composition and initial pressure). Figure 2.20 illustrates the typical capsule
dimensions and gas fill. The model makes assumptions about the in-flight characteristics of the
implosion, informed by data when available or 1-D HYDRA 4 simulations: temperature in the fuel,
shell, and ablated mass, thickness® and mass remaining of the shell, and ablated mass profile.

*The thicknesses of the in-flight shell can change depending on the laser drive. In ‘short-coast’ implosions the laser
drive is on for a longer time, whereas ‘long-coast’ implosions can have shell decompression due to time-truncated
drive. However, the modeling reveals that this effect is not significant for interpreting this data, since the shell
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Figure 2.19. For illustration, modeled D®He-proton spectra at birth (black) downshifted through 64 (red),
83 (green), and 118 (blue) mg/cm? of pR are shown. The downshifts are calculated with a 1-D self-consistent
model. Values of the shell R.,, associated with each spectrum are also shown.
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Figure 2.20. Typical NIF surrogate capsule (see Table 2.4 for more information).

With the initial conditions and in-flight assumptions, the gas density and pR scale with R, as

R; 3
Pgas = P0,gas <Rcm—ARs/2> ) (2-5)
,ORgas = pgas(Rcm - ARS/2)7 (26)

where pg gqs is the initial gas density, R; is the initial inner shell radius, and AR, is the in-flight
shell thickness. Similarly, the shell conditions are given by

Mrem £0,shell (Rg - R?)

pshell - (Rcm + ARS/Q)?) — (Rcm — ARS/2)37
PRshel = pshen AR, (2.8)

decompression does not significantly affect the pR while the shell is at Rcy, ~ 250pm.
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where poshen is the initial shell density, M;ep, is the remaining mass fraction, and R, and R; are
the initial outer and inner radii of the shell, respectively.

The ablated mass profile is specified by
—(T’—To)/)\ f < <
Prmax X € ifro<r<nr
p(’l”) = * . ’ (2'9)
Prmin ifry <r<m

where rg = Repn+AR/2 is the outer radius of the imploding shell, pyax and ppin are the maximum
and minimum densities of ablated material, and A is a characteristic scale length of the ablated
plasma. The radius 71 is determined by requiring continuity of the ablated mass density profile
as described by Eq. 2.9, and ry is determined by conservation of total mass. The values of pmqz,
Pmin, and A are model assumptions. The areal density of ablated material is

T2
pRap = / p(r)dr

0

Y ("
+(T2 - rl)pmin- (210)

An example of the modeled density profile is shown for R, = 250 pum in Fig. 2.21. The
components of pR, e.g. Eqs 2.6, 2.8, and 2.10, are calculated as functions of R, both in absolute
values of mg/cm? and also as fractions of the total pR (Fig. 2.22). The gas and shell pR depend
strongly on convergence (Egs 2.6 and 2.8) while the ablated material pR only increases modestly
as Ry, decreases. Thus for R.,, ~ 200 — 300um, the shell pR will dominate with 60 — 70% of the
total pR.

The final result of the model is the relationships between the three quantities: R.n, pR, and
emitted proton energy (E,). For the typical parameters, the model produces the curves shown
in Fig 2.23. For completeness we show the pR vs R.p, Ep vs Rep, and finally the pR vs E,
curves. Thus, the measured quantity (E,) can be converted directly into pR and R, using these
relationships.

Each quantity used in the model has an associated error bar, which is used to calculate the
uncertainty in the inferred quantities. This is done by an in-line sensitivity analysis to variations in
the input quantities. For details of the model inputs and uncertainties, see Table 2.4. As the model
uncertainties are assumed to be uncorrelated, they are added in quadrature. Any uncertainties in
the proton measurement are propagated in quadrature with the model uncertainties. Uncertainties
are shown in Fig. 2.23 by the dashed curves.

This model can be validated against radiation-hydrodynamic simulations using HYDRA. In the
simulation, full profiles of hydrodynamic variables (density and temperature) are output at several
times. The emitted D®He proton energy is then calculated using the full profiles. The calculated
energy is then analyzed with the model, and the model-inferred values for pR and R, can be
compared to known values directly extracted from the simulation. This is shown in Fig. 2.24
for two different simulations of shot N120408, where six snapshots are used from each simulation
corresponding to varying pR and R¢,. The blue points correspond to a nominal simulation, while
the red points are a simulation with significant preheat (changing the implosion trajectory and
plasma conditions in the shell). Typical model error bars are shown. The chosen pR values span
the typical range of shock pR and R, observed. The model’s agreement with both simulations of
shot N120408, with significantly different plasma conditions between the simulations, shows that
the uncertainties used in the model cover the range of expected variation in plasma conditions.
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Figure 2.21. Density profile used in the 1-D model at R, = 250 pm. This center-of-mass shell radius is
typical for NIF implosions at shock-bang time. The gas material is shown in red (8 mg/cm?), the shell is
shown in blue (53 mg/cm?), and the ablated mass is in green (23 mg/cm?).
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Figure 2.22. pR components (gas, shell, and ablated material) as a function of R.,, for typical model
parameters. The results are plotted as absolute pR (a), and normalized to the total (b).
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Figure 2.23. (a) Modeled pR vs R¢pn; (b) average energy of emitted protons vs Rep,; (c) average energy
of emitted protons vs pR. The dashed curves indicate the uncertainties in the modeling. The instrumental
lower cutoffs are shown in (¢) by the horizontal dotted lines at 5 MeV (pole); depending on the type of
hohlraum, the equatorial energy cutoff is typically in the range 7 — 8 MeV.

This comparison shows excellent agreement between the simulation and model, demonstrating the
model’s fidelity as an analysis tool.

Typical parameters and assumptions used in the 1-D implosion model are shown in Table 2.4
with uncertainties. The first six (shell material, inner and outer radius, fuel pressure, and fuel fill)
are determined from a database of shot setup parameters. The values shown in the table are typical
numbers. For the shell material, the ablator dopant (Ge or Si) is included, though the dopant level
(~ 1%) has negligible effect on the inferred quantities. The plastic is 1.084 g/cc, 57.2% H, 42.3% C,
and 0.5% O. The following 10 parameters are treated as assumptions in the model and characterize
the in-flight properties of the implosion. The ablated mass density profile (defined by pmax, Pmin,
and A) is given by Eq. 2.9.

For the assumed in-flight conditions, experimental data is used in the choice of value whenever
possible. The shell thickness and mass remaining are measured with x-ray radiography!® and
typical values from that data are used here. The temperature profile and ablated mass density
profile are unmeasured, and thus typical values are taken from HYDRA calculations where the
implosion trajectory (i.e. bang time) is well matched. Since the simulation may not accurately
represent the experimental conditions, large uncertainties are assigned to these values (see Table
2.4). In the table we also give the resulting uncertainties in pR for shot N101004 (see also Fig.
2.18), which directly result from the uncertainties in the model parameters. The dominant sources
are the uncertainty in fuel temperature, ablated mass density profile (collectively from pmax, Pmin,
and M), in-flight shell thickness, and mass remaining. The other sources of uncertainty are negligible
(< 1 mg/cm?). The shell thickness has a smaller effect than might be expected. The reason for
this is that it only affects the inferred pR through the stopping power Coulomb logarithm.

A mix model was added to this model to evaluate the potential impact of mix on the proton
dE/dx, primarily in the fuel where the electron temperature can be high. In the model, CH is
mixed into the fuel uniformly, specified as a fraction of the initial shell mass. Even assuming an
implausibly large variation in mix (0 — 1% of the initial shell) causes only a 0.3 mg/cm? difference
in inferred pR; since 1% mix corresponds to a mix mass of 25ug, about ~ 10x higher than the
worst observed %, we conclude that mix in unimportant for shock proton spectroscopy.

The primary effect of the different plasma densities and temperatures in the three regions is
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Table 2.4. Typical implosion parameters used in the model. Mix fraction is given as a percentage of the

initial shell mass, and shell thickness is the in-flight full width.

Parameter Value + N101004 £pR
mg/cm?
Initial Conditions
Shell Material CH n/a n/a
Inner Radius (pum) 900 5 0.05
Outer Radius (um) 1100 5 0.0
Fuel fill (mg/cm?) 6.3 0.1 0.06
Fuel D Fraction 0.3 0.0 0
Fuel *He fraction 0.7 0.0 0
In-flight Assumptions
Gas T (keV) 3 2 4.43
Mix T (keV) 0.5 0.2 0.23
Shell T (keV) 0.2 0.1 0.23
Ablated mass T (keV) 0.3 0.1 0.01
Pmax (g/cc) 1.5 0.5 1.02
pmin (8/cC) 0.1 0.05 1.25
A (pm) 70 30 1.25
Mix Fraction 0.5% 0.5% 0.16
Shell Thickness (um) 40 10 1.65
Mass Remaining 17.5% 5% 1.10
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Figure 2.24. Comparison between model-inferred and HYDRA-simulated pR (top) and R, (bottom).
The data were compared at six time snapshots in two simulations: nominal (blue) and high preheat (red).

variation in the stopping power, which is shown in Fig. 2.25. Higher temperature in the fuel leads
to a less pronounced Bragg peak. At high energy, the stopping power in the shell is lower than in
the fuel or the ablated mass due to the higher density (leading to a smaller log A).

A stated choice in this work, which affects the reported pR values, is the theory used to calculate
the charged-particle stopping power. In these dense plasma regimes, no experimental data exists to
differentiate between theories. In this work, the Li-Petrasso theory'? has been used. However, this
choice represents a potential quasi-systematic uncertainty in the inferred values. The magnitude of
this effect is investigated by evaluating the implosion model at equivalent nominal conditions but
with various choices of stopping theory. In particular, we choose Zimmerman’s parameterization of
the Maynard-Deutsch theory !”1® and the Brown-Preston-Singleton (BPS) theory!?. A comparison
of the stopping power for the three theories is shown in Fig. 2.26. The magnitude of the BPS and
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Zimmerman stopping are quite close. In the gas, these other theories have a smaller magnitude
of dE/dx than Li-Petrasso, while they are higher in the shell and ablated material. A direct
comparison of inferred pR values using the implosion model and varying only the stopping model
is shown in Fig. 2.27. For a wide range of relevant pR, the Zimmerman and BPS stopping power
would lead to an inferred pR that is lower by ~ 10% or ~ 12%, respectively. Future experimental
data may be able to discriminate these theories from the Li-Petrasso theory in relevant regimes.
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Figure 2.26. Stopping power for the three theories [Li-Petrasso (LP), Brown-Preston-Singleton (BPS), and
Zimmerman (Z)] for each region of the implosion model: gas, shell, and ablated material.

2.6 Line Width

For mono-energetic fusion products, the line width can be used as a key diagnostic, for example
of the ion temperature???! via the Doppler width??, or of turbulent or radial residual kinetic
energy 23, Often, these techniques use neutrons from the D+T or D+D reaction; neutrons have the
advantage that the primary peak consists of neutrons that do not interact after their birth, and thus
closely represent the production spectrum. Protons, the focus of this work, slow down via Coulomb
collisions as they exit the implosion (see Section 2.5) and can be affected by electromagnetic fields!.

For NIF D3He shock-proton spectroscopy, there are four main effects that would significantly
complicate any use of the line width as a diagnostic of residual kinetic energy or ion temperature.
The implosion pR evolution over the shock burn is significant, geometric effects broaden the emitted
proton spectrum, pR is high enough for significant straggling, and any high-mode asymmetries from
acceleration-phase instabilities could be significant. These effects are discussed in this section, using
simple models based upon the pR model discussed in Section 2.5.

2.6.1 pR evolution

As the implosion pR evolves during the finite-duration shock burn, protons born at the beginning
of the burn experience a lower pR than protons born at the end of the burn. The broadening due to

tIn direct-drive implosions, it is well-known that when the fusion bang time is during the laser pulse the charged
particles are affected by electromagnetic fields?*2%2%:26 For indirect drive, the electric fields decay early in the pulse
(see Appendix E) and do not affect the spectrum.
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Figure 2.27. Left: Inferred pR versus final proton energy for three models [Li-Petrasso (LP), Brown-
Preston-Singleton (BPS), and Zimmerman (Z)]. Right: Difference (%) between the Zimmerman or BPS
models and Li-Petrasso.

this effect depends on the shock-burn duration (Gaussian width opyw ), the implosion velocity (v),
and the implosion Ry, during the burn. The resulting velocity broadening (o,) can be calculated
using the pR model function for proton energy (E,) as a function of R, as
1
Oy = 5 Ep(Rcm + ’UO’Bw) — Ep(Rcm — ’UUBw) . (2.11)
In the following analysis (Section 2.6.5) we assume a velocity v = 300 km/s and a burn FWHM
of 100 ps (opw = FWHM/2v/21n2), which are nominal for the NIF surrogate D3He implosions.
This results in velocity broadening o, ~ 200 — 300 keV.

2.6.2 Geometric broadening

Geometric broadening of the D3He-proton spectrum is caused by the finite size of the burn region,
because the proton path lengths through the implosion gas, shell, and ablated mass varies depending
on birth location. This is shown in Fig. 2.28.

For a given proton birth location (r and @ in polar coordinates with azimuthal symmetry), the

path length in the gas is
Ly =\/r2 —r%sin®0 — rcos 0, (2.12)

where 7,4 is the radius of the fuel-shell interface in the pR model. Similarly, the path length in the

shell becomes
Lo=\/r2 —r2sin0 — \[r2 — r2sin0), (2.13)

where r¢ is the outer radius of the shell. As the density profile in the ablated mass varies with
radius, the proton slowing is a numerical integral along the path depicted in Fig. 2.28. Using the
plasma conditions from the pR model and this geometry the transmitted proton energy is calculated
for any initial (7, #) coordinates.
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Figure 2.28. Geometric broadening results
from different path lengths for protons born in
different regions of the fuel. For a given birth
location (r and @ in polar coordinates, with az-
imuthal symmetry) the path length in the gas
(Lg) and shell (L) vary, as well as the path in
the ablated material.
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The source profile (S) is assumed to be a radial Gaussian,

1 r?
S(r) = mexp [—273} ; (2.14)
where o, is the Gaussian width parameter; S(r) is normalized to unity in 3 dimensions.

The geometric broadening (o,) can then be calculated by performing a numerical integration
over the gas region to calculate a weighted standard deviation of E,, where the weight is the
3-D spherical polar volume element multiplied by the source function S(r). For the following
calculations, a source width of ¢ = 40 um is assumed. This effect typically results in broadening
of ~ 100 keV.

2.6.3 Straggling

As the proton slows while transiting the implosion, there is a statistical variation in energy loss
due to the random nature of collisions with the plasma particles. This leads to broadening of an
originally monoenergetic beam, which is called ‘straggling’. To model this effect, we invoke a simple
model for plasma straggling27-8:

02 = 2kpT x AE, (2.15)

where o is the amount of straggling (i.e. a Gaussian width), T is the plasma temperature, and
AF is the total energy lost by the particle. As an extension of the pR model, the straggling is
calculated as the proton traverses each region independently (due to the dependence on T and AFE)
and summed in quadrature to get a total straggling width o.

Additionally, for the equatorial detectors straggling occurs as the protons traverse the hohlraum
wall. The amount of straggling in the wall can be easily calculated with the TRIM Monte Carlo
package®; this effect typically results in broadening ~ 100 keV.

2.6.4 High-mode pR asymmetries

High-mode asymmetries (mode numbers ~ 100, which are significant ) can cause broadening since
the protons traverse a shell with a varying pR. At the shock-bang time, these may be significant
due to acceleration-phase Rayleigh-Taylor instabilities at the ablation front. A simple model for
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the magnitude of this effect is to assume a normally-distributed fractional variation (f) in the shell
radius, 6 Rep = f X Rem, which is convolved with the pR model to calculate a variation in proton
energy:

1
Tasym = 5 [Ep(Rem + 0Rem) — Ep(Rem — 0Rem)] - (2.16)

This requires an assumption on the magnitude of the asymmetries at this time, which are
largely unknown and likely vary between shots. In the following analysis, an f of 1 or 2 % is used.
Asymmetries at this level result in broadening of 50 — 100 keV.

2.6.5 Complete broadening model

The broadening from the various sources discussed in the previous sections is plotted in Fig. 2.29
as a function of implosion pR. Additionally, the thermal width oy, = 0.0767+/T; with oy, in MeV
and 7T; in keV is shown for T; = 5,10, 15 keV.

Figure 2.29. Line broadening (o) for various

09 ' ' sources as a function of implosion pR. The ther-
mal width (oy,) is plotted for T; = 5,10,15
04 b d keV (gray lines). The velocity (pR evolution)
broadening is shown in the blue curve, geomet-
ric broadening is shown in green, straggling is
0.3 Velocity shown in red, and asymmetries in magenta. For
% 15 keV / straggling, the solid curve is due to the implo-
= T0 eV sion and the dashed curve is due to the hohlraum
5 g2k / i wall. For asymmetries, the solid curve is due to
a 1% high-mode asymmetry amplitude while the
dashed curve is for a 2% amplitude.
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The total line width according to this model is a quadrature sum of the components. In Fig.
2.29, this is shown assuming T; = 10 keV, straggling only from the shell, and 1% amplitude
asymmetries.

Unless the pR is small (< 50 mg/cm?), other sources of broadening are a very significant
contribution to the total width, in particular the velocity-induced pR evolution broadening. In order
to infer a spectral width due to thermal Doppler broadening, all other effects must be accurately
modeled and subtracted in quadrature, which would require significant and high-fidelity models of
these sources of broadening, which is an extremely challenging problem.
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Chapter 2 Proton Spectrometry at the NIF




3

Shock dynamics in NIF implosions

3.1 Introduction

While ignition experiments at the NIF use targets with cryogenic layers of DT fuel, numerous
surrogate implosions have been conducted where the layer of DT ice is replaced with a surrogate
mass of ablator material (CH). The hydrodynamics before deceleration are nearly identical for the
cryogenic layered and surrogate implosions,! enabling complementary studies and diagnostics of
implosion dynamics, such as symmetry>? and velocity.*® One of the main objectives of using these
surrogate implosions is to characterize the implosion at various stages to benchmark radiation-
hydrodynamics simulations. 8!

In an implosion, a series of spherically converging shocks are launched with increasing strength.
These shocks eventually coalesce at the capsule’s inner edge and then converge at the center of the
implosion. The final shock ‘rebounds’ and briefly creates high-ion-temperature conditions at the
center of the implosion. In the case of surrogate implosions at NIF with a D3He gas fill, this ion
temperature is high enough to produce energetic protons via the D3He fusion reaction (Eq. 1.15).

For surrogate implosions at the NIF, this ‘shock burn’ occurs several hundred ps before the
main compression burn, and is approximately concurrent with peak shell implosion velocity. This
is shown for a typical surrogate implosion in Fig. 3.1 using the radiation-hydrodynamics code
HYDRAZ®, where the simulated shock trajectories for the four launched shocks and final merged
shock are shown in Fig. 3.1a as contours of the normalized pressure gradient |(1/P)dP/dr|. The
laser pulse is shown in Fig. 3.1c, a detailed view of the shock dynamics around the shock-bang
time and compression-bang time is shown in Fig. 3.1b, and the capsule dimensions are shown in
Fig. 3.2.

After the final merged shock rebounds at ~ 22 ns the shock burn occurs over ~ 100 ps, pro-
ducing energetic D3He protons (Eq. 1.15). These escaping protons are used to probe the in-flight
characteristics of the shell at a radius of ~ 250um.

D3He proton spectroscopy is a well-developed technique for diagnosing inertial fusion implo-
sions? 13 at the OMEGA laser facility '* and now at the NIF.'® As a probe of the implosion shock
dynamics, this technique is unique in that it probes the strength of the final merged shock when
it hits and rebounds from the center of the implosion. This measurement is complementary to the
shock-timing measurements of the shock velocity that use an interferometry technique,'® which
has been highly successful at understanding the shock dynamics in the shell for radii larger than
600 — 700pm. 1720 At smaller radii the interferometry measurements ‘blank’. As a result, the inter-
ferometry measurement would not see any additional shocks launched later in the implosion after
the blanking, and does not probe the shock dynamics in the gas, when spherical convergence effects
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Figure 3.1. NIF surrogate shot N120408-001-999 (CH shell with D3He gas, see Fig. 3.2). (a) Simulated
shock trajectory, visualized as the pressure gradient |(1/P)dP/dr| where black indicates a higher value. The
shock plot shows the four shocks launched into the shell, which merge to form the final shock that travels to
the center where it rebounds, increasing the temperature and density, creating the shock burn at 22.03 ns.
The compression bang time is at 22.83ns. Simulated shock (s) and compression (c) bang times are indicated
by the arrows. (b) zoomed-in Shock trajectory through rebound, shock burn, and compression phases. (c)
Laser pulse (foot before 10 ns not shown). In the drive, the pickets at ~ 13 and ~ 16 ns launch the 24 and
3'd shocks respectively, with the 4" launched by the rise to peak power.
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Figure 3.2. Typical NIF surrogate capsule (see Table 2.4 for more information). The plastic shell (p = 1.08
g/cm?) is filled with 30:70 atomic D and *He fuel.
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Figure 3.3. Sample D3He proton spectrum from NIF shot N101004-002-999, measured on the equator
(DIM 90-78 Wedge Range Filter (WRF) #1) after hohlraum correction. The D3He average birth energy
of 14.7 MeV is shown by the vertical dashed line. The red dashed line is a Gaussian fit to the spectrum.
Surplus protons at low energy, ~ 8 —9 MeV, are due to the onset of compression burn.

are significant; as the shock strength increases with convergence,?!

may become important. 2223

non-hydrodynamic behavior

3.2 Sample Analysis

A typical measured D3He proton spectrum is shown in Fig. 3.3. The protons have been energy
downshifted to ~ 11.5 MeV from the birth energy of 14.7 MeV. The downshift is caused by Coulomb
collisions with the imploding plasma electrons®, and the observed downshift can be related to the
implosion areal density (pR) using a charged-particle stopping theory?*. The shock yield observed
(8.7 x 107) is related to the final merged shock strength?!:!3. The center-of-mass radius (Rep) of
the imploding shell is inferred in addition to pR using 1-D modeling discussed in Section 2.5.

For the sample spectrum shown in Fig. 3.3, the results of the spectral analysis and subsequent
pR modeling are shown in Table 3.1.

Error bars are 1o. For the proton energy, the systematic uncertainty primarily comes from the
energy calibration of the WRFs?®, and random uncertainty comes from a combination of factors
such as the hohlraum, variation in CR-39 properties, and statistical uncertainty. For the yield
and line width, there are no systematic uncertainties, and the random uncertainties are primarily
variation in CR-39 and statistics.

The energy uncertainties propagate to the modeled quantities pR and R.,. The systematic
uncertainties for these quantities also include, and are dominated by, the modeling uncertainty.
The model uncertainty is also listed separately in Table 3.1.

*The proton velocity is high relative to the electron thermal velocity in these regimes, so electron stopping
dominates
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Table 3.1. Results from the analysis of the D®He proton spectrum for N101004-002-999 on DIM 90-78.

Quantity Value + + +
random systematic! | model
Energy (MeV) 11.34 0.10 0.10
o (MeV) 0.43 0.10 n/a
Yield 8.71 x 107 | 0.94 x 107 n/a
pR (mg/cm?) 96.0 3.1 6.1 5.3
Ry, (pm) 242 5 35 34

3.3 NIF Experiments

The compact WRF proton spectrometers (see Refs. 26,27,15 and Chapter 2) have been used at
the NIF since 2009. Between 1 and 4 spectrometers are fielded on the polar (0-0) and equatorial
(90-78) diagnostic manipulators (DIMs)2?®. Each WRF provides a complete spectral measurement
of the D3He protons, from which yield, pR, and R, are inferred.

WRF proton spectrometers have been used on a total of 85 surrogate D3He gas-filled indirect-
drive implosions on the NIF, forming the basis of this work. For these experiments, the total laser
energy varied in the range 0.9 — 1.9 MJ, and the peak laser power was between 243 — 522 TW.
Gas-filled Au or depleted U (DU) hohlraums were used in these experiments. The hohlraum width
was 5.44mm (‘544’ geometry) or 5.75mm (‘575 geometry) with varying lengths in the range of
9 — 10mm. More details on the spectrometers and NIF geometry are given in Chapter 2.

The capsules were primarily CH with an outer radius varying from 1087 to 1169 pum and
thickness from 188 to 231 pm. Si and Ge dopants are used within the shell. The gas fill was
typically a 30:70 atomic mixture of D and *He at an initial gas density of 6.3 mg/cm®. Each of
these parameters is used in the pR modeling described in the previous section (also see Fig. 3.2).

The complete dataset is shown in Fig. 3.4. Within a DIM, multiple WRF's are averaged when
available to reduce random and statistical errors; the weighted mean and resulting uncertainty are
shown. The measured pR is shown in Fig. 3.4a. The random/statistical errors associated with the
pR values are dominated by the larger systematic and model uncertainties (see Sec. 2.5). Many
of the shots have asymmetries between the pole and equator: these asymmetries are discussed in
Chapter 4. Overall the pR typically varies between 70 — 110 mg/cm?. The most notable set of
outliers are the implosions with pR in the range of 160 — 170 mg/cm? measured on DIM 90-78.
The distinguishing feature for these implosions is that they were conducted as part of a series of
low-power short-coast implosions.

The proton shock-yield data for the entire dataset is shown in Fig. 3.4b. Only data from
the equator (DIM 90-78) is shown. This is because the polar yield data is affected by transverse
electromagnetic field structures at the LEH, which can cause deflections and thus a reduction in the
apparent yield observed by the WRFs on the pole??3!. A significant shot-to-shot yield variation is
observed, i.e. (1—35)x 107. Fundamentally the large variability is due to the extreme temperature
sensitivity of the D3He reaction, which makes the shock-proton yield very sensitive to the final
shock strength.?!:13

Finally, the inferred shell center-of-mass radius (R¢y,) is shown in Fig. 3.4c. According to this
analysis, the shell is typically at a radius of 250 — 300 um at the shock-bang time. In the high pR
cases, the inferred R, is as low as ~ 190 um. However, the error bars are large, typically £25 — 30
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Figure 3.4. WRF data for all surrogate implosions. (a) Shock pR data. When available both polar (DIM

0-0) and equatorial data (DIM 90-78) are shown. (b) Shock proton yield measured by WRFs on DIM 90-78.
(c) Center-of-mass shell radius (R.,,) plotted as average values for both pole (DIM 0-0) and equator (DIM

90-78).
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Figure 3.5. (a) Coast time and peak power of down-selected experiments. With a few exceptions, implo-
sions have been conducted at low-power, short-coast (~ 300TW, ~1ns) conditions or high-power, long-coast
(~ 350TW, ~2ns) conditions. (b) Relevant variables of the laser pulse: rise time, peak power, and coast
time. In this case, the rise time is 2ns, the peak incident power is 300TW, and the coasting time is 0.9ns
(short-coast, while long-coast is ~2ns). The bang time is indicated by the red line.

pm, caused by the model uncertainties (described in Section 2.5).

3.4 Data down-selection

Due to the large shot-to-shot parameter variations during the NIF campaigns, it is necessary to
select a subset of implosions with similar overall conditions for detailed analysis. We perform this
down-selection using the following criteria:

1. Standard capsules (CH with D3He fill, see Fig. 3.2)
2. 5.75mm diameter hohlraums

3. WREF data available on both pole and equator

4. Low-adiabat (‘4-shock’) pulse shapes

This reduces the number of shots to 30. Criterion #3 is required to allow for modeling of the
observed pR asymmetries (see Fig. 3.4a) and determining of average values for pR and R.,,. Shots
selected via these criteria are used in subsequent analysis and are denoted in Fig. 3.4 by square
markers.

3.5 Shock Dynamics

The shock dynamics of the down-selected set of 30 implosions can now be explored. The observa-
tions indicate that the shock dynamics are most sensitive to the peak power of the laser drive, the
coasting time of the implosion, and the rise time of the main laser pulse, see Fig. 3.5b.
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markers, and DU-wall hohlraums by square markers.
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Since the effective drive experienced by the capsule depends on the absorption of the incident
laser light and the effectiveness of conversion to x rays, we add 25TW to the actual laser power for
DU hohlraums to account for the latter, and then multiply by the observed absorption fraction to
account for the former. The 25T'W effective increase in power is based upon measured enhancements
in radiation temperature when using DU hohlraums?32. This gives an ‘effective peak power’ which is
used in this work. The coasting time of an implosion is defined as the difference between the end of
the laser drive and the measured compression bang time. The rise times used in these experiments
are discrete, with design values of 1, 2, or 3 ns.

With these definitions, the main observables (average pR and shock yield) are plotted versus
the effective peak power, coasting time, and rise time. The data are shown in Fig. 3.6. To eliminate
the effect of low-mode asymmetries observed in these implosions, this analysis uses an average pR
obtained from a fit to the polar and equatorial pR data (see Chapter 4). The different rise times
used are differentiated by marker color. Furthermore, the hohlraum material is specified by marker
shape: square markers for DU and circular markers for Au hohlraums.

The distribution of implosion parameters used% eak power, coast time, and rise time) is illus-
trated by Fig. 3.5a. With a few exceptions, the experiments fall into two groups:

1. Low-power (~ 275 — 325 TW), short-coast (~ 1 — 1.5 ns), slow-rise (3ns)
2. High-power (~ 325 — 375 TW), long-coast (~ 2 — 2.5 ns), fast-rise (1 or 2 ns)

Since these two groups are diametrically opposed in all three parameters disentangling their effects
requires using a few select implosions that do not fall into these groups. For the rise time a set
of three implosions was conducted where only the rise time was varied, significantly aiding this
interpretation.

3.5.1 Shock yield interpretation
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Figure 3.7. Shock yield (a) and pR (b) versus rise time for a set of three shots where only the rise time
was varied.

First, the interpretation of the shock-yield data can be aided by a set of three shots conducted
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in which only the rise time was varied. This data is shown in Fig. 3.7a. The faster rise pulse shapes
clearly create higher shock yields. This is consistent with the data in Fig. 3.6f.

Conversely, the coast time (Fig. 3.6e) has no clear effect on the shock yield, since short- and
long- coast times have data with both high- and low- shock yield.

For the peak power, the data in Fig. 3.6d suggests a trend, where lower peak power creates a
weaker shock. This is intuitive and consistent with the fact that all low power (< 300 TW) shots
have low yield, but at higher power the shock yield displays significant variation.

We conclude that the faster-rise pulses create shock yields 2 — 3x higher (Fig 3.6f and 3.7) with
other variables constant, and that increasing the peak power may increase the shock yield. We note
that the shock yield varies by approximately 15x over the dataset, indicating substantial variation
in shock strength.

3.5.2 pR interpretation

Two shots that do not fit into the overall implosion parameter grouping are essential to under-
standing the data: N120409, which was a high-power short-coast shot, and N130213 which was a
low-power long-coast shot. These two are specifically annotated in Fig. 3.5a and Fig. 3.6a-b.

Fig. 3.6a plots the shock pR versus effective peak power. Neglecting the results from shots
N120409 and N130213, the data show an anti-correlated trend between pR and peak power. How-
ever, shots N120409 and N130213 clearly suggest that this trend is due to the preponderance of
high-power long-coast and low-power short-coast implosions. For the coasting, a clear trend is
observed in Fig. 3.6b, including both N120409 and N130213 where large coast times generate
significantly lower shock pR than short-coast implosions.

In Fig. 3.7 the set of three shots with a controlled rise time show no change in shock pR as
the rise time is varied. This demonstrates that the rise time has no effect on the shock pR; the
apparent trend in Fig. 3.6¢ is due to the low coasting times in the 3ns rise implosions.

3.5.3 Estimated shock-bang time

The dependence between shock pR and coast time can be further investigated. Fundamentally, the
pR is mainly determined by the shell R, at the shock-bang time (see Section 2.5).

On many of these shots, simultaneous x-ray radiographs of the implosion trajectory were ob-
tained*°33, and from the x-ray radiographs, Rep(t) is determined near the shock-bang time.
Presently the shock-bang time is not directly measured, but the combination of the trajectory
measurement and WRF-inferred R, from shock-produced protons can be used to estimate the
shock-bang time. This technique is shown in Fig. 3.8.

From the x-ray data we know the shell velocity at R.,, = 200 or 300 pm. The absolute timing un-
certainty of the x-ray measurement relative to compression bang time is £50 ps. We know that the
compression-bang time uncertainty is typically +50 ps or better. From this information, combined
with the x-ray and proton data, a shock-bang time can be determined relative to compression-bang
time: A7 = tshock — tecomp, t0 Temove any variation in absolute implosion timing. The uncertainty
in R¢y, from this analysis is used to determine the uncertainty in the shock-bang time in addition
to the uncertainty in timing of the x-ray measurement and shell velocity.

The shock-bang time is estimated for a set of 14 experiments (a subset of Fig. 3.6) where x-ray
radiography is available, and shown in Fig. 3.9. The estimated bang time difference ranges from
~ 0.4 — 0.8 ns. The displayed error bars represent random (shot-to-shot) uncertainties, while the
larger systematic uncertainty is +0.11ns.
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For this data, a clear trend is shown where the long-coast implosions have substantially larger
differential bang time (more negative Apr) than the short-coast shots.

Simulations of Apr exist for five of these shots (one of which, N120408-001-999, was simulated
and presented earlier in Fig. 3.1; these simulations are also shown in Fig. 3.9. The simulations
predict a nearly constant App of ~ —(0.7—0.8)ns while the data show a clear trend where long-coast
implosions have a larger differential bang time.

3.6 Interpretation

3.6.1 Coasting

The data indicate that the shock-bang time occurs earlier relative to the main compression burn in
long-coast implosions than in short-coast implosions. The interpretation of this observation is that
the imploding shell is at a larger radius (R¢y,) during the shock bang for the long-coast implosions.
This means that the final rebounding shock, which creates the shock bang, is either faster relative
to the implosion velocity or launched earlier for the long-coast pulses.

The shock transit time in the gas (after break-out from the shell) is ~ 4ns according to HYDRA
simulations (see Fig. 3.1a). This can also be estimated using simple models. For example, using the
Hugoniot conditions, a shock launched by 100 MBar of pressure at the ablation front propagates
through the pre-compressed shell in approximately 450ps. This shock propagates through the
density discontinuity at the inner surface of the shell®* and spherically converges as a Guderley
shock?! through the initial gas, which takes an additional ~ 4.1 ns. However, at the time when
the shock is launched into the gas, the sound speed in the shell ¢ = /vP/p is quite low. For an
ideal gas at 100MBar pressure and density of p = 20 g/cc, the speed of sound is only ~ 30 pum/ns
(in the frame of the imploding shell). But since the inward shell fluid velocity at shock breakout is
~ 60 um/ns and the shock velocity in the lab frame is ~ 150 um/ns, the shock is already effectively
decoupled from the driving piston of the ablation front. The coasting dynamics happen later in
time and thus cannot directly affect the shock strength in this scenario.

The late-time drive will affect the implosion (shell) trajectory. If the implosion comes in late
relative to the shock, the bang-time differential will increase. This could occur, for instance, due
to in-flight decompression and deceleration of the shell if the ablation pressure decreases while the
shell is still at a large radius. Since the data and simulations are discrepant for the short-coast
implosions, this suggests that the late-time drive (during the last ns) is not well modeled in the
simulation. This could be related to the drive degradation multiplierst not accurately reflecting
the late-time drive, an uncertainty in radiation transport through the ablated shell material, or
an uncertainty in the compressed ablator equation of state. Another possibility is that severe mix
in the coasting implosions may truncate the compression burn, moving the apparent compression
bang time earlier and decreasing Apr.

One potential significance of an earlier shock-bang time is its implications for the deceleration
phase of the implosion. Deceleration begins when the rebounding shock (as a heat wave) encounters
the incoming shell. The rebound phase can also be calculated using Guderley’s solution?!. For a
constant shock strength, an earlier shock-bang time means that the rebounding shock will hit the
incoming shell at an earlier time (larger radius) and thus deceleration will begin earlier. This could
reduce the compression and final pR of the implosion. Interestingly, data in cryogenic implosions

tFor simulations of NIF low-adiabat implosions to match the data, in particular the shock timing, implosion
trajectory (r vs t), and bang time, multipliers must be applied throughout the pulse to decrease the effective drive
on the implosion by a time-varying fraction%°.
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Figure 3.10. Inferred hot-spot adia-
bat («) versus proton shock yield using
a Guderley model. Points are at values
of ¢ from 250 — 350 (at intervals of 5) 250
pum/ns%-88 The solid curve is a power-
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show 25 — 50% higher pR and higher inferred stagnation pressure for short-coast implosions?36:32.

This is consistent with this work’s interpretation of the short-coast implosions where the shock
dynamics is more amenable to high compression, i.e. later shock-bang time relative to compression.

3.6.2 Hot-spot adiabat

The significance of large variation in shock proton yield can be interpreted in the context of the
shock dynamics and hot-spot adiabat. The initial heating of the low-density material at the center
of the implosion is from the imploding and rebounding shock, which sets the incipient hot-spot
adiabat prior to the onset of deceleration and subsequent PdV heating of the hot spot. The
hot-spot adiabat can be roughly characterized as the ratio of its pressure to the Fermi pressure:

P nekpTe + nikpT;

P, (372)2/3r2_5/3
f Emo e

(3.1)

«

The shock preferentially heats ions over electrons'? and in this Guderley model they are assumed
to be uncoupled (7; long compared to dynamical timescales)3".

We can interpret the shock proton yield via a simple model based on the Gudelery spherically-
imploding shock solution?"'3. The Guderley model gives hydrodynamic profiles in a self-similar
solution as a function of a single shock strength parameter, £&. For a single choice of ¢, the D3He
yield (Y') is calculated from:

V= [ fosaeniion) dras (3.2)

where fp and f3g. are the fuel ion fractions and (ov) is the temperature-dependent fusion reactivity.
A mass-weighted hot-spot adiabat is also calculated via Eq. 3.1, evaluated when the rebounding
shock encounters the incoming shell material. The shock strength £ is then varied to map out
a relationship between the proton shock yield and hot-spot adiabat, and this relationship is well

described by a power law:
o =2.10Y%27 1 16 4, (3.3)

where the coefficients are from a fit to the model results. This relation is shown in Fig. 3.10.
Using this model, the adiabat can be determined from the yield and thus rise time (see Fig.
3.11). The hot-spot adiabat increases for faster rise times due to a stronger launched shock.
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This empirical result can be compared qualitatively to modeled hot-spot adiabats3® for cryogenic
implosions®?32, in which a very similar trend is seen where « increases from ~ 100 to ~ 160 as the
rise time decreases from 3 to 1 ns. The absolute values of « inferred for these surrogate implosions
are expected to be higher than cryogenic implosions, since ablation of low-adiabat ice material in
the latter decreases the hot-spot adiabat. Further modeling is required to directly relate surrogate
hot-spot adiabat to cryogenic hot-spot adiabat, but this is motivated by the lack of any other direct
measurement of the hot-spot adiabat. Additionally, 3-D effects are expected to alter the inferred
hot-spot adiabat in cryogenic experiments, so a better understanding of the incipient adiabat and
hot-spot formation process may increase our understanding of these 3-D effects.

Inferred values of a as a function of measured radiation-temperature rise rate are shown for
the 30 downselected shots used in Fig. 3.12, analogous to Fig. 59 of Ref. 32. The factor of 10x
variation in shock proton yield corresponds to ~ 75% variation in «, as seen from the power 0.247
in Eq. 3.2. For the entire dataset (Fig. 3.4), a 35X min-max variation in shock yield is observed,
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corresponding to a ~ 2.4x variation in a.

3.6.3 Kinetic Effects

The overall shock dynamics may be significantly affected by kinetic effects. For example, recent
OMEGA experiments have shown experimental evidence for long ion-ion mean-free-path effects??,
enhanced diffusive mix??, and temperature anomalies in shock-heated plasmas®’. Relative to the
OMEGA experiments of Refs 22,23,40, in these experiments the initial gas density is ~ 2x higher
and the shock is weaker; at similar initial density to this work, an indirect-drive exploding pusher
on NIF showed excellent agreement with simulation, suggesting a lack of kinetic effects*!. Further
experiments and computational studies are needed to assess whether kinetic effects could be playing
a role in these observed anomalies in the NIF low-adiabat implosion shock dynamics.

3.7 Summary

The shock dynamics of surrogate implosions at the NIF have been studied. From proton spec-
troscopy the shock pR, proton yield, and shell radius at shock-bang time are determined using a
simple self-consistent 1-D implosion model. The shock pR data show dependence on the coasting
time of the implosion, with short-coast implosions having higher shock pR. The proton shock yield
data show a clear dependence on the laser-pulse rise time, and possibly peak power. Using the
inferred center-of-mass radius and in-flight x-ray radiography, a shock-bang time is estimated. The
short-coast implosions are observed to have significantly smaller differences between the shock-
and compression-bang times than the long-coast implosions. This could be due to uncertainties in
modeling the late-time drive on the capsule, which is the primary difference between short- and
long-coast experiments. An earlier shock-bang time in long-coast implosions could reduce com-
pressibility due to an earlier onset of deceleration; in cryogenic implosions lower compression pR is
measured in long-coast implosions. Further, the large variation in shock yield indicates a variation
in post-shock temperature and thus adiabat of the incipient hot-spot material. A model is intro-
duced to relate the proton shock yield to adiabat; this analysis suggests an increase in hot-spot

adiabat of up to 2x in fast-rise implosions, potentially reducing compressibility.

Future campaigns could be conducted to more systematically study the effect of coasting time,
rise time, and peak power on shock dynamics, or to study the effect of hohlraum material (not
addressed in this work). Implementation of a diagnostic for direct measurements of the shock-bang
time, which is in progress*?, will be a direct and higher-precision diagnostic of the differential bang
time. This new diagnostic will be used to further investigate the discrepancy observed in this work
between the model-inferred differential bang time and radiation-hydrodynamics simulations (Fig.
3.9). The potential impact of kinetic effects on these observations should be studied with dedicated
experiments (e.g. varying the gas fill density) and kinetic simulations. Accurate modeling of the
shock phase in ignition experiments essentially sets the initial conditions for hot-spot formation.
The observed inaccuracies in standard hydrodynamic models for the surrogate implosions strongly
suggest that the ignition experiments are not being accurately modeled.
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4

Low-mode pR asymmetries in NIF implosions

Ignition experiments at NIF must control the cold-fuel symmetry to better than several percent at
stagnation' 3. In indirect-drive implosions conducted at the NIF, radiation drive non-uniformities
can cause detrimental low-mode (< 8) asymmetries*®, the focus of this work.

Several techniques are used to study asymmetry at the NIF; in this paper we present the
first charged-particle measurements of areal-density (pR) asymmetries at the shock-bang time in
ignition-scale implosions. These measurements are novel in quantifying pR asymmetries that are
present when the implosion is in-flight, at CR ~ 3 — 5, complementing prior methods at different
CR. It is comparable to recently-developed in-flight radiography of the imploding shell®, which
can be used simultaneously with the charged-particle diagnostics. Other techniques for diagnosing
symmetry include ‘Re-Emit’ experiments that measure x-ray re-emission from a high-7Z capsule
to diagnose early-time (CR ~ 1) hohlraum drive asymmetries”® and shock-timing experiments
that use multiple views to diagnose early-time shock symmetry®'°. In addition, x-ray self-emission
produced by the implosion at stagnation is imaged to diagnose the final hot-spot symmetry in lower-
convergence (CR ~ 15 — 20) surrogate implosions!!. In cryogenic implosions, the final stagnated
hot-spot and cold-fuel shapes are diagnosed by x-ray '? and neutron'® imaging techniques.

Charged-particle measurements of pR asymmetries have previously been used at the OMEGA
laser facility !4 for spherically symmetric direct-drive implosions!'®!® and direct-drive implosions
with induced asymmetries!”. Extending this technique to NIF has been discussed'®. The D3*He
reaction (Eq. 1.15) is used. The high-energy proton escapes implosions with pR < 300 mg/cm?.
This limit is set by the charged-particle stopping power in plasmas'?. During an implosion, a strong
shock wave runs ahead of the imploding shell and rebounds at the origin several hundred ps before
the main compression phase, creating densities and temperatures high enough for a brief period
of fusion burn (shock bang)?%?! that produces protons via Eq. 1.15. Recent work has inferred
a shock-compression bang-time differential of 400 — 800 ps for these implosions, as discussed in
Chapter 3, which will be measured more precisely in the future??.

For the implosions'?? studied at the NIF, surrogate* CH capsules filled with Dy and 3He
gas converge to R ~ 200 — 300um by the shock bang time (compared to an initial inner radius
of ~ 900um), at which point the total pR has reached ~ 60 — 120 mg/cm?. During the main
compression burn, pR > 300 mg/cm?, so the D3He-p are ranged out.

The protons are measured with the WREF spectrometers (see Refs. 24-26 and Chapter 2).
Multiple spectrometers are fielded in the (0,0) polar DIM?7 and in an equatorial DIM, (90,78),
as shown in Fig. 4.1. Each WRF spectrometer is a 5cm diameter ‘can’, with an active area

*The cryogenic DT ice layer of an ignition target is replaced with an equivalent mass of ablator material. The
implosion dynamics are equivalent until deceleration and stagnation
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Figure 4.1. WRF proton spectrometer setup for measurements of the D3He-p spectrum in different di-
rections at the NIF. Polar and equatorial WRF's have the same distance (50cm) and displacement from the
DIM axis (+13.6°). Typical capsule dimensions shown at right, the plastic shell (p = 1.08 g/cm?) is filled
with a 30:70 atomic mixture of D and 3He fuel.
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Figure 4.2. Sample WRF proton spectra from NIF shot N101218 on the pole (red) and equator (blue, after
hohlraum wall correction). The D3He-p birth energy of 14.7 MeV is also shown (vertical dashed line). From
the downshift of the measured spectra, pR values of 107 & 2,4y, & 64y mg/cm? (pole) and 81 =+ 2,4, & 6sys
mg/cm? (equator) were inferred.
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approximately 2 x 2 cm, placed 50 cm from target-chamber center (TCC). WRFs in the polar
DIM view the implosion through the laser entrance hole (LEH). The equatorial WRFs measure
protons through the hohlraum wall which causes additional downshift; the results are corrected for
this energy loss in the wall using cold-matter stopping powers2® and known material thicknesses
. Other materials, such as the capsule ‘tent’ and hohlraum gas fill, are negligiblet. One or two
spectrometers can be fielded at a displacement of +13.6° from the axis for both DIMs.

In these surrogate NIF implosions, differences in the mean shock proton energy between the
polar and hohlraum-corrected equatorial spectra are routinely observed. Fig. 4.2 shows spectra
measured on the pole and equator for shot N101218, which had a large asymmetry induced by a
known capsule offset. On this shot the polar WRF measured a lower shock proton energy, thus the
polar pR is higher: 107 mg/cm? versus 81 on the equator, for a difference ApR of 26 mg/cm?.

These spectral differences in the polar and equatorial spectrometry data cannot be attributed to
electromagnetic fields. First, prior work has demonstrated that electric fields generated in indirect-
drive targets decay early within the laser drive(Ref 29 and Appendix E), while this data is obtained
after the laser is turned off. Transverse magnetic fields exist near the laser-entrance hole3? for these
implosions; the magnetic fields cause asymmetries in proton flux but do not affect the proton mean
energy and thus the inferred pR and shell R.,, are unaffected. The spectral differences must be
caused by differences in the energy slowing of the protons exiting the implosion, and thus in the
implosion pR.

4.1 Extension of the Implosion Model to 2- and 3-D

A simple extension of the implosion model (see Chapter 3) to 2- and 3-D is essential for analysis of
asymmetries observed between multiple detectors in these implosions. An asymmetry is modeled
as Legendre modes in the shape of the imploding shell:

Rem(0,6) = R 2 +1(¢—m)

im¢ pm
1—|—A><\/47r 7(€+m)!6 P/"(cos0) |, (4.1)

where # and ¢ are the polar and azimuthal angles, respectively, R is the unperturbed shell radius,
A is the fractional asymmetry amplitude, and P;" is an associated Legendre polynomial.

From the 1-D model presented in this paper, we have pR(R.,). Areal density asymmetries in 2-
or 3-D can thus be modeled as the convolution of Rep, (6, ¢) and pR(Ren) giving pR(6, ¢, R, A, £, m).
The data points, each with their own coordinates (6, ¢), are then be fit using this convolution, where
A and R are free parameters and £, m are chosen.

An example of this analysis is shown in Fig. 4.3 for shot N101218-002-999. In this case a P»
mode is assumed (£ = 2, m = 0). The best fit parameters are R = 250+2um and A = —0.2140.02.
The error bars are due to random/statistical errors only, excluding systematic detector calibration
uncertainties and model uncertainties.

For the ConA2D implosions (see next section) in-flight 2-D x-ray radiography is used to measure
the symmetry. Unfortunately the radiography requires large patches on the hohlraum wall, which
induce a known m = 2 azimuthal asymmetry. This asymmetry is roughly aligned with the WRF

fTotal correction is ~ 1.5 — 2 MeV. Uncertainty in the material thickness leads to an additional error of + 50 to
75 keV in the total energy uncertainty.

#The tent material is plastic with a thickness < 100nm, which the protons traverse nearly normally, so the areal
density is < 1 mg/cm?®. The hohlraum gas material has a density ~ 1 mg/cm® with scale lengths of a few mm, so
the areal density < 1 mg/cm?.
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Figure 4.3. pR asymmetry analysis (¢ = 2, m = 0) for shot N101218-002-999, which had an usually large
observed asymmetry. The polar (red) and equatorial (blue) data are shown with random/statistical errors
only. The fit is shown as pR(0) and R, (0) (right axis).

equatorial line of sight, leading to an unconstrained problem between the modes ¢ = 2 and m = 2
plus modes such as £ = 4. To address this issue we use the radiography-measured mode amplitudes
for the £ = 2 and ¢ = 4 and fit the amplitude of the m = 2 mode:

Ren(0,0) = R |14+ Ap—2sinfcos(2¢ + ¢o)

9
+ Apmg x4/ EPL?(COS 9)] , (4.2)

where A,,—2 is the free parameter and ¢ is taken as aligned with the equatorial line of sight (78°).
The polar amplitudes Ay—s and Ay—4 are determined from x-ray radiography.

4.2 Low-mode analysis

Multiple proton measurements of R, at various 6,¢ are then fit with the functional form for
Rem(6,6) (Eq. 4.1)5. Since the asymmetries are manifested as a relative difference between the
measurements, only ‘random’ or statistical uncertainties are retained in this analysis. The polar-
equatorial geometry would suggest the assumption of a £ = 2, m = 0 mode asymmetry. However,
with limited WRF lines of sight we cannot differentiate between various modes. For instance, in
Fig. 4.4 the difference in pR between the polar and equatorial WRFs for assumed polar (m = 0)
modes with ¢ = 1,2,3,4 are plotted. Modes 2 and 4 are known to be prevalent in these NIF
implosions®, and the potential for deleterious mode 1 asymmetries has been recognized?!:32.

$For the low modes considered, the variations are much larger than the detector solid angle (~ 1° subtended) so
using a local value of Rem (0, ¢) and thus pR(0, ¢) is a good approximation.
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Figure 4.4. Observable pR asymmetry (pole — e_quator) versus mode perturbation amplitude A for m =0
modes with ¢ = 1,2,3,4 with the shell average R = 250um (average pR = 89 mg/cm?) corresponding to
N101218. For a given perturbation A, a £ = 2 mode (blue curve) causes the largest observable asymmetry.

For a given A, the observable difference in pR is maximized if the mode is a P (i.e. £ =2,m =
0). Fig. 4.4 shows that this technique is half as sensitive to modes ¢ = 1,3,4 with the current
detector geometry (Fig. 4.1). While we cannot differentiate between a ¢ = 2 mode and a ¢ = 1
mode with twice the perturbation amplitude, due to the limited diagnostic lines of sight¥, for a
difference in pR between pole and equator this work assumes a ¢ = 2 mode, which minimizes the
inferred A. The asymmetry amplitude A is plotted for all shots in this work in Fig. 4.5, with 1o
error bars.

The asymmetry amplitude A is plotted for all shots in this work in Fig. 4.5, with 1o error bars.
The pR asymmetries do not have systematic direction, i.e. approximately the same number of shots
have a higher polar pR (negative A) as the number of shots with higher equator pR (positive A).
Only 20 — 30% of the shots are consistent within error bars with a symmetric (A = 0) implosion.

We can compare this work to compression x-ray self-emission imaging®*!! at CR ~ 20. The
dataset plotted in Fig. 4.5 is reduced to experiments with very good stagnation azimuthal symmetry
as measured by polar-view x-ray imaging (ma/mo < 10% and m4/mo < 15%) to reduce effects of
m modes, and with a small polar mode-4 asymmetry (Py/Py < 15%). For shots satisfying these
cuts, the assumption of a Po-dominated asymmetry in our measurement is valid. In Fig. 4.5, these
shots are denoted by the square markers. The pR Ps data are compared directly to the stagnation
x-ray symmetry measurement in Fig. 4.6. As the x-ray metric is generally referred to in literature
as P,/ Py, we follow that convention here; for the WRF measurement this is equivalent to A in Fig.
4.5.

In the data we see a positive correlation between the £ = 2 mode amplitude inferred from the
shock pR and the stagnation x-ray emission shape. A linear fit to the data provides a slope of
0.6 £0.1.

To further investigate this, we generate a second dataset using recently-developed in-flight x-ray
radiography of the imploding shell, which measures the shape at a similar time in the implosion
as the pR measurements®. These shots correspond to a subset of Fig. 4.5 denoted by diamond

By fielding additional WRFs in key locations around the implosion the in-flight shape could be further constrained,
for example at § = 45° to measure £ = 4 modes; near the south pole at 6 ~ 180° to measure £ = 1, and at multiple
locations around the equator to constrain m modes.
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Figure 4.5. Mode amplitude A (see Eq. 4.1) for all NIF shots with polar and equatorial WRF data since
2010, Shot numbers are displayed below. Displayed error bars are lo. Positive values represent higher pR
on the equator. Shot N101218 (also shown in Fig. 4.2) is specifically annotated. Shots used in Fig. 4.6

denoted by square markers, and in Fig 4.7 by diamond markers.
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data have a weighted Pearson correlation coefficient p = 0.68.



4.2 Low-mode analysis 99

0.25

T T T T I
7
0.20 : 7S 7
T | P2 g ]
|
S 015 s i
£ ' o
[\
g o010} ! |
>
© )_I'é,z_ﬁ(
% 005 /I i
L’
000k — 4 - — - - - - - - - - ]
|
—0.05 | I I I !

—-0.05 0.00 0.05 0.10 0.15 0.20 0.25
WRF mqy/my (= A)

Figure 4.7. Azimuthal mode amplitude inferred for experiments with in-flight x-ray imaging: this work
(abscissa) versus stagnation x-ray core shape. A linear fit (dashed red line) to the data has slope 0.82 4+ 0.25
and intercept 0.06 + 0.02. The data have a weighted Pearson correlation coefficient p = 0.78.

markers. The radiography data show significant ¢ = 2 and £ = 4 modes. The radiography requires
large oppositely-placed patches on the hohlraum wall, which induces a large m = 2 asymmetry
roughly aligned with the equatorial WRF line of sight. With limited lines of sight, this generates an
unconstrained problem for this analysis. However, if the radiography-measured amplitudes for ¢ = 2
and ¢ = 4 modes at CR ~ 4 are used with a superimposed azimuthal mode A sin(#) cos(meo + ¢q)
with m = 2, ¢ aligned with the WRF equatorial view, and A a free parameter, the in-flight
azimuthal shape (mg) is then characterized.

The results of this analysis are shown in Fig. 4.7, compared to the stagnation x-ray emission
shape as in Fig. 4.6. Again positive correlation is observed with a slope of approximately unity
(0.82+0.25). The positive correlation between the shock and compression asymmetries means that
the asymmetry maintains its phase during deceleration (i.e. a prolate in-flight implosions has a
prolate stagnated shape).

In Figs. 4.6 and 4.7, as the abscissa is the shock-bang-time asymmetry and the ordinate is the
compression-bang-time asymmetry, the slope in the data corresponds directly to the amplitude of
the asymmetry at compression relative to shock, i.e. the growth factor between these times. In
both data sets (Figs. 4.6 and 4.7), the slope being < 1 indicates a lack of growth in apparent mode
amplitude between shock (CR ~ 4) and compression (CR ~ 20) phases. To explore this further
we consider several models for asymmetry growth of a radial £ = 2 perturbation. The simplest
is Bell-Plesset, a model for for asymmetric incompressible flows in spherical compression®*, which
predicts a simple convergence scaling A « (CR — 1). For ICF, modified Bell-Plesset theory for
compressible flows? is more appropriate. Finally, we also consider typical 2-D radiation hydrody-
namics simulations of asymmetrically driven surrogate implosions using HYDRA 6. The expected
growth factors between the shock and compression times using these models are summarized in
Table 4.1.

The growth factor corresponds directly to an expected slope in Figs. 4.6 and 4.7, clearly
inconsistent with the data for all models. This is in contrast to previous experiments showing that
the Bell-Plesset model holds for low-mode asymmetry growth between shock and compression in
direct-drive OMEGA implosions %17,

The most plausible explanation for this result is that the stagnation x-ray emission shape
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Table 4.1. Growth factors from shock to compression for several models.

Model Growth
Bell-Plesset ~ 5Xx
Compressible Bell-Plesset ~ 3x

2-D HYDRA (picket&trough)** | ~ —14x
2-D HYDRA (peak) T ~ 3%

asymmetries do not represent (i.e. are smaller than) the pR asymmetries at that time. A lack
of correspondence between stagnation x-ray and pR asymmetries has been seen in recent com-
putational studies37:3%93940 "in indirect-drive OMEGA experiments*!, and in the 2-D HYDRA
simulations used for Table 4.1. This interpretation is consistent with the results of DT-layered
cryogenic implosions at NIF, where neutron metrics*>#4 show very large pR asymmetries, of order
2 — 3x variation between lines of sight at compression, while the x-ray core shape is much closer
to symmetric??.

The growth models considered in Table 4.1 implicitly assume efficient conversion of the implod-
ing shell’s kinetic energy into stagnated thermal energy. If significant residual kinetic energy exists
at stagnation, for example through non-radial flows or turbulent motion, then we would not expect
the growth models to be valid. Whether a growth factor ~ 1 is consistent with this hypothesis
could be investigated with 3-D radiation-hydrodynamics simulations.

Another consideration is scenarios which cause pR asymmetries but not shape asymmetries,
such as variations in shell remaining mass or density in addition to convergence (shape). These
scenarios would still cause significant performance degradation, and will be investigated using in-
flight x-ray radiography® to complement this technique. Finally, the presence of £ = 1 modes could
affect the shock pR but not be apparent in x-ray stagnation imaging; however we note that the
asymmetry magnitudes in this work are consistent with in-flight x-ray radiography®, suggesting
that £ = 1 is not dominant. This could be verified with dedicated shots inducing £ = 1 modes in
these implosions, similar to recent experiments with DT fuel3"32. Finally, the effects of bulk fuel
velocity and scattering are small to affect this technique, as discussed in sections 4.4 and 4.5.

4.3 Coasting interpretation

The cause of the large variation in observed asymmetries, both in magnitude and sign, has also
been investigated. As in Fig. 4.6, we control for variation in other asymmetry modes by selecting
shots with mo/mg < 10%, my/mo < 15%, and Py/Py < 15%. For this data set, a significant
anti-correlation has been found with the implosion coasting time, which is the difference in time
between the end of the laser drive and the peak nuclear production. The data are shown in Fig.
4.8. The anti-correlation means that the implosions are more prolate (sausaged) for short-coast
(extended drive) pulses. This sensitivity suggests that the asymmetries result from asymmetries in
the flux during peak drive. The trend with coasting, and an apparent change in asymmetry sign
near a coast time ~ 1.75 ns, means that the peak flux has a time-varying asymmetry. The P, flux
asymmetry during the peak drive depends on the relative strength of the inner and outer beams
(cone fraction), the wavelength separation between beams (0A), and thus on the cross-beam energy
transfer which has an additional complex dependence on the hohlraum plasma conditions.
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Figure 4.8. WRF-measured P,/P, mode amplitude versus implosion coasting time.

4.4 Bulk velocity effects on asymmetry

Bulk velocity of the fuel creates Doppler shifts in the fusion products due to center-of-mass motion
of the reacting ions. The mean D3He proton birth energy E,(T;) is used to calculate the initial

velocity in the center-of-mass frame: o = 1+ E,/(mpc?) and vg = cy/1 — vy 2. For a given bulk
velocity vy in the detector direction the velocities add relativistically:

o = 0 v =1/y/1-(v'/c)?, (4.3)

B 1+ VoUp / c2’
with the Doppler shifted energy given by

E, = (v = 1)myc®, AE, = E, — E,, (4.4)
where AFE), is the energy shift due to the bulk velocity. Using relativistic kinematics*® and the
parameterized cross-section?’, AE, is calculated and shown in Fig. 4.9a as a function of the bulk
velocity.

If the burning fuel has a bulk velocity in the direction of one of the detectors, the proton
spectrum is upshifted in this direction and downshifted in the opposing direction, which results
in a lower or higher inferred pR, respectively. This is shown in Fig. 4.9b. Since the polar and
equatorial detectors are approximately orthogonal, a bulk fuel velocity towards one DIM will not
cause an energy shift towards the other, meaning that the shift in inferred pR due to the velocity
causes an apparent asymmetry, which is shown in Fig. 4.9c.

As the protons are created by the shock coalescence and burn, any net fuel velocity would be
caused by an asymmetry in the converging shock. The most comparable scenario are shock-driven
‘exploding pusher’ implosions, in which all of the nuclear yield is produced by a single strong
shock. The shock strength is much higher in exploding pushers than in the low-adiabat surrogate
implosions used in this work, and thus the bulk fuel velocity in exploding pushers can be taken as
an upper limit.
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Figure 4.9. (a) D3He proton birth energy shift as a function of bulk fuel velocity. (b) For an actual
pR = 75 mg/cm?, the apparent pR due to birth energy shift as a function of velocity. (c) The apparent
asymmetry amplitude (A) as a function of bulk velocity.
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In a D3He exploding pusher on NIF, the proton energy uniformity was observed to be 475
keV between the pole and equator“®, corresponding to < 150 km/s bulk fuel velocity if attributed
entirely to Doppler shifts. In DT exploding pushers®’, DT-n Doppler shifts were observed corre-
sponding to fuel velocities up to 200 km/s. For velocities up to £200 km/s, the apparent asymmetry
caused by the proton Doppler shift is £0.04 in A. As this is much smaller than the observed asym-
metries, which have A = 0.1 — 0.2 routinely, plausible Doppler shifts due to bulk-fuel velocities
cannot cause the observed asymmetries, but may be responsible for some of the observed shot-to-
shot scatter in Figs 4.6 and 4.7.

4.5 Scattering effects on asymmetry measurements

As the protons traverse material, they undergo collisions. Rutherford scattering off of atomic nuclei
can produce large-angle deflections, which could potentially mask asymmetries via scattering in
materials surrounding the target. The differential cross section is given by

do _ Yo 1 (4.5)
a2 4 gin* (9/2)7
with )
lege 1
bog = . 4.6
90 4req muvfel (4.6)

The protons are energetic, so v, is relatively high, leading to a suppression of scattering effects
as the cross section o vr_e‘ll. Additionally, large-angle scattering is suppressed by the sin=*(6/2)
dependence. This leads to large-angle scattering being a small effect, which can be verified with
the TRIM Monte Carlo code?®.

Most of the hohlraum is surrounded by significantly thicker material, such as a diagnostic band,
while the equatorial WRFs look through a thinner region of the hohlraum. While protons going
through the thicker regions of the wall may undergo large-angle scattering into the detector solid
angle, their energies will be much lower than the protons exiting the hohlraum through the thin
region, and thus these protons will not be considered in the analysis.

The effect of scattering on protons transiting the nominal hohlraum wall (30pum of Au and 74pm
of Al) near the line-of-sight is evaluated with TRIM, and shown in Fig. 4.10. Most of the scattering
occurs in the Au wall due to the Z? dependence (Eq. 4.5 and 4.6). Fig. 4.10a shows the angular
distribution of protons after the wall for a typical initial energy F), = 12 MeV. The distribution
peaks ~ 2° scattering angle. Fig. 4.10b shows the distribution as the fraction of protons scattered
with angle greater than #. The TRIM calculation shows that ~ 90% of protons scatter less than 5°
in the wall, and ~ 98% scatter less than 10°. This means that we expect high-mode asymmetries to
potentially be masked by scattering, but low-mode asymmetries, the focus of the previous analysis,
are unaffected.

4.6 Higher mode numbers

The previous section’s low-mode analysis focused on the observed differences between the polar
and equatorial DIM. Within a DIM, the WRFs fielded ‘above’ and ‘below’ the DIM axis (see Fig.
4.1) are separated by 26°, providing a potential diagnostic of ‘medium’ mode number asymmetries.
At each polar angle, two WRF's are fielded separated azimuthally by only 7°, which is a potential
diagnostic of ‘high’ mode number asymmetries.
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Figure 4.10. Proton scattering in a typical hohlraum wall (30pm of Au and 74um of Al). (a) The proton
angular distribution after transiting the wall. (b) The fraction of protons scattered more than 6 versus 6.
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Figure 4.11. Conceptual cartoon for the medium-mode measurement. In this case, a mode-7 asymmetry
with a 10% amplitude has been applied to an average shell R.,, of 250 ym. The resulting pR(#) is shown
in blue. The detector locations (shown by arrows) above and below the equator are clearly sensitive to the
difference in pR for this asymmetry and geometry.

4.6.1 Medium-mode asymmetries

Sensitivity to the medium-mode asymmetries comes from the detectors separated by 13° above and
below the DIM. Focusing on the equatorial DIM, this would correspond to odd polar modes, which
create an up-down asymmetry. Schematically, this is shown in Fig. 4.11.

The sensitivity of this technique to various mode numbers can be calculated as the observed
difference in pR (ApR) between the two views for a fixed mode amplitude and varying mode
number. This is shown in Fig. 4.12. As expected from geometry, the peak sensitivity is to modes
~ 7. In the following analysis, a mode number of 7 is assumed. Similar to the low-mode analysis,
this corresponds to a ‘best-case’ scenario in that the inferred mode amplitude is minimized for a
given observed difference in pR.

The available data is shown in Fig. 4.13 using this analysis. The mode amplitude is inferred
from a Legendre mode ¢ = 7,m = 0 fit to the data. Only random error bars are included on the
data. The resulting 1o uncertainty in the fit parameter is calculated from a y? analysis, and shown
as the error bar in Fig. 4.13. We observe that many of the data points are close to 1o away from
A =0, i.e. no asymmetry. With the entire dataset, the consistency with zero asymmetry can be
evaluated by calculating the value of reduced 2, which is 1.76. This suggests more scatter than is
consistent with statistical variation, implying that in cases with a large observed asymmetry, the
data indicate a physical asymmetry.

4.6.2 High-mode asymmetries

High-mode asymmetries can be studied using the adjacent WRFs (separated by 7°). In this case, the
peak sensitivity is expected to be for modes ~ 25. However, at this scale, coherent asymmetries are
not expected, and interpreting the data as a Legendre or sinusoidal perturbation is likely incorrect.
For this analysis, the data are simply interpreted as a difference in pR between the two adjacent
detectors.
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Figure 4.12. WRF sensitivity to medium modes, calculated as the observable difference in pR between the
90-78 ‘up’ and ‘down’ WRFs, for a 10% asymmetry and various odd mode numbers. The peak sensitivity is

to modes 5 and 7.
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Figure 4.13. Medium-mode asymmetry amplitude (A) for various shots at NIF.
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The data are shown in Fig. 4.14. It is immediately apparent that most data are close to 0,
i.e. no difference is observed between the adjacent detectors. With the entire dataset, a reduced
x% = 1.05 is calculated, which means that the data are statistically consistent with no asymmetries,
and the observed scatter between adjacent detectors can be entirely explained by the detector’s
random uncertainties.

4.7 Summary

In conclusion, implosion low-mode pR asymmetries are clearly observed at the shock-bang time in
D3He surrogate experiments at the NIF. This technique is unique because it uses charged parti-
cles to probe pR asymmetries at the shock bang several hundred ps before implosion stagnation,
corresponding to a convergence ratio of ~ 3 — 5 and occurring just before peak implosion veloc-
ity, thus isolating acceleration-phase asymmetry growth. The observed low-mode asymmetries are
interpreted as a £ = 2 (P») asymmetry in shape, with the data routinely showing asymmetry mag-
nitudes 2> 10% at this time. These asymmetries would degrade performance later in time during
stagnation, with growth factors 2 3x predicted by several models. However, when comparing
these measured asymmetries to the x-ray stagnation emission shape, a lack of growth is observed in
apparent asymmetry mode amplitude, in contrast to the expected 2 3x growth. This suggests the
x-ray stagnation emission shape does not accurately reflect the stagnation shell (pR) shape, or pos-
sibly that significant residual kinetic energy exists. Finally, the observed variations in asymmetry
magnitude and sign are partly explained by an anti-correlation with the implosion coasting time,
suggesting that a significant time-dependent asymmetry in the peak flux drives the observed im-
plosion asymmetries. Such a time-dependent ¢ = 2 asymmetry could be caused by the cross-beam
energy transfer between the inner and outer beams varying during the main pulse. Importantly,
with several techniques now available for measuring the symmetry over the entire implosion from
CR =1 — 20, these observed asymmetries can be studied and mitigated, as necessary for ignition
on the NIF.

Using the WRF's above and below a DIM, or immediately adjacent to each other, medium-
and high-mode asymmetries can be diagnosed. For the medium-mode data, primarily sensitive to
¢ = 7 odd Legendre asymmetries, several shots display statistically significant differences between
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the ‘up’ and ‘down’ WRF's, while most are consistent with a symmetric implosion in those modes.
For the high-mode data, adjacent WRFs are consistent with each other given the measurement
asymmetries. This means that high-mode asymmetries are smaller than can be observed with the
present technique. WRF's with reduced random uncertainties could provide a better constraint on
the size of these modes.
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Part 11

Plasma Stopping Power



Probing charged-particle stopping in WDM plasma

5.1 Introduction

Fusion reactions of interest to terrestrial energy production and laboratory nuclear astrophysics
commonly produce energetic charged particles. As these products traverse any ambient material,
they lose momentum via Coulomb collisions with ions and electrons in that material. This problem
was first treated by Bohr, who was interested in energetic a particles traversing material’. The
rate of energy loss per path length traversed (dFE/dz) is called the ‘stopping power’.

For nomenclature, the particle of interest (traversing the ambient material and losing energy)
is typically referred to as the ‘test particle’ (subscript ¢) or ‘projectile’. The ambient material is
composed of ‘field’ (subscript f), ‘plasma’; or ‘background’ particles.

A simple expression for the stopping power can be derived (following Ref. 2). In a collision
with an ambient particle, the energy transferred is

(Ap)?
2my

AE = (5.1)

Note the inverse dependence on the field particle mass - in most cases, the field electrons will

dominate the stopping power. The momentum transferred in a Coulomb collision is?:

A 2m vy
pP=—F
V14 (b/rg)?

where b is the impact parameter, v; is the test particle velocity, and

(5.2)

 ZyZye?

D)
m vy

ro (53)

is referred to as the ‘Landau length’, also referred to as bgy or the impact parameter corresponding
to a 90° collision. Z refers to the charge of the particles in atomic units, and e is the fundamental
charge. The energy exchanged is thus

_2AZZge?)? 1

AFE = . 5.4
mfvt2 b2 + r% (5-4)
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Combining these results, the stopping power can be written:

dE 4m(Z,Z pe?)?
= =7 prlogA, 5.5
dx m v} it (5:5)
where ny is the field-particle number density; this expression is often simplified with the field plasma
frequency wgf = 4ﬂZ]%ean/mf to:

(2

2

Ut
The quantity log A is the ‘Coulomb Logarithm’ (sometimes referred to as the ‘Stopping Number’
L). In this simple derivation, it is given by an integral over possible impact parameters:

b 2
maz hdh 1 b
log A = —_ =1 1 4 ez 5.7
8 /0 b2+ 13 20g< + 3 )’ (5.7)

where b4, is a quasi-arbitrary cutoff, necessary to prevent a logarithmic divergence, but physically
motivated. The last expression is often approximated as log A & log(bpaz/r0) in the limit by,q, >
0.

The preceding derivation treated classical binary collisions with free field particles. In general,
stopping theories can be grouped into a categories such as bound-electron stopping, binary collisions
with free field particles, and plasma dielectric response theories. More generally a mixture of the
three may be appropriate, depending on the the ambient material. Brief summaries of the stopping
power in these regimes is given in the following sections.

5.1.1 Bound-electron stopping theory

The physics of stopping on bound electrons was first treated in detail by Bethe® and Bloch®. The
stopping power is taken in the form of Eq. 5.5 with the Coulomb logarithm given as the ratio of
the maximum to minimum momentum transfer in a collision with an electron. The latter is taken
as the electron’s ionization energy, and the former is taken as 2m.v?, so that:

2mev}
log A = log ( mjvt ) . (5.8)

In systems with multiple electron energy levels, an average-ionization potential is used (I — I),
which is typically defined as

Zylog .72 fnlog Ey, (5.9)

where for each electron state n, f, is the oscillator strength and E, is the binding energy?. In
practice, effective ionization potentials are often determined from experimental data’.

5.1.2 Binary collision stopping theory

In plasmas, the binary collision stopping theory is typically approached through the kinetic equa-
tions®. More recently and of relevance to ICF, the Li-Petrasso theory”® is commonly used. The
result is close to Eq. 5.5, except a correction is added for low particle energies in the form of the
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‘Chandrashekar function’ G:

dE Zie\?
T (%) w,rG(7)log A. (5.10)
with « = wv;/vy. For low-density plasmas, the Coulomb logarithm is often taken as logA =

log(Ap/Dmin) With ppin = Z1 2 fe2 /m,u? where m, is the reduced mass and wu is the relative velocity
between field and test particle. The function G averages momentum transfer over the field-particle
distribution; in the low-density limit© it is

mydu

Gla) = ula) = WL ta) = 7= [Maee e (5.11)

my dx’

As large-angle scattering becomes important, additional terms must be retained in G. Li and
Petrasso derived the expression”

6(e) = pa) - 2L A L o)+ S| (5.12)

which is valid for log A = 2. As large-angle scattering becomes even more signicant, T-matrix
scattering theory? should be used.

5.1.3 Plasma dielectric response theory

An energetic charged particle moving through a plasma also triggers a dielectric response of the
plasma. Waves (oscillatory motions) are excited in the dielectric medium by the projectile. Gener-
ally, the stopping power associated with the dielectric response can be written in the form?

3 ._“ —
dFE Zte/ (d k ik-v; 4nZie (5.13)

dz 2m)3 vy k%(kz,fém})’

which is an integral over wavenumber k, where € is the plasma dielectric function.

5.1.4 Complications in dense plasma and current theory

Several complications arise in plasmas of relevance to inertial confinement fusion and laboratory
nuclear astrophysics experiments. First, in dense plasmas, the Coulomb logarithm is often small
(i.e. of order 1), and most binary collision theories are derived in the limit log A > 1. They must
be modified to retain terms of order 1/log A, which was first treated by Li and Petrasso”®.

Similarly, the momentum transfer between the test and field particle must be modified for
quantum mechanical effects, since in regimes of interest the classical minimum impact parameter
may be smaller than the particle de Broglie wavelength.

The ambient plasma itself is often in a complex state: the electrons may be degenerate, which
invalidates the typical assumption of a Maxwellian distribution. In very high density plasmas,
ion-ion correlations become important (a strongly-coupled plasma), which limits the applicability
of the binary collision scheme. And finally, some plasmas of interest are partially ionized, which
requires simultaneously treating collisions with a combination of bound and free electrons.

A variety of plasma stopping theories are used in this work. The Li-Petrasso theory”® is
used, which is fundamentally a binary-collision theory retaining terms of order 1/log A, an ad-hoc
quantum correction, and a correction for collective plasma effects. The Brown-Preston-Singleton
theory 'V is also used, which combines both binary-collision and dielectric-response treatments with
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a rigorous quantum correction. Finally, the Maynard-Deutsch!'"!? dielectric-response theory for
arbitrary-degeneracy electrons is also used. Treatment of partial ionization is done with the for-

malisms of Mehlhorn!? and Zimmerman .

5.1.5 Experimental motivation

Studying charged-particle stopping in dense plasmas is relevant to fundamental plasma physics and
to the potential realization of laboratory-scale thermonuclear fusion. Dense plasmas in the warm-
dense-matter (WDM) regime, approximately solid density and tens of eV temperature, are of great
interest as a probe of stopping-power theories, with broader physics relevance to non-equilibrium
statistical mechanics'®, dense plasma transport properties '~ 1® and bound-free transitions in WDM
plasmas!?. Accurate theory for bound-free transitions is required to interpret data obtained with
common laser-plasma diagnostics including Thomson scattering?’ and opacity-based areal density
techniques?!.

In ICF hot-spot ignition (see Section 1.2.2), the burn wave propagates via fusion-produced
energetic a particle self-heating. Understanding the transport of these as in plasmas at extreme
conditions is required to accurately model ignition experiments. Charged-particle transport in and
heating of dense plasmas is also highly relevant to alternative particle-beam-driven inertial fusion
designs such as heavy-ion fusion?? and proton fast ignition 2324

This chapter describes the first high-precision measurement of charged-particle energy loss in a
dense moderately-degenerate and moderately-coupled plasma. The results are compared to theories
in common use by simulation codes. For testing theory in this regime, these results are a signif-
icant improvement on previous experiments, which utilized simpler low-density non-degenerate

plasmas?° 30 or had significantly less precision®!.

5.2 Experimental platform design

The OMEGA laser facility? was used to create a pulsed mono-energetic source of protons that
probe a subject plasma isochorically heated to WDM conditions. Fig. 5.1 shows the experimental
platform used for these experiments. A shock-driven ‘exploding pusher’ implosion?®? filled with
D3He fuel is used to produce the probing protons via the D3He fusion reaction (Eq. 1.15). The
implosion is driven by 20 of the OMEGA laser beams at 3w (351nm), delivering 10kJ of energy in a
1ns duration square pulse. These protons, produced over a ~ 100ps burst, then traverse the x-ray
isochorically-heated subject plasma. The subject target consists of a plastic (CH) tube coated with
1—2 pm of Ag, with an inner diameter of 870um, a wall thickness of 24 ym, and 800 pum in length.
A cylindrical Be plug is inserted into the tube, with total pL = 94.2 & 0.6 mg/cm?, which serves
as the subject material for the experiment*. 30 of the OMEGA beams are incident upon the outer
surface of the tube, arranged in 3 rings positioned along the axis of the cylinder. The lasers are
defocused to create ~ 100 pm diameter illumination spots on the cylinder. The total drive energy
on the subject target was 15kJ, delivered in a 1ns square pulse. The resulting intensity in each
spot is ~ 10 W /ecm?. This laser intensity generates Ag L-shell emission at 3-4keV in the corona
surrounding the cylindrical target, which volumetrically heats the Be plug as the attenuation length
in solid Be is 300 — 500 pm, comparable to the cylinder’s dimensions. The heating occurs over 1ns,
and the temperature is quiescent for another ns after the drive turns off*>*. The implosion proton

*The Be used was 99.8% atomic purity, purchased from Goodfellow, with measured mass density 1.77 + 0.01
g/cm®. Each target plug was laser-machined from a single sheet with average thickness 532.1 ym and 1o variation
of 1.2 pum, so that each target had to the same total pL within 0.2%.
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Figure 5.1. Experimental geometry. A thin-glass exploding-pusher proton source (left) imploded by 20
laser beams creates energetic D3He protons to probe a subject plasma, which is created by isochorically
heating a solid Be plug with x rays (right). These x rays are created by the 30 laser beams irradiating the

Ag-coated CH tube. The subject target is at TCC.
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source was timed so that the proton probing occurs at 1.4 ns after the onset of the heating beams,
at which time electrostatic charging?®3° of the subject target is negligible (see Section 5.4).

Figure 5.2. Photon attenuation length in ma-
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On each shot, several WRF proton spectrometers® are used. Each spectrometer is individually
calibrated using an accelerator fusion product source (see Ref. 37 and Section 1.3.1). Three WRFs
measured the spectrum emitted from the source, while one measures the downshifted protons
traversing the subject plasma. The WRF line-of-sight is small due to its compact nature, and the
downshifted spectrum is measured through a ~ 400 ym diameter region in the center of the subject
plasma.

5.2.1 Cylinder drive

The arrangement of drive beams on the cylinder target (see Fig. 5.1) must be chosen to optimally
distribute the laser energy in the cylinder’s azimuthal and axial directions. In this experiment, 30
OMEGA beams are available to heat the subject target. The chosen design arranges these beams
into three rings of 10 beams each, which are pointed to achieve azimuthal symmetry. The three
rings are displaced for axial symmetry. The chosen design is shown in Fig. 5.3, plotting the incident
laser intensity versus z and ¢ in the cylinder target’s coordinate system.

The beams are run without phase plates. The best focus conditions for OMEGA beams achieve
radii of 50 pm. The beams were defocused so that the spot size is ~ 100 ym. The three rings are
clearly visible at z ~ —250, 0, and 250 pm. The axial displacement for the first and last rings were
chosen to match the Be plug dimensions (500 pm nominal total thickness). The final laser intensity
in the spots is very high (2 — 4 x 10' W/cm?), which is desirable for generation of the Ag L-shell
photons.

The power balance in z and ¢ is obtained by summation of the illumination data over the other
coordinate. This is shown in Fig. 5.4. Good power balance is obtained in both directions. The
laser configuration used for the cylinder heating in this experiment is summarized in Table 5.1.

5.2.2 X-ray diagnostics

Several instruments were used to diagnose the cylinder’s x-ray emission. In particular, framing
camera (XRFC) data and streaked spectrometer (SSCA) data were taken to qualitatively diagnose
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Table 5.1. Beam pointing configuration for the cylinder drive. The target is centered at TCC. All spatial
units in mm. Pointing expressed as mm towards a port, or (1,0, ¢) in target chamber coordinates.

Beams Pointing Focus Offset
14, 18, 19, 30, 43, 49, 55, 68 0.15 / P7 -1.0
12, 23, 24, 29, 38, 41, 56, 61 0.05 / P7 -1.0
21, 22, 27, 32, 34, 36, 39, 46 0.05 / P7 -1.0
20 (0.502, 76.6°, 107.3°) -0.5
30 (0.502, 76.6°, 216.7°) -0.5
58 (0.46, 46.7°,100.1°) -0.3
63 (0.502, 54.0°, 262.8°) -0.5
65 (0.46, 46.7°, 223.9°) -0.3
67 (0.502, 54.0°, 61.2°) -0.5

the spatial and temporal emission. The XRFC data is shown in Fig. 5.5a. The emission in time
clearly lasts approximately 1ns, as expected from the laser drive. Early in time (top strip) the
emission is dominated by the laser spots on the cylinder’s surface. Later in time (strips 2 and 3)
the emission region clearly increases, as the emission becomes more dominated by the hot coronal
plasma surrounding the cylinder.

(a) (b)

Figure 5.5. (a) XRFC view from TIM 1. (b) XRFC data as log I from shot 72016. A four-strip camera
was used with 12x magnification. Time increases left to right and top to bottom. The time spanned by a
single strip is 200ps, and the timing between strips is 400ps.

The raw SSCA data is shown in Fig. 5.6. The energy dispersion direction is vertical, while time
increases to the right (streak direction). This data can be qualitatively analyzed by looking at the
emission profile in time of one of the bright lines (Fig. 5.7a), and looking at the spectrum for a
single time in the middle of the pulse (Fig. 5.7b).
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The emission time history clearly shows that most of the Ag L-shell emission occurs early
in the laser pulse. 1-D HYADES simulations indicate that the 1 — 2 pym thick Ag layer burns
through at around 0.5ns, corresponding to the rapid decrease in L-shell emission. It was expected
that the coronal plasma would be hot enough to continue L-shell line emission, but the HYADES
simulations suggest that the corona may be too hot - simulated electron temperatures reach 6 — 10
keV towards the end of the pulse, which would mean that the Ag will be ionized to a He-like state.
Future experiments could use a thicker Ag layer or a shorter laser pulse. The rough inferred x-ray
spectrum (Fig. 5.7), using a rough calibration, suggests that the emission is dominated by the Ag
L, at 2.9-3.0 keV and the Lg; line at 3.1 keV.

Figure 5.6. Streaked spectrometer (SSCA)
data from shot 72028 as background-
subtracted logI. The energy dispersion di-
rection is vertical, while the temporal streak
is horizontal. A RbAP crystal was used with
an energy range of approximately 2.7 — 3.8
keV, and the streak time is 4ns.

s Emission

I (a.u.)
I(a.u.)

-10 -05 00 05 1.0 15 20 26 28 30 32 34 36 38
t (ns) Photon Energy (keV)

Figure 5.7. Temporal emission profile (a) and time-snapshot spectrum (b) from the SSCA data on shot
72028. The time and energy axes are only approximately calibrated, due to a lack of absolute calibration
for this instrument.
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5.2.3 Plasma conditions

The x-ray isochoric-heating technique used in this work has been used extensively at OMEGA
for dense plasma physics studies®®343%40  The subject target used here mimics the previous ex-
periments’. This technique is uniquely appropriate for stopping-power measurements. Relative
to other techniques such as shock compression and proton isochoric heating, the x-ray isochoric
heating technique is advantageous in that it produces a large, quiescent, and homogenous plasma.

The isochoric and homogenous nature of the heated plasma comes from several effects. First,
the sound speed in solid-density Be is ¢ = \/vzk:BTe/mi ~ 4 x\ZT, pm/ns, where T, is the
electron temperature in eV, Z is the ionization state, and 7 is the adiabatic index. The sound
speed for these conditions is of order tens of pum/ns; since scale lengths are hundreds of pm and
timescales are of order of ns, significant hydrodynamic motion of the Be cannot occur. Secondly,
the laser interaction on the outside of the cylinder does not interact hydrodynamically with the Be
sample, since the inward-propagating shock wave does not reach the inner material region probed
by the protons at the sampling time. This was verified with radiation-hydrodynamics simulations.
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Figure 5.8. Parameter space, showing contours of constant degeneracy (6, left) and coupling (T, right)
as functions of electron density and temperature. Previous experiments?® 3% are shown in the blue points
(blue shaded region for Ref. 30), and this work is shown by the red points. A typical range for WDM
(ne = 1022 — 10** 1/cm?®, T, = 1 — 100 eV) is shown by the green shaded box, while typical parameters for
the ICF hot spot (HS) and dense fuel (DF) are shown by green points.

Since the mass density is constant, the heated plasma conditions are characterized by the
electron temperature (7.) and the ionization state of the Be (Z). These are inferred from very
similar experiments (Fig. 9 of Ref. 34). The electron temperature, which defines the ionization
state (or free-electron density), is set by the x-ray heating. As the drive energy was the same
as in previous experiments (15kJ/1ns), we assumed that the conversion of laser energy to L-shell
emission is comparable in these experiments, corrected for attenuation in the plastic tube used
(12%) and a larger volume of Be (45%). Using this information, the temperature is estimated to

tX-ray Thomson scattering to diagnose the Be-plasma conditions simultaneously with the stopping-power mea-
surement was unsuccessful, so we use results previously reported for the determination of T, and n..
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be T, = 32 eV. The T, data in previous experiments had an uncertainty of £5.5eV; in the following
analysis, this is increased to £15 eV to include any uncertainty in the scaling. The ionization
state! using the Glenzer data is then Z = 2.46 £ 0.15, corresponding to a free-electron density of
ne = (2.91 4 0.18) x 10?® 1/cm?®. This plasma can be understood by the dimensionless parameters
for degeneracy (6) and coupling (I'.),

kBTe o 82
Er ’ e a(kBTe+EF)’

(5.14)

where 6 is the ratio of the thermal to Fermi energy (EFr), and I, is the ratio of the electron inter-
particle Coulomb potential energy to average kinetic energy (kgT.+ Er), where a = [3/ (47me)]1/ 3 s
the Wigner-Seitz radius. At these conditions, 0 ~ 2 and I'e &~ 0.3, indicating moderate degeneracy
and coupling. The parameter space for the degeneracy and coupling versus electron density and
temperature is shown in Fig. 5.8, with this work and prior experiments marked. We note that the
Graziani et al. (Ref 31) experiments are close to this work in parameter space, but the uncertainty in
their stopping-power data is significantly larger, and they were unable to differentiate any stopping
models. In Ref. 31, the stopping-power uncertainty reported was ~ 24%. In this work, the use
of mono-energetic D3He protons, WRF proton spectrometers3®4! with intrinsic energy uncertainty
~ 40 keV?, and a large subject plasma with pL ~ 100 mg/cm? enable stopping-power measurements
with precision of ~ 1.5%. On each shot, several WRFs were used: three WRFs measured the
spectrum emitted from the source, while one measures the downshifted protons traversing the Be
plasma. For the protons traversing the Be plasma, the small WRF solid angle corresponds to
measuring protons traversing a ~ 400 pm diameter cross-section in the center of the Be plasma.

5.3 X-ray Thomson scattering

Ideally the plasma conditions would be measured directly with a surrogate stopping power target.
This was attempted with imaging x-ray Thomson scattering using the IXTS diagnostic*?, with
the setup shown in Fig. 5.9. Eight additional beams are used to drive a Ni foil, which is radially
displaced from the cylinder. The high-intensity illumination of this foil generates Ni K-shell emission
at 7.8 keV. These photons can Thomson scatter in the Be sample. Two large conical Au shields are
attached to either end of the tube to prevent unscattered radiation from entering the diagnostic
line of sight. Additional collimation is provided by a collimator placed between the Ni foil and the
tube assembly, and a window in the IXTS-facing conical shield (as depicted in Fig. 5.9). The two
collimators were designed so that the photons sampled scatter in a ~ (200 x 200 x 500) pym volume
in the center of the cylinder, with the long dimension oriented radially (i.e. spanning +250 pum)
corresponds to the IXTS spatial imaging axis.

The IXTS data taken is shown in Fig. 5.10. One shot’s raw CCD data is shown on the left, and
lineouts of the data from all four shots taken are shown on the right. In the CCD image, the main
data appears as a streak slightly to the lower left of the center. Some emission is observed around
the target shield cone (see Fig. 5.9) above and below the signal region. In the lineout, the Ni K
lines appear around pixel 900. The Thomson scattered photons are at a lower pixel number (lower
energy). On one shot with a cold subject target (72015, red spectrum), the scattering signal from
cold Be is clearly recorded. Two shots were then taken with a heated target (72014 and 72017, blue
and purple spectra). Finally, a shot was taken where the Ni K photon source was turned off, so that

Alternatively, using T. = 32 + 15e¢V and the Muze LDA model gives Z = 2428f8é§.
$The spectrometers employ a single-particle-counting technique using CR-39, with resulting signal-to-noise ratio
~ 100. The ~ 40keV energy uncertainty is dominated by the CR-39 proton response (see Ref. 41)
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Figure 5.9. Configuration for the IXTS measurement. A Ni foil generates K-shell radiation which scatters
in the center of the Be into the IXTS line of sight. Thick conical Au shields (3mm height and maximum
radius) are added to either end of the cylinder to shield the diagnostic from unscattered signal. A 100x200um
collimator is placed between the Ni foil and Be. Additional collimation is provided by a 200 x 500um window
in the IXTS-facing conical shield. Shown: (a) experimental cartoon, (b) Visrad model, (¢) view from IXTS.



5.4 Proton radiography 125

(a) Raw IXTS data, shot 72017. (b)
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Figure 5.10. (a) Raw CCD image from IXTS on shot 72017. The imaging axis is vertical, and the energy
dispersion direction is horizontal. (b) Lineout data from four IXTS measurements with nominal conditions
(72014, 72017), cylinder heating only (72016), and Ni x-ray source only (72015). The cylinder heating (shot
72015) is an unexpectedly large background source.

only signal originating from the cylinder heating is recorded (72016, green spectrum). We observe
an unexpectedly high background originating from the cylinder heating. Particularly problematic
is the very low signal-to-background in the scattering region, which precludes any high-quality
interpretation of this data.

5.4 Proton radiography

The heating occurs over 1ns, and the temperature is quiescent for another ns after the drive turns
off3*. The implosion proton source was timed so that the proton probing occurs at 1.4 ns, which
prevents target electrostatic charging effects?®3% while preserving the temperature. The absence
of target charging at the proton probing time was verified using proton radiography>? on a single
shot, using the same experimental configuration as the stopping power measurement.

The radiography data is shown in Fig. 5.11. The expected view (left) is generated from a Visrad
model of the experiment. Due to the use of larger implosion targets (see Fig. 5.1), the spatial
resolution is degraded relative to standard D3He proton backlighting®®. However, the cylinder
target with large pL generates a central region without proton fluence, since protons transiting
the cylinder are ranged out in the detector filtering. The expected cylinder size from geometric
magnification is shown by the red dashed circle superimposed on the radiograph. The diameter of
the image is consistent with the geometric magnification, demonstrating that field effects are not
present.

In the corona surrounding the driven cylinder, magnetic fields generated by the Biermann
battery (Vn x VT') or laser-plasma interaction instabilities are present. While the electric charging
of the target decays rapidly after the laser turns off?®3%, these magnetic fields can persist in the
low-density coronal plasma, and show up in the radiograph as quasi-filamentary structures around
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Figure 5.11. Proton radiography from shot 72028. (a) Radiography field of view from Visrad model. (b)
Measured D3He-p radiograph. The expected geometric size of the cylinder is shown by the red dashed circle.

the periphery of the image. These fields will not affect the stopping power measurement.

5.5 Stopping-power data and downshift analysis

Shots were taken with both undriven (i.e. cold) and heated (warm) Be targets. Data from each
type of shot are shown in Fig. 5.12. Three WRFs measured the source spectrum; each is fit with a
Gaussian to determine the mean energy. The weighted mean of the three measurements represents
the initial proton energy, where the primary source of uncertainty is the WRF response and only
relative (random or statistical) uncertainties are retained. Systematic calibration uncertainty is
correlated between the WRF's since they are calibrated against the same proton source®’. The D3He
proton spectra are Doppler-broadened due to the plasma temperature and upshifted slightly from
their birth energy (Eq. 1.15) due to radial electric fields around the exploding-pusher implosion?®.
The initial (E;) and final (Ey) proton energies are determined from a Gaussian fit; the downshift,
or total energy loss, is AE = E; — Ey. The measured quantities for each shot are given in Table
5.2. The data clearly show a larger AFE in the plasma case than in the cold (undriven) case, which
means that the stopping power increases in the WDM plasma.

The measured quantities for each shot are given in Table 5.2. The data clearly show a larger
AFE in the plasma case than in the cold (undriven) case, which means that the stopping power
increases in the warm-dense-matter plasma.

For comparison, the energy loss can be obtained from theory by integrating the stopping power
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Figure 5.12. Proton spectral data for four shots: with warm subject target (top row) and with a cold
subject target (bottom row). The source spectrum is measured directly by several WRF's, while a single
WRF measures the downshifted spectrum.
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Table 5.2. Data summary: initial (F;) and final (Ey) energies, and downshift (AE) for each shot.

Shot E; (MeV) E; (MeV) AFE (MeV)
72018 (Warm) | 15.019 £0.020 | 12.167 £ 0.039 | 2.851 + 0.044
72024 (Warm) | 15.025 £ 0.029 | 12.043 4+ 0.037 | 2.981 4 0.047

72025 (Cold) | 15.075 £ 0.018 | 12.355 £ 0.036 | 2.720 £+ 0.040
72026 (Cold) | 15.004 £0.017 | 12.296 £ 0.040 | 2.708 £ 0.044

over the path-length traversed¥,

L
AE = —/ B 1o, (5.15)
0

dzx

where dE/dx depends on the particle energy and plasma conditions. A comparison of our data
to several theories is shown in Fig. 5.13. The measurement uncertainty is due to the proton
spectroscopy uncertainties. In the cold-matter theory calculations the primary uncertainty is the
areal density uncertainty and initial energy variations, while the plasma theory uncertainties are
dominated by the uncertainty in plasma conditions (n., T, and Z where applicable).
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Figure 5.13. Downshift (AE) for cold (left) and warm (right) shots compared to theory. The solid points
are data (denoted by shot number), and theories are hollow points. The cold data show excellent agreement
with SRIM. In the heated plasma experiments, discrepancies with theory are observed. The uncertainties in
theoretical calculations are due to uncertainties in pL and plasma conditions.

First, we compare our cold data to the well-established SRIM® and ICRU*? stopping powers,
derived from fits to prior data, which show good agreement given our measurement uncertainty
and an expected ~ 1% uncertainty in the SRIM/ICRU databases (not included in Fig. 5.13 error
bars).

The warm data (shots 72018 and 72024) show a clear enhancement in stopping power (down-
shift) relative to the cold material. dE/dx is enhanced by the long-range nature of stopping on the

YFor these conditions the path- and linear-distance energy losses are equivalent to better than 0.1%, since large-
angle Coulomb scattering is negligible
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plasma (free) electrons relative to the atomic (bound) electrons. There are three common theoret-
ical techniques for treating the partially-ionized material in the warm subject plasma: either an
ad-hoc combination of independent bound- and free-electron components, or using an inhomoge-
neous WDM theory such as the average-atom local-density approximation (AA-LDA) model 4%,
or with a Bethe-style effective ionization potential.

In the first case, the partially-ionized plasma is approximated by treating free and bound elec-
trons entirely separately; we use Zimmerman’s model'* for the bound electrons, where a Bethe-
Bloch style Coulomb logarithm term is used with an mean ionization potential. For the free
electrons, any plasma stopping model which properly reduces to the quantum RPA limit at high
particle velocity can be used, such as the Maynard-Deutsch ! or Brown-Preston-Singleton '° which
give nearly identical results. This ad hoc bound+free model is shown in Fig. 5.13 as ‘B+F’. In this
regime, the approximation agrees with the experimental results. The uncertainty in the theoretical
value results from the experimental uncertainties in 7, and Z.

Secondly, the partially-ionized material can be treated with the AA-LDA model“%, which allows
for a self-consistent first-principles treatment of the inhomogeneous electron distribution around an
ion (‘local’). The inhomogeneities in the electron distribution are, in essence, the system’s partial
ionization. The AA-LDA stopping-power result is shown in Fig. 5.13, also showing agreement with
the experimental data. The uncertainty in the calculated downshift results from the experimental
uncertainty in 7.

Finally, we compare to a ‘classical ideal plasma’ (CIP) in Fig. 5.13b, which is calculated
using a non-degenerate BPS stopping power with an assumed fully-ionized homogenous plasma,
i.e. neglecting the partial ionization of this system. This model clearly disagrees with the data,
demonstrating the importance of the partial ionization for stopping in this regime.

In calculating the total stopping power, the electron temperature and degeneracy have little
direct effect (< 1%). This is because the D3He proton velocity is very high relative to the plasma
electron thermal velocity, so this experiment is in the high-energy Bethe stopping limit. However,
the heating affects the ionization state and thus the stopping power. The data thus serve as a
sensitive probe of the relative importance of bound-free and free-free collisions in each case (cold vs
warm), as the electron ‘configuration’ causes the increased stopping in the WDM plasma through
an increase in the average energy transferred to a plasma electron during a collision. This can be
modeled using a Bethe-style stopping-power equation®,

dE A Z2et 2, v2
= —Ltene In [ mevt] , (5.16)

2
dx MeVj

where physically, in the Coulomb logarithm, 2m.v? represents the maximum energy transfer to an
electron (a head-on collision), and I is the ‘mean ionization potential’ representing the minimum
energy transfer, which is sensitive to the electron configuration (bound vs free). This is a simple
form of the Coulomb logarithm, neglecting quantum diffraction, dynamical screening, and strong
collisions*”*®, but this form can be used to further understand the experimental data. We fit the
downshift data using the known target areal density and Eq. 5.16 to infer I. The best-fit values
are shown in Fig. 5.14. The data clearly show a higher I in the cold case than in the warm, which
corresponds to the observed increase in stopping power (Fig. 5.13). The inferred values of I show
good agreement with the Andersen-Ziegler value?” in the cold-matter stopping case. The ideal
high-energy-projectile plasma limit, I = hwpe, represents a lower bound on I, shown by the shaded
region in Fig. 5.14. As expected, the WDM case falls between the cold-matter and ideal-plasma
limits.

These measurements of the mean ionization potential in a WDM plasma are a strong constraint
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Figure 5.14. Mean ionization potential (I) inferred from the stopping-power data in the cold (a) and warm
(b) cases compared to the Andersen-Ziegler empirical fits (I4z), the ideal plasma case (hwp.), and electronic
structure theory.

on modeling of atomic physics and transport phenomena®, as I can be straightforwardly calculated

from any electronic structure model. Theoretical values of I are calculated in the cold (I = 54.7
eV) and WDM (I = 45.713% eV) cases using a Kohn-Sham density-functional theory and shown
in Fig. 5.14. While this theory slightly underpredicts the data and Andersen-Ziegler values in the
cold-matter case, it is in good agreement with the data in the WDM case. Additional tests of
such electronic structure models or density functional theory predictions®' are valuable as these
models are applicable to a wide range of transport properties in dense plasmas, for example the
phenomena of ionization potential depression®?3, which is the subject of intensive recent study>*°°,
is connected to the mean ionization potential as studied in this work. Other WDM collisional
transport rates, such as resistivity and thermal conductivity, cannot be directly tested using this
technique, but can be separately calculated using models like the AA-LDA in this work.

5.6 Conclusions

In conclusion, we report the first high-precision energy-loss measurements for energetic D3He pro-
tons traversing an isochorically-heated WDM Be plasma, which show an enhanced stopping power
relative to cold matter. By using high-energy protons, the measurement is insensitive to temper-
ature and degeneracy effects, and we thus probe the relative importance of the inhomogeneous
electron distribution (bound states) on the stopping power. The partially-ionized material may be
treated by an ad-hoc combination of independent bound and free components, using the AA-LDA
model, or by using a Bethe-style mean ionization potential. The first two models from previous
theoretical work are found to be in good agreement with our experimental results. We also use the
stopping data to infer I in this WDM plasma and compare to results from density functional theory,
showing good agreement; this technique is an effective constraint on electronic structure models in
WDM. In addition to the basic physics, accurate treatment of stopping in partially-ionized material
is particularly relevant to heavy-ion fusion, proton fast ignition, and hot-spot ignition with ablator
materials mixed into the fuel.

Accurate theory of charged-particle stopping in dense, degenerate, strongly-coupled and/or
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partially-ionized plasmas is a fundamental challenge. We anticipate that this technique will be a
robust platform for further stopping-power studies, such as probing at various electron degenera-
cies, plasma couplings, degrees of ionization, and with other materials to further constrain modeling
of WDM plasma physics and stopping in partially-ionized material. Finally, lower-energy parti-
cles such as DD-p, DD-T, and D3He-a will be used to increase the experimental sensitivity to
temperature and degeneracy effects.
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6

Development of platforms for plasma-stopping-
power experiments on OMEGA EP

6.1 Introduction

The Target-Normal Sheath Acceleration (TNSA)! mechanism is a well-known technique for pro-
ducing high fluences of energetic ions, mainly in a forward-directed beam. These ion beams have
many potential applications including proton radiography (see Appendix A), proton probing, and
proton isochoric heating?. Typically mid- or high-Z flat foils are used as source targets for these
experiments. In this work, several advanced target types were tested on the OMEGA EP laser?. In
Section 6.2.1, several types of substrate material were used to study the material’s effect on proton
beam uniformity, which is also critical for proton radiography applications. In Section 6.2.2, mi-
crostructured plastic-coated targets were used in a replication experiment of previously-published
results showing quasi-monoenergetic peaks in the TNSA spectrum®. TNSA protons were also stud-
ied for use in proton isochoric heating (Section 6.3). Lastly, a EP platform using halfraum-heated
foams as a subject plasma were recently attempted (Section 6.4).

6.2 TNSA Proton Sources

The geometry for TNSA proton source experiments is shown schematically in Fig. 6.1. The
target is a planar source foil with the short-pulse beam incident upon the front surface. The
primary diagnostics are radiochromic film (RCF)® and a Thomson-Parabola Ion Energy analyzer
(TPIE)% 8. To support several experiments, including this work, a smaller-field 1.6kG permanent
dipole magnet was purchased for the TPIE system®. The calibrati on of this magnet is described
in Sec. 6.2.3.

6.2.1 Proton Source Foils

Non-uniform proton emission from TNSA foils is commonly observed at OMEGA EP, where 10um-
thick Au foils are typically used®. It is known that the surface quality of these targets is not good,
with thickness variation up to 10% expected. Since the TNSA mechanism is highly sensitive to
the conditions on both target surfaces, it has been expected that these targets may have degraded
performance due to the poor surface quality. Previous experiments on the TITAN laser facility
found improved uniformity with improved target surface quality !°, motivating similar experiments
at OMEGA EP.
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Figure 6.1. Experimental geometry for the TNSA proton source experiments. The short-pulse laser is
incident upon the front surface of a source foil. Tons accelerated from the rear surface are detected by RCF
and the TPIE spectrometer.

Table 6.1. Types of target foils used, and their RMS surface roughness (67).

Foil type and thickness RMS 67" (nm)
Goodfellow 10um Au 800 — 900
GA-machined 10um Au 30
50pm Si Wafer with 1um Au coating 4
50pm CVD Wafer with 1uym Au coating <10

Four different types of planar foils were made and tested. The foils types and their RMS surface
roughness are summarized in Table 6.1. The Goodfellow!! and GA-machined Au foils are 10 ym
total thickness. The wafer targets have a 50 pym substrate thickness, with 1 gm of Au coating on
either side. The advanced targets have a 10 — 100x improvement in surface roughness over the
standard Goodfellow foils.

The foils were all driven by one short-pulse beam of OMEGA EP using ‘best compression’ (1ps
pulse). The uniformity is diagnosed with RCF. Three shots with identical high-intensity drive and
various foil types are shown in Fig. 6.2. The wafer foils, with much less surface roughness, still
exhibit significant spatial non-uniformities in the emitted proton beam. Similarly, a comparison of
Goodfellow and GA-machined Au foils is shown in Fig. 6.3.

The images clearly show that the foils with very poor surface uniformity (the Goodfellow Au)
have significant high-mode quasi-filamentary structures in the emitted proton beam, which are
not observed in the beams from smoother foils. However, the advanced foils have very significant
lower-mode structure in the emitted beams, which would be extremely problematic for radiography
applications.

One common factor is the laser spot uniformity on a foil, which is shown in Fig. 6.4. The
extremely non-uniform laser illumination is typical for experiments at EP, and may seed instabili-
ties. In particular, prior experiments and simulation work have shown that resistive filamentation
instabilities can develop as the laser-accelerated electrons propagate through the solid source tar-
get 213 The non-uniform laser irradiation may seed an initial non-uniformity in electron flux,
which will accentuate through the filamentation instability. The prior literature predicts a stabi-
lization of the resistive filamentation instability in diamond wafer targets at lower intensity due to
the low-temperature resistivity behavior of diamond 2.



6.2 TNSA Proton Sources 139

Hq
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~

Figure 6.2. Proton beam images using 400J/1ps drive with three target types. RCF filtering corresponds
to a peak sensitivity to 35 MeV protons. All target types display significant non-uniformities. Shot numbers
are given for each experiment in parentheses. The hole in the middle of the film is for the TPIE spectrometer
LOS (see Fig. 6.10). Each film is 7cm square (see Fig. 6.1).

1 Re
(a) Goodfellow Au (13971) (b) GA Au (15296)

Figure 6.3. Proton beams produced by using 200J/1ps laser pulses incident upon the two types of Au
target. RCF filtering corresponds to a peak sensitivity to 18 MeV protons (lower than Fig. 6.2 due to the
lower drive energy). Both target types display significant non-uniformities.
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Figure 6.4. Laser focal spot shape for shot 15301. Significant non-uniformity in the laser illumination on
the foil is routinely seen at EP.
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Figure 6.5. Images of proton beams using 40J/1ps laser pulses incident upon three target types. RCF
filtering corresponds to a peak sensitivity to 9 MeV protons.
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Figure 6.6. Proton spectra measured with TPIE. These protons were produced using high-intensity drive
(400J/1ps, a) or low-intensity drive (40J/1ps, b) onto microstructured foils.

To test this, the same targets were shot with a factor of 10x less energy (40J/1ps). The results
are shown in Fig. 6.5. While non-uniformities are still apparent in all experiments, the CVD
wafer qualitatively appears to have the best uniformity, which may support prior results, and the
hypothesis that the focal spot non-uniformity is causing the observed variation at higher intensity.

6.2.2 CH-coated foils

Shots with CH-coated foils were also conducted. The motivation for these experiments was to
repeat prior experiments?, which showed quasi-monoenergetic peak structures in the spectra of
TNSA protons when using microstructured foils. A large dot (500um square) of CH was deposited
onto the rear surface of a TNSA planar foil. The size of the coating is much larger than the laser
spot size (~ 20um). The data taken at EP using microstructured targets is shown in Fig. 6.6.
When driven at high intensity, one shot of data (13963) does display a clear peak at E, ~ 2.5
MeV, similar to the Schwoerer results (Ref. 4). However, attempts to repeat the experiment (shots
13973, 15301) result in very different proton spectra. The sharp cutoffs ~ 1 MeV in these spectra
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Table 6.2. Configuration of TPIE for the calibration shots.

Pinhole 250 pm
E Field 9 kV/cm
Detector Position P1 (10cm)
Pinhole-TCC 40 cm
Detector CR-39 + BAS-TR IP
Magnet 1.6 kG

Figure 6.7. Raw data from two TPIE calibration shots (70561 and 70562). Red=more signal. The fiducial,
DD-p, and D3He-« are clearly visible. Here the electric deflection is vertical, and the magnetic deflection is
horizontal. The TPIE CR-39 is 5 x 10 cm.

are not typical of TNSA. We hypothesize that the cutoff results from non-uniformities in the proton
emission (see Sec. 6.2).

At low intensity (17414), a similar result is seen, with a peak at ~ 1 MeV. In this case we have
a direct comparison to an identical shot without plastic coating (17424). However the repeatibility
or reliability of this peak generation has not yet been tested.

6.2.3 TPIE 1.6kG magnet calibration

A Thomson parabola consists of parallel electric and magnetic fields. In TPIE, these are provided
by parallel electrically-biased plates and a permanent dipole magnet, respectively. The magnetic
deflection can be calibrated by using particles of known species and energy. In this work, D3He-
gas-filled ‘exploding pusher’ implosions were conducted on the OMEGA laser to calibrate TPIE.
The targets were 860 um OD SiOs shells of 2.3 um thickness filled with 15 atm of equimolar fuel,
driven by 60 beams with 14kJ of total energy in a 600ps pulse shape with SSD, DPR, and SG4
DPP. The D3He and DD nuclear reactions (Egs. 1.15 and 1.17) were used to generate 3.7 MeV
as and 3.0 MeV protons, respectively, which are used for the calibration. The TPIE configuration
for the calibration experiment is shown in Table 6.2. The raw data are shown in Fig. 6.7. The
fiducial is visible at lower right. The DD-p and D3He-« are clearly visible as peaks in particle
fluence. In these images, the magnetic deflection is horizontal and the electric deflection is vertical.
Both are measured relative to the fiducial. The data are analyzed by generating lineouts in = and
y (magnetic and electric deflection, respectively) for each peak. The lineouts for shot 70561 are
shown in Fig. 6.8. Gaussian fits to each peak in x and y (shown by the red dashed curves) are
used to determine the peak position.

The energies of these particles were also measured with both Charged-Particle Spectrometers
(CPS) ™, which are used for a cross-calibration, and are shown in Table 6.3. Agreement between the
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Figure 6.8. TPIE analysis: peak lineouts and fits for the DD-p (top) and D3He-a (bottom) calibration
data from shot 70561.

Table 6.3. Particle energies measured by CPS 1 and 2, which are used for the energy calibration of TPIE.

CPS 1 CPS 2
Shot | DD-p E (MeV) | D®He-a E (MeV) | DD-p E (MeV) | D3He-a E (MeV)
70561 3.08 3.69 3.11 3.74
70562 3.12 3.82 3.17 3.74

two diagnostics is observed, demonstrating good spatial uniformity in the emitted particle energy.
The TPIE results are shown in Table 6.4. First, the electric deflection of each peak is used to infer
a droop in the electric field, which is a known effect caused by implosion-generated hot electrons
reducing the applied potential®. Good agreement in the inferred post-droop electric field is found
between the two particles as well as between the two shots, demonstrating consistency.

The calibration of the magnet itself in the analysis® is based upon a fit to the data, with the

functional form
_m

VE

where z is the magnetic deflection, FE is the particle energy, and m and b are calibration coefficients.
A preliminary calculated calibration® had given m = 4.24 and b = —0.12. The data are given in
Table 6.4. Average values m = 4.47 and b = —0.005 are used. The fact that b is found to be close
to 0 is reassuring, since in the limit £ — oo the magnetic deflection is expected to go to 0.

The particle yield inferred from TPIE is also compared to the well-understood CPS 1 and 2

x

+ b, (6.1)
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Table 6.4. TPIE 1.6kG magnet calibration results

Shot | DD-p |E| (kV/cm) | D3He-a |E| (kV/cm) | m b

70561 6.01 6.04 4.38 .05
70562 6.05 6.08 4.56 | -0.06
10
6 x10 . .
D3He-a
& e
51 ]
]
ir {| ® CPSt
§ m CPS2
31 DD-p @ x ] {1 x TPIE
X
21 % ]
X
1 1
70561 70562

Figure 6.9. Yield inferred from TPIE (x) compared to CPS 1 (@) and CPS 2 (W) for both shots, for DD-p
(blue) and D®*He-« (red), indicating that the TPIE yield is low ~ 2x.

systems. The results are shown in Fig. 6.9. CPS 1 and 2 are consistent with each other, but
the TPIE yield measurements are low by ~ 2x. This is explained by the high aspect ratio of the
TPIE pinhole, which is formed by two crossed slits. Each slit substrate is 0.8 cm thick, so the
total pinhole substrate thickness is 1.6c¢m for a 250 pm diameter pinhole*. The system is thus very
sensitive to misalignment, which reduces the effective pinhole area.

6.3 Proton Isochoric Heating

Proton isochoric heating using petawatt lasers? is potentially an interesting technique for stop-
ping power experiments, which require a ‘subject’ plasma be generated in an interesting state to
probe. Fast proton beams generated by the TNSA mechanism can be used to rapidly and quasi-
volumetrically heat a sample of solid-density material to Warm Dense Matter (WDM) conditions.
In this work, experiments were conducted at EP? using TNSA-generated protons to heat a sample,
which is diagnosed with self-radiography and orthogonal x-ray radiography.

The experimental configuration is shown in Fig. 6.10. One of the EP short-pulse laser beams
was incident upon a planar foil, which was typically a 10um-thick Au foil. The generated protons
traverse a slab of plastic (dimensions 200 x 200 x 50 pm), heating the slab by energy deposition.
The stopping power of protons in the slab is shown in Fig. 6.11.

*See LANL Drawing 78Y-1765705
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OMEGA EP
Short-Pulse TNSA Protons
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50x200x200pm
]
I
Slab
Source Foil
10pm Au [

Figure 6.10. Experimental configuration for studying proton isochoric heating. Protons generated by
TNSA traverse and heat a plastic (CH) slab (blue). Broadband area-backlit x-ray radiography (not shown)
is conducted perpendicular to the page.
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Figure 6.11.

Left: proton stopping power in the plastic slab. Right:

Energy deposited versus proton

energy, area normalized. The blue curve does not take the proton spectrum into account, while the red
curve is weighted by a typical TNSA exponentially-decaying spectrum.
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Figure 6.12. The raw XRFC data from shot 15308. The x rays image the slab and part of its stalk. The
protons are incident upon the tip of the slab opposite the stalk. With the snout used, the center channel is
straight through while the two side channels are mirror images.

The slab is 200um thick along the proton’s path, corresponding to the total range of a 3.8
MeV proton, which is apparent as the peak in the energy deposition profile in Fig. 6.11. Most
of the proton heating comes from particles around this energy. When the exponentially-decaying
spectrum (see Appendix A and Fig. A.11 for more information) is taken into account, more of the
heating comes from lower-energy protons. Since the low-energy particles will be ranged out in the
slab, this may cause non-uniform heating.

6.3.1 X-ray radiography to characterize slab heating

X-ray radiography was used to characterize the expansion of the plasma slab after proton heating.
The radiography is perpendicular to the proton heating beam, and views the slab ‘edge-on’, as it
appears in Fig. 6.10. A depleted-uranium foil is driven by two long-pulse OMEGA EP beams (#3
and #4) with a 2ns square pulse, up to 2kJ/beam, and with SG8 DPP. The resulting x-ray emission
area is large enough for area backlighting. A 3pm-thick Al foil is placed between the backlighter
foil and the proton heating target to reduce x-ray preheat.

A standard X-Ray Framing Camera (XRFC) was used to record the radiographs. The XRFC
was configured with 4 strips and a 12-pinhole array. The soft x-ray snout (SXS) was used, which
consists of a straight-through central channel and two mirror-reflected channels on each strip. The
mirror channels are only sensitive to soft x rays, thus reducing hard-photon background in the
images. Al filtering was used to optimize the signal strength, and the strips were timed with 500ps
between them, starting 400ps before the heating, and with a 200ps pulse-forming module (PFM).
The data are recorded on Biomax film.

The data from shot 15308 is shown in Fig. 6.12. On this shot, the proton heating drive was
500J/10ps. The slab is roughly centered in each image. The feature extending up and to the right
(left) is the stalk in the central (mirrored) channels. The proton heating beam goes left-to-right
(right-to-left) in the central (mirrored) images. The first strip is taken before the heating, with
subsequent strip delays of 0.1, 0.6, and 1.1 ns relative to the proton heating.

In the 41 strip (bottom of the image), the slab has clearly expanded. The tip of the slab is also
observed to expand farther in a ‘mushroom’ shape, which suggests non-uniform heating along the
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Figure 6.13. Reduced third image of first strip (Fig. 6.12), showing the stalk entering from left and the
slab. The protons are incident upon the slab opposite the stalk (at right of the image).

proton beam direction.

The radiography data are first converted into x-ray flux using the step wedge calibration. Each
frame is background-subtracted using regions between the frames. Within a given frame, a 2-D
polynomial fit to the backlighter profile is subtracted from the image to obtain the target opacity
image. Supergaussian fits across the slab at two locations are used to correct for the image’s
rotation. The image is also converted to image-plane-distance units using the known magnification.
The final result of this analysis for an example from (strip 1, 3¢ frame) is shown in Fig. 6.13.

Profiles of the slab absorption from this image analysis are used to infer the heating dynamics.
For example, profiles at various depths from 10 to 90 um into the slab, along the proton propagation
direction, are shown in Fig. 6.14. The profile near to the tip of the slab (10 pm) is clearly different
from the more recessed lineouts.

A straightforward analysis technique is to fit the data and infer the increase in FWHM due to
the slab expansion, which can be directly compared to simulations. The images from frame 3 of
each strip are analyzed at a depth of 30um into the slab. The profile is fit with a supergaussian:

1 1 — )"
Jy) = Ax <21+1/Na oT(1 + 1/N)) P [(yQJNM)] + 5B, (62)

where y is the coordinate perpendicular to the proton direction. The fit parameters are the am-
plitude A, an offset B, the supergaussian width ¢, mean position um, and order N. Fits to three
profiles are shown in Fig. 6.15.

The FWHM from the fits in Fig. 6.15 is used to compare to simulations. The expansion
into vacuum of a CH slab artificially preheated! to various temperatures was modeled with the
HYADES radiation-hydrodynamics code!®. The simulated density (OD) profile is motion- and
resolution-blurred to calculate an inferred simulation FWHM of the profile.

The time axis is normalized so that the proton heating occurs at t = 0. One radiograph was
taken before the heating occurs, resulting in a FWHM= 50 pm, the initial slab width, as expected.
After the heating, the slab is observed to rapidly puff up to a 75 pum thickness in ~ 0.3 ns, and
then to 80 pum thickness in 0.8ns.

fSince the proton heating occurs rapidly (~ps) compared to dynamical timescales (~ 100s of ps), the HYADES
simulations are configured using an initial temperature to approximate the heating process.
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Figure 6.14. Optical density of the slab at several depths (corresponding to distance along the proton
heating path)
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Figure 6.15. Supergaussian fits to optical density profiles at a depth of 30 um, obtained from frame 3
images using strips 1, 2, and 3.
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Figure 6.16. Comparison of experimental and simulated FWHM vs time for the slab expansion. Simulated
curves are shown for various initial temperatures.

This behavior clearly contradicts the hydrodynamic result, as illustrated by the curves. In the
simulation, FWHM initially decreases as the rarefaction wave propagates into the solid slab. After
the two-sided rarefaction meets in the middle, the material is all expanding and the calculated
FWHM increases rapidly.

The temporal history of the slab expansion is not driven by hydrodynamic rarefaction. Another
possibility is that the slab motion is driven by the Lorentz force. The petawatt laser interaction
generates an extreme flux of energetic electrons, which pass through the slab, followed by the
ion beam. This has the potential to induce electromagnetic fields in and around the slab target.
Evidence for this is explored in Sec. 6.3.2. If the slab is charged (either positively or negatively)
by the TNSA particle flux, then electrostatic self-repulsion will lead to a rapid expansion in a
‘Coulomb explosion’. Neutralization of the charge will occur over several hundred ps via a stalk
return current %17 which could explain the rapid expansion and subsequent apparent deceleration
observed. Unfortunately, this effect means that inferring a temperature from the slab expansion is
not possible.

6.3.2 Electromagnetic fields around the slab

In these experiments, the proton beam is recorded on RCF after passing through the slab target.
This data is useful to diagnose potential electromagnetic fields that might develop around the slab.
Three radiographs from the experiments are shown in Fig. 6.17. All experiments used identical
laser conditions (500J/10ps short-pulse drive) and targets (10um Au source foils, 200 x 200 x 50
pum CH slabs). The difference between 13964 (left) and 15310 (center) is how the slab is attached:
via stalk to the source foil (13964) or by an independent stalk (15310). The difference between
15310 and 15306 is that the orthogonal x-ray backlighter was turned on for 15306.

Shot 13964 has an obvious qualitative difference in the image than the other two, in that the
slab is substantially magnified relative to the expected geometric magnification. This indicates an
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Figure 6.17. Self-radiography of proton heating slab target. The proton heating beam, after passing
through the slab, is recorded on RCF. These films correspond to 18 MeV protons. The short-pulse drive is
500J/10ps in all cases. For shot 13964 (left), the slab was attached to the proton source target via stalk. For
shot 15310, the slab was independently positioned. Shot 15306 is like 15310, but with the x-ray backlighter
turned on 500 ps before the proton heating occurs. Cartoons above each RCF image depict the geometry.
The image magnification is 80x; a 200um scale bar is shown in the center. In this view, the slab is initially
200pm vertical by 50pum horizontal.
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electric or magnetic field:

q
0 = — 91 [Ba,
B ,/2mpEp/ +
. q
e = 5 / B dl. (6.3)

The deflection (#) depends on the path-integrated perpendicular electric or magnetic field, and the
proton energy (E,). Typically E and B would be discriminated by using multiple proton energies.
Unfortunately in this experiment, the other film images are low quality. It is clear, however, that
the slab image is uniformly magnified, which is highly suggestive of an electric field.

In this image, the maximum deflection is 0 ~ 17° for £, = 18 MeV. This corresponds to a
value of [ E;dl ~ 107 V. For a scale length of hundreds of pm, that is an electric field of tens of
GV/m. If the drop to zero potential occurs over mm scale, then the slab charging is of order tens
of MV, which is comparable to the petawatt-induced charging of the foil target, which accelerates
the TNSA ions. Since the slab is small and mounted close to the foil (lmm away) compared to
the foil lateral dimensions (2mm), the entire target must charge and discharge. Unfortunately this
significantly complicates the proton heating dynamics. The lack of significant charging effects!
in shot 15310 clearly suggests that an independent stalk mount is desirable for proton isochoric
heating experiments.

The other clear observation is that the presence of the x-ray backlighter induces significant
chaotic structure in the self-radiograph (shot 15306). Since the drive beams for the backlighter are
turned on 500ps before the proton heating occurs, the x-ray flux may affect the proton heating
targets. The x-ray flux from the backlighter is not sufficiently intense to bulk heat and drive the
targets, but could potentially create a small amount of tenuous plasma surrounding the proton
source targets. This could have an effect on the TNSA proton generation (see Appendix A),
or the electromagnetic fields surrounding the two targets, plausibly explaining the observed self-
radiograph.

6.3.3 Cross-talk effects on proton probing

Combining the proton source and proton heating techniques raises the issue of crosstalk between
them. Preliminary integrated experiments have been conducted to assess this possibility, where
proton heating is used to create a subject plasma, and a proton source (Sec. 6.2) is generated after
the heating, with the probing protons passing through the subject plasma orthogonal to the original
heating protons. This experimental geometry is shown in Fig. 6.18. The resulting RCF images
of the probing proton beam (see Fig. 6.18) are shown in Fig. 6.19. Based on the experimental
geometry, the projected image of the slab was expected to be centered on the TPIE spectrometer
line of sight, which is the white circle in the RCF images. Instead, protons going through the slab
are displaced by ~ 1 cm in the image plane. In the experiment, no target or diagnostic misalignment
can explain this much offset. In addition, the offset is repeatable, and observed on both shots with
and without proton heating (left and right of Fig. 6.19).

The deflection angle of the protons is inferred from the slab’s centroid location as a function
of proton energy, and plotted in Fig. 6.20. The deflection angle is found to be ~ 8 — 9 degrees
for a wide range of proton energies (15 — 35 MeV). This is inconsistent with a constant electric or
magnetic field deflection (see Eq. 6.3) - the expected 1/E,, or 1/\/E7'p scaling is shown in Fig. 6.20

#Non-uniformities in the observed radiograph may result from field structures around the slab, but it is also very
likely that they result from non-uniformities in the proton beam emission (see Sec. 6.2).
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Figure 6.19. RCF image of the probing protons (see Fig. 6.18) from two integrated shots: 15307 without
proton heating (slab only), and 15310 with a heated slab. The film is 7cm square.
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Figure 6.21. Raw TPIE signals from proton source experiments, where multiple proton parabolas are clearly
visible. The fiducial is at the lower right, and magnetic (electric) displacement is horizontal (vertical). From
left to right, data are from shots 17414, 17416, and 17418. The TPIE CR-39 is 5 x 10cm.

normalized to the lowest-energy data point.

Two possible explanations for this effect are rapid field evolution and virtual or multiple proton
sources. Since the TNSA protons have time-of-flight spreading of order 50ps, a rapidly-decaying
electromagnetic field could explain the data, as the higher-energy protons would be deflected by a
stronger path-integrated field than the lower-energy protons.

Another possibility is that the protons creating the image in Fig. 6.19 are not born at the
expected location (i.e. where the short-pulse laser hits the target foil). Evidence for multiple proton
sources in these types of experiments has been observed in the TPIE data, illustrated by Fig. 6.21.
Multiple sources of protons are also problematic for potential stopping-power experiments, as the
path length traversed by protons in the subject plasma depends on where the protons are born.

Finally, another crosstalk concern is that the proton-heating interaction may generate protons
that would be detected on the spectrometer, even with the orthogonal line-of-sight (see Fig. 6.18).
For example, this could happen if the slab charges to an electric potential of several MV. This
was tested with two shots: 17414, with only the proton probing source, and shot 17422, using an
identical proton source but with a proton-heated slab. These spectra are shown in Fig. 6.22 (shot
17414 also in Fig. 6.6). The shot with the proton heating displays considerably higher proton
flux across the entire energy range. This data suggests that ~ 5x more protons from the heating
than the probing are detected in the spectrometer. This would represent a very small S/B for any
potential stopping-power measurement, and it is not clear if this effect can be mitigated.
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Figure 6.22. Spectra from proton source only (17414) and proton source with a proton-heated slab (17422).
The proton source was a CVD wafer with CH overcoating driven by 40J/1ps pulse. The proton heating drive
was 150J/10ps.

6.4 Hohlraum-heated subject plasma

Experiments were conducted at OMEGA EP to test the feasibility of using radiatively-heated foams
as a subject target for stopping-power experiments. The experimental geometry is shown in Fig.
6.23. The concept is to use a halfraum (right) to launch a supersonic heat wave into a low-density
foam (left, blue), which would be quasi-isochorically heated to warm (~10s-100 eV) conditions.
The detailed target design is also shown in Fig. 6.23. Three of the OMEGA EP beams (#2,3,4)
were used in long-pulse mode to drive the hohlraum with a 2ns long pulse shape and 2kJ of energy
per beam. The heat wave propagated through the low-density (50 mg/cm®) CH foam. A 300um
thick region of the foam was inserted into the halfraum, providing a ‘tamp’ so that hydrodynamic
motion is minimized in the sampling region. At the end of the halfraum, a 600pum cube of foam
was the subject plasma for the experiment, presenting a uniform thickness of material along the

protons Figure 6.23. Experimental geometry for the
A L 5mm halfraum-heated foam experiment. A hal-
fraum (right) drives a heat wave in a low-
| density foam, which is probed by TNSA-
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proton propagation direction. The probing protons were generated with the sidelighter beam, using
a 40J/1ps pulse incident upon a 100um-thick Au foil.

A radiation temperature of up to 150 eV was expected based on scaling relations and prior
work'®. A HYADES simulation of the foam 2ns after the start of the drive, well after the heat
wave has propagated through, is shown in Fig. 6.24.

This experiment was diagnosed with radiochromic film (RCF) and the Electron-Proton-Positron
Spectrometer (EPPS) 195 The RCF was used to diagnose the spatial distribution of the proton beam.
A selection of low-energy films is shown in Fig. 6.25.

In the proton images, the halfraum and foam outline are clearly apparent in the cold foam
(undriven hohlraum) experiment, shot 18860 (upper left). When the hohlraum drive and heating
starts 2ns before the proton probing, shot 18861, significant distortion of the proton image is
observed due to electromagnetic fields. The last two shots (18864 and 18866) probed the foam earlier
(Ins after the start of the heating), and show significantly less distortion. However, a filamentary
field structure around the subject target is still apparent. Unlike the proton isochoric heating
experiment, no anomalous deflection of the entire proton beam is observed in this configuration.

EPPS was used to measure the proton spectrum transmitted through the foam (through the
hole in the center of the RCF). The spectra are shown in Fig. 6.26. Shot 18857 (black curve) had
the proton source only, shot 18860 (red) had an unheated foam, and the remaining shots all had
heated foams. On shot 18861, the proton probing occurred 2ns after the start of the hohlraum
heating, while the other three shots were probed 1ns after the start of heating.

The proton spectrum in the 2ns probing case is clearly suppressed relative to the other shots,
corroborating the RCF image (Fig. 6.25). Likely this is caused by suppression of the proton
generation: the hohlraum may preheat the proton source foil. Oddly, the shot with a cold foam is
seen to have a higher intensity and energy proton spectrum than the source-only shot, opposite to
what we would expect. The three nominally-identical shots, 18863-6, also show significant variation.
This suggests that the shot-to-shot repeatibility of the TNSA proton souce in this configuration is
still not adequate for a stopping power measurement.

On a separate halfraum-only shot, the EPPS detector recorded no energetic proton signal,

$Unlike the prior shots, EPPS was used due to its higher solid angle relative to TPIE, which was expected to be
improve the data quality with the thicker Au targets and lower laser energy.
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Figure 6.25. 5 MeV proton images from RCF for four halfram shots. 18860: Cold foam (undriven

halfraum), 18861: heated foam (2ns after start of the hohlraum drive), 18864 & 18866: heated foam (1ns
after start of the hohlraum drive).
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Figure 6.26. EPPS proton spectra measured on all shots.
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indicating that the halfraum scheme eliminates direct ‘crosstalk’, i.e. the hohlraum target does not
generate protons (no background for the stopping measurement).

6.5 Conclusions and future work

Platform test and development experiments have been conducted, where the goal was to study
charged-particle stopping power using petawatt lasers, which would potentially have several poten-
tial advantages over long-pulse experiments (Chapter 5). Fundamentally, such an experiment re-
quires well-understood heating of a subject target, and an independent source of well-characterized
probing protons that would traverse the subject plasma.

The proton sources considered are planar foils driven by a short-pulse petawatt laser, generating
energetic charged particles via the TNSA mechanism. In plain foils, smoother foil substrates
(smoother Au, Si wafers, and CVD wafers) were used in an attempt to improve proton beam
uniformity. At high intensity, laser-seeded filamenetation instabilities appear to dominate the
beam non-uniformities. These non-uniformities persist at lower intensity; a potential advantage to
using CVD'2 is suggested by the data. Plastic-coated targets were tried in an attempt to replicate
prior work®. Quasi-monoenergetic peaks in the proton spectrum are sometimes observed using this
technique, but are not repeatable. The lack of repeatibility may be related to the uniformity issues.

Proton isochoric heating has been studied as a method of generating the subject plasma. TNSA-
generated fast protons traverse a subject ‘slab’ target, depositing energy quasi-volumetrically. The
slab expansion is studied using x-ray radiography, which shows significant non-uniformities along
the proton heating axis. Comparison to simulations suggest that the expansion is not governed
by hydrodynamic rarefaction, but that an electrostatic ‘Coulomb explosion’ may be responsible for
much of the slab motion. Furthermore, the proton heating targets appear to interfere with the
probing proton propagation, and the proton heating generates signal in the proton spectrometer at
much higher levels than the probe itself.

In the last set of shots, a halfraum-driven radiatively-heated foam configuration was explored.
In this case, the cross-talk issues between the two targets appear less severe. However, the shot-
to-shot repeatibility in the proton source or proton probing is not adequate for a stopping power
measurement.

This variety of effects presents a severe challenge to realizing a stopping power experiment on
OMEGA EP. For the proton source, using a substantially thicker Au target and low intensity may
generate a well-understood exponential spectrum, which could be used for the proton probing.
Based on this data, proton isochoric heating does not seem to be a suitable technique for this type
of experiment. Using the long-pulse beams on OMEGA EP to generate a radiatively- or shock-
heated subject plasma may be feasible, but would need to be coupled with a reliable proton probing
technique.
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Nuclear Astrophysics



7

An overview of big-bang and stellar nucleosyn-
thesis

Nuclear reactions in the cosmos are responsible for the creation of the elements present today.
Astrophysical nucleosynthesis can be broken down into three general categories:

1. Big-bang nucleosynthesis
As the universe expanded during the big bang, the temperature decreased, passing through
temperatures relevant to fusion; fusion reactions in this epoch created nuclei from primordial
nucleons (protons and neutrons).

2. Stellar fusion nucleosynthesis
In stars, a variety of reactions work to burn hydrogen into helium; in larger stars helium may
be converted into heavier elements. Stellar processes cannot produce elements heavier than
Fe (see Fig. 1.1).

3. Neutron-capture processes
Elements heavier than Fe are created by neutron capture and (-decay processes. In par-
ticular, the ‘slow process’ (s-process) occurs in asymptotic giant branch stars and the ‘rapid
process’ (r-process) occurs in supernovae.

1

This work will include studies directly relevant to big-bang and stellar nucleosynthesis, which
are described in detail in the following sections.

7.1 Big-bang nucleosynthesis

Synthesis of heavy elements during the big bang was first proposed by Alpher and Gamow?. Fol-
lowing the big bang, matter existed at first as a quark-gluon plasma, but as the universe expanded
and cooled the quarks combined to form bound states - protons and neutrons. At first any heav-
ier nuclei, such as deuterium, would be quickly destroyed via photo-disintegration. But when the
temperature of the universe was below a few MeV (several tenths of seconds after the big bang),
heavier nuclei were formed and persisted.

The temperature of the universe during the big bang can be approximated by?:

10.75 1
T =0.74, 0 757, (7.1)
g« t
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where T is the temperature in MeV, t is the time in seconds, and g, is the effective number of
particle species (in the standard model, g, = 10.75).
Big-bang nucleosynthesis forms a reaction chain starting from protons and neutrons. The first
step is
p+n—D+7, (7.2)

which is critical since the subsequent reactions all rely on synthesis of deuterium. For example,
mass A = 3 nuclei He and tritium (T) are then produced via:

p+D — PHe+~, (7.3)
n+D — T+~. (7.4)

From T and 2He, the reaction network® can produce *He plus several stable and unstable isotopes
of Li, Be, and B; for example via:

T+3He — CLi+~, (7.5)
T+*He — TLi+, (7.6)
SHe+*He — "Be+7. (7.7)

Figure 7.1. Reactivities of some reactions

relevant to big-bang nucleosynthesis. 107" I I
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Reactivities for relevant astrophysical reactions are commonly reported as fits to calculations
or experiments®%4. The reactivities for reactions 7.2, 7.3, 7.5, 7.6, and 7.7 are shown in Fig. 7.1.
The reaction D(n,y)T is strongly dependent on the population of non-thermal neutrons.

A ‘mass gap’ exists at A = 8 where no stable nuclei exist. This leads to an inability of big-bang
nucleosynthesis to produce any heavier elements such as C. Because the abundance of heavy nuclei
during the big bang remains extremely low, a triple-a process cannot occur to produce '2C. At
the same time, any produced “Be (which could proceed to higher masses) is quickly destroyed via
the reaction ?Be(p, a)®Li. Therefore big-bang nucleosynthesis ‘stops’ at A = 7. Recent modeling
predicts® that the most common stable isotopes produced via this process are, in order of decreasing
number abundance: *He, D, 3He, "Be, 7Li, and SLi.

It is interesting to note that processes producing D or 3He later in time (e.g. in stellar nucle-
osynthesis, next section) lead to their immediate consumption in stellar interiors. Therefore, all D
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and *He available to us today was produced in the big bang.

7.2 Stellar nucleosynthesis

7.2.1 Main-sequence stars

The main source of energy in stars similar in mass to our sun is direct burning of hydrogen into
helium, the ‘proton-proton’ chain, the existance of which was first realized by Hans Bethe™!. His
critical contribution was the realization that two protons can form deuterium via the process:

p+ p— 2He + ¥
2He — D+e" +v. (Q=1.44 MeV). (7.8)

The two protons initially form a ‘diproton’ (?He). During the lifetime of the diproton, one proton
must undergo B+ decay, which forms deuterium. Since this is a weak process, the reaction goes
extremely slowly. The energy produced (@) includes that from subsequent annihilation of the
positron. The produced deuteron reacts quickly via:

D + p — 3He + v (Q=5.5 MeV). (7.9)

Once 3He is produced, the proton-proton chain can proceed via one of three main branches! dis-
cussed subsequently.

pp-1 branch

The first possible branch proceeds via direct reaction of the He with another 3He:

SHe + *He — “He+2p (Q=12.86 MeV). (7.10)

In total the pp-1 chain produces 26.22 MeV of energy, with almost half produced in the *He+43He
reaction. This branch is dominant in low-mass stars, with central temperatures of (10 — 14) x 10°
K. In the sun, this branch is responsible for ~ 86% of the reactions.

pPp-2 branch

The second possible branch involves the reaction of 3He produced by the first two steps with a
4He:

SHe + “He — T"Be + 7
"Be 4+e — "Li + ve
Li + p — 2'He. (7.11)

The energetics depends on whether the “Li is formed in the ground or excited state. The pp-2
branch is dominant in stars with core temperatures between (14 — 23) x 10° K. In the sun, this
branch is responsible for 14% of reactions.

pp-3 branch

The pp-3 branch also begins by forming “Be that subsequently reacts with another proton:

SHe + *He — "Be + 7
"Be +p — °B + 4
8B — ®Be+et + 1.
8Be — 2'He. (7.12)
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This branch is only dominant at central temperatures exceeding 23 x 10° and is negligible in terms
of solar energetics, though the v, produced is energetic and was very important in the solar neutrino
problem.

Figure 7.2. Reactivities as a function of ——rrry S
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Reactions relevant to the three proton-proton chains are shown in Fig. 7.2. Note that for
conditions relevant to stellar interiors (2 1 keV) the first step p(p,ve)D is the slowest by several
orders of magnitude, thus becoming the rate-limiting step for energy production in stars burning
hydrogen via the p-p chains. For reactions where both reactants are minority species, such as
3He(®*He,2p)*He, the reactivity primarily sets the concentration of the minority species (*He) to
obtain an equilibrium balance between production and destruction.

7.2.2 CNO cycle

In heavier stars with finite metallicity, hydrogen burning may also proceed via a catalyzed ‘CNO
process’ proposed by Bethe?. If 2C is present, then the following cycle can proceed:

2o+ p - BN + 4 (7.13)
BN = BC 4+ et 4+ v, (7.14)
BC +p - YN + 4 (7.15)
UN +p = B0 + 4 (7.16)
B0 = BN 4+ et + v, (7.17)
BN 4+ p — 2C 4 ‘He (7.18)

Since the original 2C is reproduced, this is clearly a catalyzed cycle, and can proceed and dominate
hydrogen burning even for small concentrations of the catalyst 12C. However, these reactions are
more strongly dependent on temperature than the pp cycle reactions, and thus the CNO cycle
dominates only in massive stars. In the sun, the CNO cycle is responsible for approximately 2%
of energy generation. Reactivities for the proton-capture reactions in the CNO cycle are shown in
Fig. 7.3.
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Figure 7.3. Reactivities of reactions rele-
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7.2.3 Heavy helium-burning stars

Once a star has burnt its hydrogen into helium, the helium-rich core of a massive star begins to
collapse due to Kelvin-Helmholtz contraction since the hydrogen-burning energy production has
decreased. When the helium core reaches temperatures around 10% K (8.6 keV), a star can directly
burn helium via the ‘triple-a process’!:

‘He + *He — ®Be (7.19)

8Be + ‘He — '2C. (7.20)

The triple-o process is strongly dependent on density; since the 8Be nucleus is unstable it must
rapidly react with another *He in the second step. Once carbon is produced in abundance, the star
can continue to burn and produce heavier elements, for example oxygen is produced via:

2¢ 4+ 1He — 190. (7.21)

Large stars can continue to burn and produce elements up to A = 56 via C-, O-, Ne-, and Si-burning
in addition to the ‘a ladder’; afterwards neutron-capture processes are required to produce heavier
elements.

7.2.4 Deuterium burning

In sub-stellar objects, the central temperature is not high enough for the pp chain to proceed.
However, energy can be produced by burning primordial D (produced in the big bang) via the
D(p,7)?He reaction (see Eq. 7.3 and Fig. 7.2). There are two classes of astrophysical objects where
this is particularly interesting.

During the star formation process, a cloud of gas collapses, a process described by the ‘Jeans
instability’!?. During the gravitational collapse, the central temperature rises as described by
Kelvin-Helmholtz contraction. These collapsing pre-stellar objects are commonly referred to as
protostars'!. Since the material typically contains a small amount of D, produced during the big
bang, eventually the core temperature of the protostar reaches ~ 108 K, at which point the energy
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produced via deuterium burning is sufficient to halt the contraction temporarily. Once the D is
exhausted, contraction resumes. The length of the deuterium-burning phase of a protostar is critical
for understanding star formation; in particular the mass of stars formed depends sensitively on this
process 't

A second class of astrophysical objects where deuterium burning is important are brown dwarfs 2
typically 13 — 80x the mass of Jupiter, which are massive enough to burn deuterium but not mas-
sive enough for the pp chain to proceed. The lifetime and luminosity of brown dwarfs are set by
the deuterium burning process.

)
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8

The T?He reaction

8.1 Introduction

Studying the T3He fusion reaction is motivated by both nuclear astrophysics (see Chapter 7)
and basic nuclear physics. While abundances of many light nuclei in primordial material are
explained well by the BBN theory '3, observations of high levels of 5Li in low-metallicity stars®° is
in contradiction to BBN-modeled levels of °Li by three orders of magnitude. Recent work has ruled
out the D(a,7y)%Li reaction as a solution®. The potential role of the T(3He,y)®Li reaction (Q=15.8
MeV) in BBN has been hypothesized as a solution to this problem? if the rate is much higher
than expected. The nuclear physics of this hypothesis is contentious® yet still an open question?.
This is primarily due to the lack of high-quality data for this reaction, with previous experiments
being conducted primarily at high energies and with large inconsistencies between the reported
data sets”. Furthermore, only one dataset exists at low energy (E., < 1 MeV), which is in the
range where BBN reactions occurred. This strongly motivates additional experiments to determine
if this reaction could explain the high levels of Li observed in low-metallicity stars.

For basic nuclear physics, the T3He reaction provides stringent constraints on first-principle
theory or R-matrix modeling of six-nucleon systems, similar to the TT and *He3He reactions. In
particular, the final-state interactions of the reaction products may be studied via spectroscopy of
the products. As with the v branch, the existing charged-particle data is taken at high energy and
with poor precision and spectral resolution %12, High-quality spectra obtained at lower energy will
be of high value as it will put a strong constraint on nuclear theory.

8.2 Experimental Overview

The T3He reaction was studied at the OMEGA laser facility '* using spherical thin-glass ‘exploding
pusher’ implosions; the targets are shown in Fig. 8.1. A 2.5um thick SiOg shell with an outer
diameter of 960 pum was filled with various gas mixtures. The outer surface of the spherical shell
was illumined with the OMEGA laser at 3w (351nm) using SG4 DPP and DPR smoothing, but
without SSD to maximize on-target energy delivered. A 600ps duration square pulse was used with
17kJ of total energy. The short square pulse was chosen so that nuclear production occurs after the
laser turns off, by which time the target self-charging is neutralized'*'> and the charged-particle
spectra are undistorted.

The targets were filled with Ty, Ty and 3He, or ®He gas. The Ty gas supply used was con-
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Figure 8.1. Targets used were Sio, - Sio, ,s Sio, \s
2.5pum-thick glass shells with an outer oK e oK

diameter of approximately 960 um U (L EUTY *He (16.8atm) *He (22.5atm)
: T, (3.2atm)
These shells were filled with 3.2atm of :
Ty gas, 3.2atm of Ty gas plus 16.8atm
of 3He gas, or 22.5atm of pure *He 480um 480um 480um

gas.

taminated with approximately 1.5% atomic D*. Similarly, the 3He supply is contaminated with
approximately 0.01% D. The primary experimental data was obtained from the implosions with a
mixture of T and *He. The 3He-rich mixture (72% atomic 3He) was chosen to increase the S/B
for the v measurement, as the primary source of background comes from the T(D,7)%He reaction.
Even with the lower D content, the higher cross-section for D+T fusion results in a large number
of reactions. The targets filled with only Ty gas are used to provide a background calibration for
the D+T contribution to the v measurement. Similarly, the 3He targets provide a characterization
of the background in the y-ray measurement arising from either the 3He+?He reaction or a plasma
process. The shots taken in the experiment are summarized in Table 8.1.

Table 8.1. Gas fills used in the T3He experimental campaign.

Shot #s Type | Ty (atm) | 3He (atm)

70401 - 70403 | To 3.2 0
70404 - 70410 | T3He 3.2 16.8
70411 - 70412 | 3He 0 22.5

In the primary targets, the following nuclear reactions occured:

T + %He — “He (4.8 MeV) + D (9.5 MeV) (8.1)
— fHe + n + p (Q=12.1 MeV) (8.2)

—  °He (1.9 MeV) + p (9.5 MeV) (8.3)

- OLi + v (Q = 15.8 MeV) (8.4)

T+ T — “He + 2n(Q =113 MeV) (8.5)
D4+ T — “He(3.5MeV) + n (14.1 MeV) (8.6)
D + 3He — “‘He (3.6 MeV) + p (14.7 MeV). (8.7)

Yields and spectra for the products marked in blue above were measured with various diag-
nostics. WREF spectrometers ' measured the D3>He-p spectrum and part of the T3He-p spectrum.
Flat-filtered (‘range filter’, RF) CR-39 measured the T?He-d reaction yield. Neutron time-of-flight
(nTOF) detectors!'” measured the DT yield and the TT-n spectrum. The T®He-d and -p were
measured with the charged-particle spectrometers (CPS)!® and the Magnetic Recoil Spectrometer
(MRS) Y. Finally, the 7 signal was recorded using a gas Cherenkov detector (GCD)?.

*In the future, a planned isotope separator at LLE will enable fills with higher purity tritium.
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8.3 Diagnostic development

8.3.1 T*He-d measurement with RF

The measurement of the T?He-produced deuterons (from reaction 8.1) with a simple ranging filter
requires selection of the filter thickness. Using an aluminum filter, the final energy of the T3He-d is
plotted versus the filter thickness in Fig. 8.2. Filter thicknesses of 200 and 275 pm were chosen, so
the final deuteron energies were ~ 4 and 6 MeV, respectively. Because the implosions also produced
protons via the reaction 8.2, those protons were detected behind the Al filters. For the chosen filter
thickness, protons between 5 — 10 MeV were detected (see Fig. 8.2).
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Figure 8.2. Particle ranging in an aluminum filter. Left: deuterons with an initial energy of 9.5 MeV
through various thicknesses of aluminum. Filter thicknesses of 200 and 275 pm (dashed lines) were chosen
for these experiments. For these thicknesses, T2He protons in the range 5-10 MeV were also detected behind
the filter (right).

The deuteron ranging filters were fielded in two of the windows (1 and 4) within the broadband
(BB) WRF diagnostic package, as shown in Fig. 8.3. Raw data for particle fluence is also shown
in Fig. 8.3. Example data is shown in Fig. 8.4, plotted versus track diameter. The monoenergetic
deuterons appear as a line with diameter ~ 5 pym in this case. The protons appear as a background,
which must be corrected for to obtain an accurate value of the area under the peak (for a deuteron
yield determination). The data is fit with a Gaussian plus power-law function for the background,
as shown in Fig. 8.4, and the deuteron yield is obtained from this fit. Agreement between the two
windows with different filtering demonstrates the fidelity of the yield measurement.

8.3.2 CPS filtering for T3He reaction products

In the CPS diagnostic®, ranging filters must be designed for each window to downshift the detected
fusion products into an appropriate energy range for detection on the CR-39. For this experiment,
CPS filtering was designed to detect the charged products from the T3He reaction (see Eqs 8.1 and
8.2). The filter is designed by taking the incident particle energy as a function of position for each
window, and by choosing a filter thickness profile so that the particles of interest have an energy
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5cm WRF diagnostic package

w2 (BB WRF)

w3 (BB WRF)

(2) (b)

1"

Figure 8.3. Range-filter setup for T>He-D yield measurement. (a) diagnostic schematic. The broadband
(BB) WRF package’s wl and w4 were used with 200 and 275 pm Al filters. (b) Raw data, black corresponds
to more particle fluence. The middle two window images show WRF data. The top (wl) and bottom (w4)
windows measured the d fluence.

Figure 8.4. Data for shot 70404 obtained from
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optimal for CR-39 detection. The pre- and post-filter particle energies are shown in Fig. 8.5, while
drawings of each filter are shown in Fig. 8.6.

In these experiments, three windows were selected for each CPS: CTW, D4W, and D8W on
CPS 1; C8W, D4W, and D8W on CPS 2. These windows span proton energies of interest above 1
MeV. Additionally, the T3He-d can be detected on the higher windows (D8W). For the two lower-
energy windows on each diagnostic, the stepped-aluminum filters are designed to admit protons
only, which result from the T?He reaction (Eq. 8.2).

The design of the highest-energy window is more complex. The D3He-p (Eq. 8.7), T3?He-d
(Eq. 8.1), and the high-energy part of the T?He-p spectrum all land on this single window. At the
low-energy side (left of Fig. 8.6), a series of stepped aluminum filters is used to detect the T3He
protons. At the high-energy side, a vertical split filter is introduced to detect D3He-p and T3He-d
simultaneously, as these particles require substantially different thicknesses of filtering.

8.4 Yield and 7; measurements

8.4.1 DT reaction

The measured DT-n yield and ion temperature (inferred from Doppler broadening) are shown in
Fig. 8.7. On the left of each plot are the Ts-filled implosions, which have higher DT-n yield and
higher 7;. In the T?He case, the DT-n measurement is still of high quality. Since the DT fusion
7 is the primary background source for the T3He-vy measurement, the total DT yield, as measured
by nTOF, is used to do a background subtraction.

8.4.2 D?He reaction

The D3He-p data is shown in Fig. 8.8. The yield (left) is measured simultaneously by several
diagnostics: CPS2, MRS, RF, and WRFs. The four measurements are in good agreement with
each other given the uncertainties in each measurement, which indicate minimal yield variation
around the implosion.

From the WRF spectral measurement, a Doppler ion temperature is inferred from the width of
the line, and shown in the right-hand plot of Fig. 8.8. The six shots have very similar measured
T;. Compared to the DT-n ion temperature measured on the same shots (see Fig. 8.7), the D3He
Doppler temperature is systematically higher by ~ 7 keV. This is expected from calculations; since
the D3He reaction rate is more strongly temperature dependent, the reactions occur closer to the
center of the implosion, and thus the burn-weighted temperature is higher.

Since the D®He and T3He reactivities have a very similar temperature dependence (which
mostly results from the atomic charge of the reactants), the D3He Doppler temperature is used as
a surrogate for the T®He reaction-weighted temperature and thus center-of-mass reactant energy.
Simulations show that the two burn-weighted temperatures for those two reactions are within 1
keV of each other.

8.4.3 T3?He-d reaction branch

The T3He-d yield is simultaneously measured with CPS 2, MRS, and flat-filtered CR-39 (RF). In
the latter, the deuterons are discriminated from protons by track diameter, as described in Section
8.3.1. The filter setup for CPS 2 was described in Section 8.3.2. The data are shown in Fig. 8.9
for the six T®He shots. The three diagnostics are in good agreement.
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Figure 8.9. Measured T3He-d yield
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The T+43He reaction also produces an energetic v ray at 15.8 MeV, which was measured with the
Gas Cherenkov Detector (GCD)?°. In this system, the incident v rays Compton scatter electrons
into a CO5 gas-filled pressure cell, where the electrons exceed the local speed of light, producing
Cherenkov radiation that is detected with a photomultiplier tube?%?!. The number of detected
Cherenkov photons depends on the system response, energy of the initial « ray, and total number
of v rays produced in the implosion.

The Cherenkov detector data are shown in Fig. 8.10. KEach curve corresponds to a single
implosion. The signal amplitude represents the peak v production, and each curve is shifted so
that t = 0 corresponds to peak burn. The signal width corresponds to a combination of the
instrument temporal response and burn duration of the implosion. Signal later in time at ~ 0.5
ns is a photomultiplier tube ring, which is excluded in the analysis. The data from the T3He
gas-filled implosions are shown by the blue curves. There are two sources of background for this
measurement, which were measured with pure Ty or *He filled implosions (red and green curves,
respectively).

T3He data from two shots are eliminated in this analysis. These shots (70404 and 70410, which
are not shown in Fig. 8.10 are plotted in Fig. 8.11. As shown by the figure, shot 70404 had
a high DT neutron yield (see Fig. 8.7), which results in a low S/B for the measurement; the
yield-normalized peak is barely above the expected DT contribution. Shot 70410 has an anomalous
background subtraction, which is demonstrated by the negative signal level after the peak (around
0.6ns).

The primary source of background is due to a ~ 1.5% deuterium (D) impurity in the Ty gas
used for these experiments, resulting in D+4T reactions that generate v rays at 16.75 MeV with a
branching ratio of ~ 4 x 1075 (fraction of total DT reactions)?!. Since the D+T cross section is
much higher than the T+43He cross section, this is the dominant source of background. Ta-filled
implosions, including the D contamination, were used to measure the background level, shown in
Fig. 8.10. On the Ty shots, the total Cherenkov signal and DT neutron yield are measured, the
latter with standard time-of-flight diagnostics??, giving the Cherenkov signal produced per DT
neutron. Since the v/n ratio is constant, the «/n factor is used with the measured DT neutron
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DT # rays, signal from the ‘plasma’ or >He background, and the signal due to T3He-~s.

yield to calculate the Cherenkov signal due to DT reactions in the T®He implosions. The second
and smaller source of background was measured in an implosion with only 3He gas, shown in Fig.
8.10, where Cherenkov signal is generated from either a plasma process or 3He+>He reactions?!.

The signal levels (i.e. number of photons) due to the data and background sources are shown in
Fig. 8.12. For each T?He-gas-filled implosion, the number of photons recorded is the total signal.
The contribution from the two background sources (denoted ‘DT’, ~ 70% of the total, and “*He’,
~ 15% of the total) are calculated using the D-contaminated Ty and pure *He gas-filled reference
shots. The contribution of the T®He s to the total signal is determined by subtracting the signal
from the two background sources from the total signal. For the following analysis, all quantities are
weighted mean values from the individual T?He data. In Fig. 8.12, the statistical uncertainties are
shown for each quantity. The statistical limitation of this detection technique is set by the number
of Compton-scattered electrons in the y-to-e converter, with ~ 14 Cherenkov photons detected per
electron. The fractional statistical uncertainty in each measurement is thus 1/,/n. where n. is the
number of Compton electrons. In addition, the DT-v background subtraction depends on the DT-
neutron yield measurement, which has an associated statistical uncertainty. A source of systematic
uncertainty in the number of Cherenkov photons is due to the subtraction of the background
observed on 3He shots, which is either a plasma process or He-fusion-vy background. The former
is expected to be constant between the implosion types, while the latter scales with the square of
the 3He ion fraction. Since the nature of this background is still unknown, these two possibilities
are taken as an upper and lower bound on this background contribution with the difference as a
systematic uncertainty.

The number of Cherenkov photons from the T?He-v signal is thus 273 + 134gat + 84ys. This
is converted to a total yield of T3He-v using the absolute detector response®® and the expected
~-ray spectrum, which are shown in Fig. 8.13. The calculated -ray spectrum, in blue, is derived
from a R-matrix calculation®* showing the SLi ground state at E, ~ 15.8 MeV and excited states
of 6Li at lower ~ energies. For example, the first two excited states of 5Li have excitation energies
AFE = 2.184 and 3.562 MeV, respectively. The R-matrix calculation gives the + spectrum, which
results from a combination of the ground state and excited states of 6Li. In a finite temperature
plasma, the ground-state emission is upshifted and broadened by reaction kinematics. In the case
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of a y-emitting reaction the mean = energy is given by
(Ey) = Q+ (K), (8.8)
from Eq. 5 of Ref. 25, while the thermal broadening is given by
o = (K?) — (K)?, (8.9)

from simplifying Eq. 12 of Ref. 25. In Egs. 8.8 and 8.9 K is measure of the kinetic energy in the
center-of-mass frame, with its averages given by

5 dk ko (k) exp |~

(K™) : (8.10)

Jo" dk ko (k) exp [_T%

from Eq. 35 of Ref. 25, where T; is the thermal temperature in energy units and o is the reaction
cross section. If the S-factor for the reaction is approximately constant over the range of center-
of-mass energies probed by the thermal plasma, typically a reasonable assumption, this expression
can be simplified to

Jo7 dk k™ exp [—7’3 - ’ig]
Jo~ dk exp [—7131 - Ekc]

which is numerically evaluated to calculate the thermal broadening for this reaction. The effective
GCD response is then calculated by folding the thermally-broadening y-ray spectrum’ with the

(K™) = (8.11)

f Alternatively, using the vo, 1, and ~2 cross sections from Blatt? gives a response of 7.65 x 1072 Cherenkov
photons per incident ~
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response curve, shown in Fig. 8.13. This gives 6.91 x 10~2 Cherenkov photons per incident v, a
reduction of 21% from a naive calculation assuming all reactions go to the 5Li ground state. Using
this response factor with the GCD solid angle and the measured number of detected Cherenkov
photons gives a total v yield of Y, = (2.8 £ 1.4gpat = 1.34y5) X 10°. An additional 34% systematic
uncertainty is included in the absolute v yield to account for the calibration uncertainty in the
absolute detector response?!.

The quantity of interest in these experiments is the astrophysical S-factor (S) for the T(*He,y)°Li
reaction, which is related to the cross section () by Eq. 1.13. To determine the S-factor from the
7 yield in this experiment, a better-known T?He reaction branch can be used as a reference, such
as the T3He-d reaction (Eq. 8.1). The absolute yield of the 9.5 MeV deuterons was measured to be
Yy = (1.17£0.01) x 10° with six independent detectors using two different techniques (see Section
8.4.3). The S-factor for the T(*He,y)Li branch is thus

Y-
Sy =Sy x ?” =0.14+0.09 keV-b, (8.12)
d

where the deuteron branch S-factor (Sy) was taken from ENDF 25, and the error bar is a root-mean-
square sum of the statistical and systematic uncertainties.

In these experiments, the reactant E,,, was determined from proton spectroscopy 2’ of the D3He
reaction (Eq. 1.15). From the line width of the D3He-proton spectrum, a thermal Maxwellian
temperature of 19 + 1 keV was determined?®. Radiation-hydrodynamic simulations demonstrate
that the T3He and D3He reactions have burn-averaged temperatures well within 1 keV due to the
similar reactivity energy dependence, suggesting a similar T} for the T?He reaction. To account for
the reliance on simulation, we increase the uncertainty to 7; = 19 4 2 keV for the T3He reaction,
which corresponds to E.,, = 81 £ 6 keV.

The S-factor determined in this work is shown in Fig. 8.14, and contrasted to higher-energy data
obtained in previous experimental work®?. Values used in BBN reaction theories”3 are also shown
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Figure 8.15. Proton spectrum measured with CPS 2. The weighted mean of six shots is shown.

for comparison. We find that the S-factor at lower energy is consistent with the lowest-energy
Blatt data and a R-matrix calculation by Hale??, which is fit to the Blatt data. The R-matrix
calculations suggests competition between a high-energy resonance (known to be at 2 — 3 MeV)
and unexpected behavior at low energy, which causes the ‘dip’ ~ 250 keV. Furthermore, our data is
clearly inconsistent with the higher S-factors assumed by BBN theory "3, meaning that the theories
already overpredict the production of 6Li via this reaction.

8.6 T-+’He proton spectrum

The T3He-p spectrum was measured with two instruments: CPS 2 (see Sec. 8.3.2), and MRS.

The proton spectrum measured by CPS 2 is shown in Fig. 8.15. The number of counts per bin
are low for an individual shot, resulting in significant statistical scatter in the spectra. An average
proton spectrum is therefore calculated from the six shots, as shown in Fig. 8.15. The error bars
are significantly reduced from a single-shot measurement due to improved statistics per bin. The
three windows used are denoted by different colors.

The MRS-measured proton spectrum is shown in Fig. 8.16. Similarly, the individual spectra
are summed over the individual shots to calculate an average spectrum. In the MRS analysis, shot
70404 is excluded due to a background issue in the data. The MRS system has a higher collection
efficiency than CPS due to focusing properties in the dipole magnet over this energy range, but the
low-energy cutoff in the MRS data is ~ 5 MeV.

The two diagnostics are directly compared in Fig. 8.17. The MRS data is only comparable
with the highest-energy CPS 2 window (D8W). In this energy range, excellent agreement is found
between the two diagnostics both in the spectral shape, and the absolute average yield over the
six shots. The resolution of CPS 2 is worse than MRS with this configuration (See Appendix I),
leading to the broader peak. The MRS data also has better statistics and thus smaller error bars.
Because of this, a final spectrum using the MRS data at high energy and the CPS 2 data at lower
energy is used as the final measured spectrum, shown in Fig. 8.18.

The final spectrum exhibits several notable features. First, the clear peak at 9.5 MeV results
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Figure 8.18. Final T?He-p spectrum from a combination of the two instruments.

from the He branch of the reaction, Eq. 8.3. The cutoff in the proton spectrum occurs ~ 10 MeV
as expected from the kinematics. The shape of the proton spectrum at lower energy is a sensitive
probe of the nuclear physics of the reaction.

8.7 T(*He,d)'He / T(*He,np)‘He branching ratio

With the proton spectrum (Sec. 8.6) and deuteron yield (Sec. 8.4.3), the cross-section ratio
between those two reaction branches can be calculated. In this experiment, the center-of-mass
energy (Gamow peak energy) E., = 81 + 6 keV (see Sec. 8.5) is significantly lower than any
previous nuclear data obtained for this branching ratio!'. Due to its monoenergetic spectrum,
the d yield is readily determined. However, the total proton yield must be determined from a
fit or interpolation of the spectrum. In this analysis, an interpolated spectrum is integrated to
obtain the total yield, as shown in Fig. 8.19. The two yields are Y, = (1.80 £ 0.18) x 10? and
Yp = (1.28 £ 0.02) x 10?, resulting in a branching ratio

T(*He,d)*He

e = 0.71 £ 0.07. 1
TPHonp)THe = 071007 (8.13)

As shown in Fig. 8.20 this result agrees with previous data obtained by Kuhn at higher ener-
gies''. A constant branching ratio is intuitively understandable. The primary difference between
the two branches is if the neutron and proton emerge independently, or in the deuteron bound
state. The deuteron binding energy is 2.2 MeV, and since all center-of-mass energies considered
here are much less than the deuteron binding energy, the center-of-mass energy is not expected to
affect the reaction dynamics. However, this contradicts the result from ENDF?® which is shown
as the solid black curve in Fig. 8.20. From 0 — 600 keV, the ENDF cross-sections predict a 2x
decrease in the deuteron yield relative to the proton yield, which is clearly inconsistent with the
data. Since this measurement is a probe of the final-state interactions of the nuclear products, this
data will be used to further constrain nuclear modeling of six-nucleon systems.
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8.8 Proton spectrum R-matrix analysis

The charged-particle data from Sections 8.6 and 8.4.3 can be used to constrain R-matrix nuclear
theory 2?30 which is a phenomenological model based on several ‘feeding factors’, which describe
the relative scattering amplitudes, to calculate the spectral components for these nuclear reactions.
An initial calculation with feeding factors derived from higher-energy T-T reaction data®! is shown
in Fig. 8.21.

p+5He
p+5He*
a+n-p
08 - — — n45Li 7
r — — n+45Li* 1
combined

dN/dE (rel.)

25.8% 11.1%

E (MeV)
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Figure 8.21. The R-matrix modeled proton spectrum including several branches. The %s are the fraction
of the total reactions for each of the different branches.

The combined proton spectrum from the R-matrix calculation is convolved with the thermal
broadening and the instrument response functions for MRS and CPS to compare to the data; the
comparison is shown in Fig. 8.22 with the total yield adjusted to minimize x?. The comparison
clearly shows that this initial R-matrix calculation is underestimating the spectral contribution
from the °He ground state, which corresponds to the peak at E ~ 9 MeV.

Future R-matrix calculations will fit the data using the feeding factors as free parameters to
infer the relative strength of the reaction branches. These results will be valuable in understanding
these light-nuclei reactions, in particular the A = 6 systems (T+T, T+3He, and *He-+>He).

8.9 Conclusion

As HED plasmas better mimic conditions in stellar interiors and the universe during BBN than
accelerator experiments, a rich set of nuclear-astrophysics research can be uniquely conducted at
the OMEGA '® and NIF?3? lasers. The present work is significant in that it represents the first use
of HEDP to directly address an open problem in nuclear astrophysics. In a broader context, this
effort is part of a program where HEDP are used to probe basic nuclear science?®336.

Based on these results, we conclude that the reaction T(*He,y)%Li cannot produce sufficient
SLi to explain the observed levels of SLi in primordial material. While the levels of Li detected
in some stars is debated?”, the excess has been confirmed for a few low-metallicity stars®3®. This
work, and a recent study of the D(«,y)%Li reaction®, suggest that a nuclear physics solution to the
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Figure 8.22. Comparison of the R-matrix modeled spectral shape (Fig. 8.21), after thermal broadening
and IRF convolution (red curve), to the measured data (blue points).

6Li problem is unlikely, lending weight to alternative theories such as in-situ stellar production3?

or non-Standard-Model physics*? 42,

The S-factor for the T(3He,7)bLi reaction is found to be in good agreement with previous data
at ~ 250 keV and a R-matrix calculation. Future experiments with higher precision could explore
the nuclear physics of this reaction at low energy. Finally, the data clearly show that current
Big-Bang nucleosynthesis models (such as Ref. 3) overestimate the rate for this reaction.

In addition to the + data, the charged-particle data are used to enhance our understanding
of the underlying nuclear physics. Specifically, the measured proton spectrum has been compared
to an R-matrix calculation based on higher-energy T-T reaction data and first order corrections,
which clearly underestimates the contribution of the He ground state.
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The *He’He proton spectrum

9.1 Introduction

The proton-proton I chain (pp-I), shown schematically in Fig. 9.1, accounts for ~ 86% of *He
produced via nuclear fusion in the sun (see Section 7.2). The final step of this process is the fusion
of two 3He nuclei, which generates most of the energy produced in the pp-I chain, and is the focus
of this chapter.

Proton-proton | chain

Figure 9.1. Schematic of the proton-proton I (pp-I) chain, which burns hydrogen into helium in the Sun.

An accurate understanding of thermonuclear reaction rates for this and other reactions are
required for high-fidelity modeling of nucleosynthesis and energy production in low-mass stars like
our sun'. Conventionally, beam-target fusion reactions in accelerator experiments are used to
measure astrophysically-relevant nuclear reaction rates®3. Significant efforts have been taken to
measure the cross section for the *He3He reaction at low energies relevant to solar fusion®®, but
some issues and uncertainties in this data set still need to be addressed. First, the accelerator
data must be corrected for bound-electron screening effects on the cross section. Secondly, the
accelerator experiments at low energy have poor spectral resolution due to an extremely low count
rate, background radiation, and intrinsic instrument resolution. As a result, the data analysis
must assume a spectral shape for the resulting proton spectrum, which considerably increases the
uncertainty in the cross section measurement.
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The 3He?He reaction can proceed via two branches:

SHe + *He — 2p (< 10.8 MeV) + ?He (< 4.3 MeV), (9.1)
— p (9.1 MeV) + °Li (1.8 MeV).

The energy produced in this reaction is @ = 12.86 MeV. In the first branch, the three products (two
protons and a “He) have a wide range of energies, with their spectra determined by conservation
of energy and momentum. The maximum proton energy is 10.8 MeV. Alternatively, a short-lived
°Li nucleus may be produced; in this case the two products are monoenergetic, determined by the
reaction kinematics.

Current nuclear theory for this reaction at low energy needs to be benchmarked against data.
Recently, experiments using inertially-confined plasmas have measured the neutron spectrum from
the mirror reaction T(T,2n)*He for the first time®!?. Sayre et al utilize a R-matrix analysis!!!?
to show that the TT reaction is dominated by the SHe 1/2~ partial wave, in contradiction to prior
work. This strongly motivates studies of the shape of the 2He3He proton spectrum, as a probe
of the fundamental nuclear physics of that reaction, and for improved data analysis of accelerator
reaction-rate measurements relevant to solar fusion.

9.2 OMEGA Experiments

For the first time, the 3He3He reaction was studied using inertially-confined laboratory plasmas.
The OMEGA laser'? imploded thin-glass ‘exploding-pusher’ targets, which are shown in Fig. 9.2.
2 — 3 pm thick SiOs shells with outer diameters of 860 — 1000 ym were filled with 3He gas. The
gas is typically contaminated with (1 —10) x 10~* parts D. The outer surface of the spherical shell
was illuminated with the OMEGA laser at 3w (351nm) using SG4 DPP and DPR smoothing, but
without SSD to maximize on-target energy delivered. Either a 600ps or 1ns duration square pulse
was used with 17kJ (600ps) or 30kJ (1ns) of total energy.

Sio,
2-3pm
3He gas

430-475pm

Figure 9.2. Thin-glass exploding pusher targets.

On each shot, several Wedge Range Filter (WRF) proton spectrometers !5 were fielded around

the implosion at a distance of 10.5c¢cm, maximizing detection efficiency. From the available data,
four shots with high-quality WRF's fielded* are used in this analysis. The shots are summarized in
Table 9.1. For a listing of all experiments, see Table 9.4 at the end of this chapter.

* After the *He-*He experiments, calibration issues with some batches of WRF were discovered (F. Séguin, private
communication).
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Table 9.1. Shots used in the *He3He analysis

Laser Target
Shot Date Energy (kJ) | Pulse | DPP | SSD | Dia (um) | Wall (um) | 3He (atm)
61241 | Feb 22, 2011 28.9 Ins | SG4 | Off 854.8 2.4 11.5
61252 | Feb 22, 2011 29.1 Ins | SG4 | Off 893.6 2.3 11.5
63038 | July 29, 2011 28.5 Ins | SG4 | Off 892.6 3.3 14.3
70411 | July 17, 2013 16.8 600ps | SG4 | Off 958 2.1 22.4

9.3 Proton spectrometry

Since the proton statistics for individual spectra are poor, a single spectrum per shot can be
obtained by averaging several detectors to reduce these statistical uncertainties. For each spectral
bin ¢, a weighed mean is computed:

-2
Zj Yi,jai,j
2
2%,

where the sum j is over all available WRF detectors, and o; ; is the standard uncertainty in each
measurement. The uncertainty in the summed spectrum is then

(Yi) = (9-3)

o P — (9.4)

2.5 I I I I I I

Yield / MeV

—05 I I I I I I
6 8 10 12 14 16

E (MeV)

Figure 9.3. Combined proton spectrum from shot 61241, including uncertainties.

The summed proton spectrum for shot 61241 is shown in Fig. 9.3. The spectrum shows the



196 Chapter 9 The 3He®He proton spectrum

3He?He-p spectrum at proton energies lower than ~ 10 MeV. A small D3He-p peak is visible at ~ 15
MeV from the D contamination in the fuel. At the lowest energies, fewer detectors are availablef
resulting in increased statistical uncertainties, even after the weighted averaging. For this reason,
only energies above 5 MeV are plotted. In the combined spectrum, the D3He proton line (at a
known energy of 14.7 MeV) is used to correct the energy for known electrostatic upshifts!%!7. The
same analysis procedure was used for the other three shots. The average spectra for all four shots
are shown in Fig. 9.4. In shot 70411 (lower right), a much higher level of D contamination is
observed.

>
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o
—0.5 | | | | | | —1 | | | | | |
6 8 10 12 14 16 6 8 10 12 14 16
Energy (MeV) Energy (MeV)

Figure 9.4. Proton spectra from all four shots. Shot 70411 (lower right) had a higher level of D contami-
nation in the 3He gas used.

TThe low-energy cutoff of the WRF detector depends on the minimum thickness, which varies due to the machining
process.
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9.4 Inference of F,,

The average center-of-mass energy (E.,,) for the 3He*He reactions must be determined to compare
the result to theory and accelerator experiments. Typically ICF plasma temperatures are diagnosed
via Doppler broadening of product lines (i.e. the DT-n or D3*He-p). For the *He3He reaction, there
is no suitable monoenergetic product linef. An estimate of the plasma temperature can be obtained
using the small D impurity, which produces D3He protons at 14.7 MeV (see Fig. 9.4). This spectral
line is fit with a Gaussian, the spectral width (o) is related to a Maxwellian thermal temperature
by the reaction kinematics (see Appendix K):

(oun x 103)

where both o and T; are in keV. The thermal width (o) is determined from the fit to the measured
spectral width including the known instrument response

ot =102 — 02 . (9.6)

For the WRFs used§, oinst = 180 £ 20 keV. A single temperature is calculated as weighted mean
of the individual WRF measurements, with an uncertainty derived from the weighted mean uncer-
tainty and the instrument response uncertainty. The temperatures determined from this procedure
for the four shots are shown in Fig. 9.5.

25 I I I I
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Figure 9.5. Temperature determined from the D®He-p line using fusion-product kinematics.

For these temperatures, an equivalent E,, for the 3He3He reaction can be calculated from

#The proton produced in the °Li resonance channel is broadened due to the short lifetime of the °Li state,
corresponding to an intrinsic FWHM of 1.23 MeV, significantly larger than the Doppler broadening.

$The instrumental WRF broadening is determined from accelerator calibrations'®, where the incident spectral
width is well known from SBD measurements.
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Gamow’s formula

2 271/3
(mzlz;) € ] (kpTi)*/* =122 [A(2122)%] "> (0.0116 x T;)%/3, (9.7)

Ecm:|:

where Z; and Zs are the reactant charges in fundamental units, A is the reactant reduced mass in
AMU, and in the simplification E.,, and T; are both in keV. For T; = 16 — 20 keV, this indicates
E., =115 —133 keV.

However, this estimate is potentially an underestimate of the effective burn-averaged 3He3?He
E.,. Significant temperature gradients exist in the imploded plasma, such that burn-weighted
temperatures for the 3He?He reaction should be higher than the D3®He reaction, since it is more
strongly weighted towards the hotter region. Thus the D3He-determined E.,, is taken as a lower
bound on the actual 3He3He E.,,. For an upper bound, we use 1-D radiation-hydrodynamics
simulations. These simulations over-predict the 3He3He yield by an order of magnitude, meaning
that the simulated T; and thus E.,, must be an upper bound. The difference between these two
limits is taken as a systematic uncertainty in E.,,, and the data are shown in Fig. 9.6.

300 I I I I

250 |- B

200 |- B

150 | B

Eem (keV)

100 | B

50 |- s

Figure 9.6. Center-of-mass energy (FE.,) determined for the four shots. The smaller error bars are
statistical uncertainties, while the larger include a systematic uncertainty in the method used to determine
E..

The shape of the spectrum can be used to constrain nuclear theory, which is discussed in the
following sections. This can be done either using simple models to examine the relative importance
of the ®Li resonance (Sec. 9.5), or by using the data to validate phenomenological R-matrix nuclear
theory (Sec. 9.6).

9.5 Basic Elliptic + Gaussian spectral analysis

A simple model of the spectral shape for the 3He3He protons from the three-body breakup (Eq.
9.1) and the two-body °Li resonance (Eq. 9.2) is used to fit the data. When only considering
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kinematic partition of the energy and momentum available to the particles, the three-body proton
spectrum is simply described by an elliptical continuum:

dvs 8 [ 6 \?2 5Q

— = - — E,|—=—-F 9.8

dEp T (5@) \/ D ( 6 P> ( )
where FE), is the proton energy, () = 12.86 MeV, and Y3 is the spectral amplitude. The three-

body elliptical spectrum is normalized so that [(dY3/dE,)dE, = 1. In this analysis, the two-body
spectrum is approximated by a Gaussian:

dYs 1 (Ep — ELi)2:| ’ (9.9)

= ex —
dE,  opiV2m p[ 207,

where Er; = 9.1 MeV is the mean energy of the protons (see Eq. 9.2), and or; = 0.52 MeV is the
width of the resonance dictated by the lifetime of °Li. The total spectrum is a combination of the
two branches: iy Iy Iy
2 3
B, " A [BRdEp +2(1 - BR)dEp] ) (9.10)
where BR is the branching ratio of the two-body °Li branch to the three-body branch, A is the
total proton yield, and a factor of 2 is included to account for the double proton production in Eq.
9.1. This model is used to fit the data with A and BR as the two free parameters. The fits are
shown in Fig. 9.7.

The fit parameters, summarized in Table 9.2, are reasonably self-consistent. The large values
of reduced x?, evaluated only in the 3He3He proton spectral region, indicate that this assumed
spectrum is not a good model for the data. Nuclear models are required to explain the spectral
shape. This is expected, as the elliptical + Gaussian model neglects any final-state interactions
(i.e. the di-proton), excited states of °Li, and interference effects between the branches.

Table 9.2. Fit parameters using the elliptical + Gaussian spectral model.

Shot A BR x? / dof Ecrm (keV)

61241 | (7.154+0.12) x 105 | 0.14 4 0.01 5.1 163 & 18;an & 48sys
61252 | (6.96 +0.11) x 10° | 0.13 £ 0.01 7.5 161 = 1500 &= 5lgys
( )
( )

63038 | (6.69 4 0.13) x 105 | 0.09 +0.01 1.2 163 £ 12,00 &= 424y
74011 | (1.18 £0.02) x 107 | 0.09 4 0.01 4.3 172 & 6ran £ 34sys

9.6 R-matrix analysis

The proton spectrum can be used to constrain R-matrix modeling ', which is a phenomenological
treatment based on several ‘feeding factors’, which are related to scattering amplitudes and the
relative abundance of reaction branches, to calculate the spectral components for these nuclear
reactions. Two calculations are shown in Fig. 9.8. The first, by Gerry Hale, uses feeding factors
from higher-energy accelerator T-T data!® while the second, by Carl Brune, uses lower-energy
NIF T-T data'® and includes angular interference effects. Both account for the difference between
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Figure 9.7. 3He*He proton spectra from four shots of data including fits (red dashed curves) using the
simple elliptical + Gaussian model.



9.6 R-matrix analysis 201

3He-3He and T-T by the basic mirror symmetry assumption.

0.16 I I I I I

0.14 ]

0.12 - ]

0.10 - i

0.08 - i

0.06 i

Yield / MeV (norm)

0.04 i

002 L — Brune i

— Hale

0.00 1 1 I 1 1
0 2 4 6 8 10 12

Proton Energy (MeV)

Figure 9.8. R-matrix calculations of the >He-*He proton spectrum.

For comparison to the data, the calculated spectra must account for the uncertainty in center-
of-mass energy (see Section 9.4), the thermal broadening of the spectrum, and the WRF instrument
response. In the left plot of Fig. 9.9, calculations by Brune show minimal sensitivity to the center-
of-mass energy within the uncertainty range. On the right, the Hale spectrum is convolved with the
thermal broadening and instrument response. The biggest effect is the reduction in the prominance
of the 5Li ground state peak at 9.1 MeV.

The thermal- and instrument-broadened R-matrix calculated spectrum can be compared di-
rectly to the data by adjusting the amplitude (yield) to minimize x2?. These comparisons are shown
in Figs. 9.10 (Brune calculation) and 9.11 (Hale calculation).

The three models discussed herein can be compared by using the reduced x? of the fits to the
data. This is summarized in Table 9.3. It is clear that the Brune calculation differs significantly
from the data. The Hale spectrum shows best agreement with the observed spectral shape, yet the
reduced x? ~ 3 means that a statistically-significant difference in shape still exists.

Table 9.3. Minimum reduced x? from fits to the data using the three models considered.

x? / dof

Shot | Simple | Brune | Hale
61241 9.1 14.5 3.4

61252 7.5 13.4 3.4

63038 1.2 8.3 3.0

74011 4.3 11.3 3.2

The components of the Hale R-matrix calculated spectrum are shown in Fig. 9.12. Quali-
tatively, it can be seen in the comparison to the data (Fig. 9.11) that the R-matrix calculation
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Figure 9.9. Left: R-matrix calculations by Brune show minimal sensitivity to the center-of-mass energy.
Right: R-matrix spectrum calculated by Hale convolved with thermal broadening and instrument resolution.

underestimates the experimental spectral amplitude around the °Li ground state and at the low-
energy range of the data, and overestimates at ~ 7 MeV. By looking at the components in Fig.
9.12, it is clear that the R-matrix calculation overestimates the contribution of the °Li excited state
while understimating the other two components.

9.7 Conclusions

In summary, the first high-quality proton spectra from the 3He(*He,2p)*He reaction have been
measured at low reactant center-of-mass energies. This is also the first study of this reaction in
a plasma environment. Thin-glass shells filled with 3He gas (shock-driven ‘exploding pushers’)
imploded by the OMEGA laser generate proton yields ~ 107, which can be diagnosed with WRF
proton spectrometers. The data show best agreement with R-matrix calculations by Hale, who
used higher-energy T-T accelerator data as input for the modeling. However, the spectral shape
indicates that this calculation overestimates the 5Li excited state branch while underestimating the
°Li ground state and 3-body breakup. In contrast, a significant discrepancy is found when the data
are compared to calculations by Brune, who used low-energy TT-n data from NIF!'Y. This could
suggest an energy dependence in the branching ratios, or that using the TT data to infer 3He3He
feeding factors may not be accurate.

This reaction is the final step of the solar proton-proton I chain, responsible for approximately
half of the energy generated in the sun. This unique data can be used to enhance our understanding
of the proton spectral shape, which is indicative of the underlying nuclear physics for this reaction.
Furthermore, accelerator experiments typically assume a spectral shape, so enhanced understanding
of the shape will impact the inferred cross section and thus reaction rates relevant to main-sequence
stars.
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Figure 9.10. *He3He proton spectra from four shots of data (blue) compared to the Brune R-matrix
calculations (red).
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Figure 9.11. 3He®He proton spectra from four shots of data (blue) compared to the Hale R-matrix calcu-
lations (red).
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Figure 9.12. Individual components (branches) in the Hale R-matrix calculation of the *He->He proton
spectrum.

9.8 Shot Summary

A summary of all pure 3He-filled implosions conducted at OMEGA is shown in Table 9.4.

Table 9.4. Summary of all >He3He experiments conducted

Laser Target
Date Shot | Energy (J) Pulse DPP | SSD | Dia (um) | Wall (um) | *He (atm)
8-Feb-11 | 61094 29417.8 SG1018 SG4 No 871.8 24 11.8
8-Feb-11 | 61095 29324.1 SG1018 SG4 No 858.8 2.4 11.8
22-Feb-11 | 61241 28923.1 SG1018 SG4 No 854.8 24 11.5
22-Feb-11 | 61251 28629.5 SG1018 SG4 No 865 2 11.5
22-Feb-11 | 61252 29056.5 SG1018 SG4 No 893.6 2.3 11.5
28-Jul-11 | 63024 26466.9 SG1018P | SG4 No 869.2 2.6 14.4
29-Jul-11 | 63030 25292.5 SG1018P | SG4 No 863.8 3.4 14.3
29-Jul-11 | 63032 26501.9 SG1018P | SG4 No 867.6 3.3 14.4
29-Jul-11 | 63036 28627.3 SG1018 SG4 No 860.8 3.4 14.4
29-Jul-11 | 63038 28526.5 SG1018 SG4 No 892.6 3.3 14.3
29-Jul-11 | 63041 25824.2 SG1018 SG4 No 861 2.5 14.4
13-Jan-12 | 64674 29472.7 SG1018 No No 860 2.2 7.2
13-Jan-12 | 64676 29864.8 SG1018 No No 858 2 7.5
13-Jan-12 | 64677 30049.4 SG1018 No No 431 2 7.5
13-Jan-12 | 64678 30202.6 SG1018 No No 414 2 7.5
13-Jan-12 | 64679 30218.3 SG1018 No No 412 1.9 124
13-Jan-12 | 64680 29944.6 SG1018 No No 409 1.9 12.5
13-Jan-12 | 64681 29720.9 SG1018 No No 841 2.2 12.4
13-Jan-12 | 64682 29612 SG1018 No No 865 2.3 12.9
13-Jan-12 | 64684 29954.8 SG1018 No No 843 2 12.5
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Table 9.4. Summary of all >He?He experiments conducted

Laser Target
Date Shot | Energy (J) Pulse DPP | SSD | Dia (um) | Wall (um) | 3He (atm)
13-Jan-12 | 64685 30162 SG1018 No No 405 2 12.5
13-Jan-12 | 64686 29840.8 SG1018 No No 849 2.2 12.9
9-Aug-12 | 67085 29246.3 SG1018 SG4 No 945 2.6 20
9-Aug-12 | 67086 29505.9 SG1018 SG4 No 900 2.6 20
9-Aug-12 | 67087 29480.7 SG1018 SG4 No 997 2.7 20
9-Aug-12 | 67089 29053.9 SG1018 SG4 No 917 2.7 20
17-Jul-13 | 70411 16809.8 SG0604 SG4 No 958 2.13 22.449
17-Jul-13 | 70412 17080 SG0604 SG4 No 949 2.15 22.612
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pD Experiments

10.1 Introduction

Deuterons and protons can fuse via the reaction
p+D — 3He+vy (Q=55MeV). (10.1)

As the primary reaction for generation of *He in nucleosynthesis processes, this reaction is critically
important for many astrophysical systems such as main-sequence stars, brown dwarfs, protostars,
and the universe during the Big Bang.

In the stellar main sequence (see Section 7.2), hydrogen is burned to form helium. The first
step is the weak reaction p(p,e™v)d, which creates a deuteron. The reaction then proceeds via the
d(p,y)>He reaction. Since the p+p fusion reaction is a weak process it is the rate-limiting step and
thus sets the overall energy generation rate. The pD cross section (reaction rate) only affects the
equilibrium concentration of deuterons within the star.

During the stellar formation process, a cloud of interstellar gas contracts gravitationally (the
Kelvin-Helmholtz process) until the central temperature reaches the proton-proton ignition tem-
perature (~ 107 K). The contracting pre-stellar material is referred to as a ‘proto-star’. Until the
central temperature reaches ~ 10° K the gravitational contraction dominates. At that temperature,
however, primordial deuterium in the proto-star can burn via this reaction, generating total energy
comparable to the gravitational potential energy'. This halts the Kelvin-Helmholtz contraction
until the primordial deuterium is exhausted, thus prolonging the overall lifespan of the protostar.
The pD reaction rate at very low energy is thus critical for modeling protostellar evolution.

Similarly, in ‘brown dwarf’ stars, which are not massive enough to ignite hydrogen fusion (< 0.07
Mg) but larger than giant planets (2 0.01 Mg), deuterium burning can generate substantial
amounts of thermonuclear energy?*. The internal dynamics of these objects depends sensitively
on the pD reactivity at low temperature.

The third relevance for astrophysics is Big-Bang Nucleosynthesis (BBN, see Section 7.1), in
which the pD reaction generates *He needed for the reaction chain to proceed to heavier nuclei
such as Li and Be®.

This reaction has been studied at low energy in several accelerator (beam-target) experiments” °
and theoretical work '~ 2. The resulting data from these experiments must be corrected for bound-
electron screening and thick-target effects, potentially introducing systematic uncertainties. Achiev-
ing low energies relevant for astrophysical nucleosynthesis is difficult as well, and may be improved
upon using inertially-confined plasmas.
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10.2 Experiment
CH CH CH CH
15um 15um 15um 15um
D2 (8atm) D2 (5.33atm) H2 (16atm) Dz (3.2atm)
H, (5.33atm) 3He (6.4atm)
480um 480um 480pm 480pm

Figure 10.1. Targets used for the pD experiments.

For the first time, the pD reaction was studied using inertially-confined laboratory plasmas.
Plastic (CH) shells filled with various fuel mixtures were imploded with the OMEGA laser!?.
The targets are shown in Fig. 10.1; the CH shells were nominally 15pum thick with an outer
diameter of 860 pum and a 0.1um Al overcoating. The shell was driven by the laser irradiation
at 3w (351nm) using SG4 DPP, DPR, and SSD smoothing. The pulse duration was 1ns and the
total energy delivered was approximately 25kJ. Four different target fills were used, as shown in
Fig. 10.1. The primary experiment, studying pD fusion, used an equimolar mix of Ds and Hs
fill gas with 5.33atm of each. Background characterization shots were conducted with either pure
Dy or pure Hj fills, using a mass-equivalent fill of 8atm of Dy or 16atm of Hy gas. While pure
‘hydro-equivalence’ is not possible between these gas mixes, keeping the mass density constant
maintains similar hydrodynamics between the fills. Finally, a mass-equivalent equimolar mixture
of Dy and 3He gas (3.2 and 6.4atm, respectively) was used as a calibration for the Cherenkov
detector. Detailed setup parameters for each shot, including metrologized target information, are
shown in Table 10.1. The Ho-filled shots were designed as a background test for the Cherenkov
detector, since no fusion reactions should occur in these implosions. As expected, all nuclear
diagnostics showed no evidence of nuclear reactions in the Hy implosions. The primary GCD-3
setup parameters, the gas fill and type, are also shown in Table 10.1. The shots using C2Fg gas
did not acquire good data, see Section 10.4.2 for more details.

10.3 DD and D?He Nuclear Data

Nuclear diagnostics were used to measure the DD and D3He fusion products to characterize these
implosions. nTOF spectrometers '* measured the DD neutron yield and burn-averaged ion temper-
ature, and the NTD measured bang time'®. On D3He gas-filled implosions, compact Wedge Range
Filters (WRFs) 16 were used to measure the D3He yield.

The resulting DD nuclear data are shown in Fig. 10.2 for the D3He, DD, and HD shots (color-
coded). The DD yield was the highest on the pure Do filled implosions since the yield o n%. We
observe that the targets filled with a given type of fuel had a similar nuclear performance. All
implosions had similar burn-averaged ion temperatures and bang times.

The target dimensions also affect the nuclear data. The series of implosions using thicker shells
(74608—74613, see Table 10.1) have slightly lower yields and later bang times.

The DD nuclear data are compared to 1-D LILAC simulations'” in Figure 10.3. Simulated
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Table 10.1. Target and GCD-3 setup information for the pD experiments. The GCD-3 was filled with

400psi of gas for the data shots, and lower pressures for background tests.

Target GCD-3
Gas Capsule Gas

Shot Type P (atm) | OD (pum) | Thick (um) | Type | P (psi)
74285 | Dy+3He 9.5 866 14.7 CO, 400
74286 | Dy+3He 9.6 874 14.7 CO, 400
74287 D, 8.0 867 14.7 CO, 400
74288 Dy 8.0 876 14.6 COq 400
74289 | Hy+Do 10.6 868 14.7 CO, 400
74290 | Ha+Do 10.7 872 14.8 CO, 400
74292 H, 15.9 872 14.8 CO, 400
74293 | Hy+Do 9.9 871 14.7 COq 400
74294 | Hy+Do 10.3 873 14.5 CO4 400
74295 H, 15.6 875 14.5 CO, 400
74296 | Dy+3He 9.6 865 14.7 CO» 400
74297 Dy 8.0 868 14.7 - 0
74602 | Dy+3He 9.8 868 15.7 CoFg | 400
74603 | Dy+3He 9.8 867 15.8 CoFg | 400
74604 D, 11.1 870 15.7 CoFg | 400
74605 H, 16.1 875 15.6 CoFg | 400
74606 | Ho+Do 11.1 867 15.6 CoFg | 400
74607 | Ho+Do 10.7 874 15.6 CoFg 400
74608 | Ha+Do 11.1 867 15.5 CO, 400
74609 | Ho+Do 10.9 869 15.5 COq 400
74611 | Hy+Do 11.0 867 15.6 CO4 400
74612 D2 8.1 870 15.8 CO4 400
74613 D2 8.0 873 16.0 CO, 400
74614 | Hy+Do 10.7 871 14.4 COq 100
74615 | Ho+Do 10.9 868 14.7 COq 100
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yields are higher than experiment by a factor of 5—10x (yield over clean (YOC) ~ 0.1 —0.2) while
the simulated ion temperatures are comparable to experiment.
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Figure 10.3. DD-n nuclear data (Fig. 10.2) compared to LILAC 1-D simulations: experimental yield over
simulated yield (top), temperature over 1-D determined 7; (center), and bang time difference (bottom).
Marker colors correspond to shot type: HD (black), Dy (blue), and D3He (red).

The D3He nuclear yield is shown in Fig. 10.4 (left) and compared to simulation (right). Similar
YOC is observed for the D3He and DD reactions. The nuclear yield oc n?{ov) where (ov) is a
strong function of T;. Since the two reactions have similar yield, and the simulated burn-averaged
ion temperature is close to experiment (Fig. 10.2), this suggests that the simulated burn volume is
smaller in experiment than in simulation. This could occur due to a mix region developing around
the fuel-shell interface during the deceleration phase.

The simulated performance is further explored by looking at the relative performance of the
three fuel types. Fuel stratification or segregation, reported in several experiments!'®2?, which
may be due to diffusion processes?''?? or ion thermal decoupling??, can have an impact on the
performance.

The YOC for areaction (z) is defined relative to the 1-D simulation as YOCy = Y, /Y, 1p, where
the uncertainty in YOC is driven by the uncertainty in the measurement (6YOC, = 6Y, /Y, 1p).
The average YOC over a set of shots (i = 1 — N) is then calculated from a weighted mean:

5 (voc./svocs,)
> 0YO0C;?

YOC, = (10.2)

Because of shot-to-shot scatter not accounted for in the simulation, the YOC data vary more than
expected on the basis of the error bars (x? > 1). This ‘over-dispersion’ can be corrected for in the
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Figure 10.4. WRF measured D3He-proton yields (left), and comparison to simulation (right) for both
DD-n and D3He-p yields in the D3He gas-filled implosions.

uncertainty of the weighted mean by correcting for the fact that x? > 1 by:
1

WOC, = roes <0 (10.3)
1 1 (YOCx i YOC:E)2

= : 10.4

>,0v0C.2 N -1 2 5YOCE, (104)

The calculated average YOC values using this method are shown in Fig. 10.5 for two scenarios.
First, the DD-n YOC was calculated for the three nuclear fuel types (Dy, D3He, and HD), shown
in the left of Fig. 10.5. In this case, no statistically-significant difference is observed between
the fuel types. Secondly, both the DD-n and D3He-p YOC were calculated in the D®He gas-filled
implosions, shown at right in Fig. 10.5. In this case, the two reactions occurring simultaneously in
the same implosions show the same YOC. The combination of these two results show that negligible
species separation or ‘yield anomaly’ effects are occurring in this type of implosion, which is an
important observation for the S-factor analysis discussed in Section 10.5.

10.4 Cherenkov Data and Analysis

Cherenkov radiation is electromagnetic radiation emitted by a charged particle passing through a
dielectric medium with a velocity higher than the medium’s phase velocity of light (¢/n where n is
the index of refraction). Typically Cherenkov radiation is in a visible part of the spectrum, such as
the blue light associated with water-moderated nuclear reactors. In ICF diagnostic techniques, en-
ergetic v rays can be detected if they Compton scatter energetic electrons into a dielectric medium.
The light production has a threshold depending on the y-ray energy and dielectric medium. Typi-
cally for ICF diagnostics, a gas-filled chamber serves as the dielectric medium with a photomultiplier
tube (PMT) to detect the Cherenkov light 2*.
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Figure 10.5. Left: average DD-n YOC for the three implosion types (Dy, D3He, or HD fuel). Right:
average DD-n and D*He-p YOC in D3He gas-filled implosions.

(a) Super GCD

Fewer Joints Tungsten Modular Optical fiber
Metal seals Shielding Optics injection
Fluorinated gases Package

(b) GCD-1

Figure 10.6. (a) ‘Super’ GCD (GCD-3) with larger gas volume at higher pressure, 400 psi Maximum
Operating Pressure (MOP), and with improved optics package and shielding. (b) Previous design (GCD-1).

10.4.1 The GCD-3 Detector

Measuring the relatively low y-ray energy from this reaction (5.5 MeV, Eq. 10.1) requires a gas with
a high n for the Cherenkov detector, which typically requires high pressure and/or flourinated gases.
Simultaneously, the relatively low cross section of the p4+D reaction requires a large-solid-angle
detector. This capability was implemented as the ‘super’ GCD (GCD-3)2°, shown schematically in
Fig. 10.6. The key feature of the GCD-3 for this measurement is the low threshold. With 400psi
of CO fill, the ~ detection threshold is ~ 3 MeV, which can be reduced to ~ 2 MeV with 400psi
of CoFg gas.

The response curves for the GCD-3 are shown in Fig. 10.7 with 100 or 400 psi of CO2 or CoFg
gas, and are compared to the previous system (GCD-1 at 100psi of CO2). When using 100 psi of
COgs in either system, the 5.5 MeV ~ ray from the p+D reaction cannot be measured. The new
GCD-3 system is capable of detecting this « ray with high sensitivity using a 400 psi fill of either
gas.
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Figure 10.7. GCD-3 response curves with 100 or 400 psi of CO2 or CoFg gas, compared to the best
performance of the previous GCD-1 system (100psi of COq, black dashed curve).

10.4.2 CyF¢ Fluorescence

Several shots utilized CoFg gas as the dielectric medium in the GCD-3 detector, since it was
predicted to have a higher sensitivity to the v rays (see Fig. 10.7). Unfortunately, the Cherenkov
signals measured using CoFg gas shows anomalously high and broad signals, several orders of
magnitude more than fusion signal. An example of this is shown in Fig. 10.8 for three D3He shots.
When using CO4 gas fill (shots 74285 and 74286) good Cherenkov signal is observed. On a similar
shot (74603) using CoFg gas, however, anomalous signal due to fluorescence is observed.

10.4.3 Signal analysis

The Cherenkov light production is detected with a PMT and recorded using a fast digital scope
(SCD5000). The raw signals are analyzed using the following procedure. First, the SCD signal is
corrected for electrical splits and attenuators used in the experiment to recover the signal level at
the PMT output. Since peak nuclear production is defined as bang time, the scope trace is aligned
in time such that the peak Cherenkov signal is at ¢ = 0. The trace before and after the Cherenkov
signal is used in a background subtraction. At this stage the raw data may be compared. The
Cherenkov signals for several shot types are shown in Fig. 10.9.

The D3He-v data are used as a calibration (see Section 10.4.4). The Hy null shot demonstrates
that the signal observed is due to a nuclear process and not due to another process in the implosions
(i.e. laser-plasma interactions generating hot electrons). Since the data are shown yield normalized,
the DD curves represent the primary source of background in the pD measurement — due to the
DD-v (branching ratio ~ 10~7) or (n,~) reactions from the DD-n. The remaining signal in the pD
implosions is attributed to the p+D ~ ray (Eq. 10.1) at 5.5 MeV.

This can be verified with a threshold scan. By reducing the GCD-3 gas fill pressure from 400
to 100 psi, the y-ray energy threshold increases to 6.3 MeV. This threshold scan is shown in Fig.
10.10. The data show that the Cherenkov signal disappears in the HD implosions as the threshold
is increased. This demonstrates that the signal is due to a low-energy - ray, i.e. the p+D fusion ~.

To calculate a total y-ray yield, the PMT signal must be integrated to calculate the total signal.
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Figure 10.8. Cherenkov signal versus time for three D3He gas-filled implosions, with ¢t = 0 approximately at
bang time. Shots 74285 and 74286 (blue and green curves) used CO5 and show a clear Cherenkov signal from
D3He-vy. The shot using CoFg fill (74603, red) shows an anomalous signal, both much higher in magnitude
and wider than possible from fusion alone, but could be explained by fluorescence of the gas or a contaminant
in the gas.
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1.0 —0.5 0.0 0.5 1.0
Time (ns)

Figure 10.9. PMT signal (normalized to DD yield) for the three nuclear shot types: D3He (black), four
HD implosions (red), and two Dy implosions (blue). The difference between the HD and DD traces is the
signal due to the p+D fusion . A Hs-filled implosion (green curve) shows no Cherenkov signal.
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Figure 10.10. HD-filled implosions where the GCD-3 was filled with either 400psi (blue curves, ~ 3
MeV threshold) or 100psi (red curves, ~ 6.3 MeV threshold) of COy. The dramatic reduction in signal
demonstrates that the signal observed at 400psi is due to a low-energy ~ ray.

The raw data are fit with a double Gaussian curve in time, shown in Fig. 10.11 for shot 74290, a
HD-filled implosion. A double Gaussian is used to account for the PMT ring, which creates the
‘shoulder’ on the falling edge of the main signal. The area under the double-Gaussian fit corresponds
to the total signal in Vs, with an uncertainty associated with the best fit (from reduced-x?).
The ~-ray yield can be calculated for a given reaction x from the integrated signal (V' x s) using

the detector equation
V xs 1

Y, = —
* QxRxerExGXC’x’
where Q is the detector solid angle, R is the scope input impedance (50 Ohm), e is the fundamental

charge, QF is the PMT quantum efficiency, and G is the PMT gain. C, is the effective GCD
response for reaction x in photons collected per incident .

(10.5)

10.4.4 GCD-3 D3He calibration

The GCD response function is calculated using GEANT4 Monte-Carlo simulations?® and normal-
ized using experimental calibration data®’. This calibration factor accounts for systematic uncer-
tainties in the instrument light collection, uncertainties in modeling the Cherenkov production, and
accounts for uncertainties in the PMT response. This results in a multiplicative calibration factor
(typically < 1 and dominated by the light production and transport). In this experiment, D3He
implosions were conducted as calibration shots using the same detector setup, with the calibration
set using published data for the D3He reaction branching ratio?®.

Three D3He-filled implosions are used in this calibration. The raw data are shown in Fig.
10.12a. These data are analyzed using the procedure already described. A preliminary calibration
factor* of 0.53 was used with the calculated instrument response to D3He-7s to infer a D3He v-ray

*From a cross-calibration to the GCD-1 instrument using the DT-v from separate DT-filled implosions a prelimi-
nary calibration factor of 0.53 was inferred. (H. Herrmann, private communication).
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Figure 10.11. Double-Gaussian fit to the raw PMT signal for shot 74290 (HD). The shoulder on the
late-time side of the main peak (at ~ 0.2ns) is a PMT ring.

yield. This yield can be compared to the expected v yield using the known D3He branching ratio?®
and measurements of the proton yield from WRF spectrometers'%2?. This is shown in Fig. 10.12,
where the data is used to refine the initial calibration estimate.

In this calibration, the sources of uncertainty include the integrated signal uncertainty and a
statistical uncertainty from the number of productive Compton-scattered electrons in the system,
which is the statistically-limiting step of the Cherenkov detector technique. The statistical un-
certainty in the D3He proton yield measurement is also included. When the integrated D3He-y
signal is calculated the DD-induced background is subtracted, which introduces an additional un-
certainty. The major systematic uncertainty is from the uncertainty in the D3He branching ratio?®.
The calibration factor is calculated as a weighted mean of the three D3He shots and found to be
0.50 £ £0.20.

10.4.5 pD fusion yield

With this calibration factor, the pD fusion yield can be calculated. The primary source of back-
ground is from DD fusion reactions, which is characterized with the Do-filled implosions. An average
integrated signal per DD-n is calculated on the DD shots for the background subtraction. On each
HD implosion, the measured DD-n yield is then used to subtract the background. The uncertainty
in DD-n yield and the background signal per DD-n is included in the statistical uncertainty for the
integrated signal on each HD implosion.

On each implosion the 7 yield is then calculated using Eq. 10.5, the 5.5 MeV ~-ray response,
and the calibration factor (Section 10.4.4). The statistical uncertainty in « yield results from
uncertainty in the integrated signal, DD background subtraction, Compton electron statistics, and
the statistical uncertainty in the calibration. The systematic uncertainty results from the significant
systematic uncertainty in the calibration.

A total of seven HD-fueled implosions have been diagnosed using GCD-3 with 400psi of CO»
fill (see Table 10.1), which are shown in Fig. 10.13. The error bars shown are statistical only.
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(b) Calibration for D*He (blue) relative to initial estimate

(a) Raw PMT signals for the D*He shots (black). Only statistical uncertainties shown.
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Figure 10.12. D3He data used for calibration of the GCD-3 instrument.
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Figure 10.13. Left: calculated pD ~ yield for seven data shots, showing statistical uncertainties only.
Right: DD-n yield for the same shots.
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10.5 S-factor analysis

The S-factor for the p+D reaction can be calculated from the pD-v yield using the DD reaction as
a reference. The yields for the two reactions are

Yop = /dfdt nunp(ov)pp, (10.6)
n2
Ypp = /dfdt 7D<UU>DD, (10.7)
where ny and np are the proton and deuteron number densities, respectively, and (ov) is the

fusion reactivity as a function of temperature; n and T; are typically unknown functions of space
and time. The ratio of the two yields is

Y,
2D _ / drat 170D (10.8)
Ypp np (ov)pp

If there are no ‘profile’ or species-separation effects occuring in these implosions, as shown in Section
10.3, then the yield ratio is given by

Yoo _ ,nm (00)pD
Ypp np (ov)pp’

(10.9)

where the reactivities are burn-averaged. This assumes that the density and temperature profiles
for each reaction are the same, thus the burn duration and volume are also identical. Since these
are both non-resonant reactions in this energy range, the reactivity can be written:

8k
/3 me 21 Zge?

(ov) SeZe™3, (10.10)

which is Eq. 1.56 in Atzeni (Ref. 30), where Z; and Z5 are the reactant charges, m, is their reduced
mass, S is the S-factor, and ¢ is related to the Gamow energy (eq):

e V3
£ = <4kBT> ; (10.11)
(raZy Zo)22m, 23
= T , (10.12)
= 6.2696(Z1Z5)*/3ALST1/3, (10.13)

Using this formalism, the yield ratio can then be written as

Yoo _ ni AppShp&pe (10.14)
Ypp np AL Sppédpe=3pn’ ’
which is inverted to give an expression for the pD S-factor:
Y, A 2 .—3¢pD
Syp = Spp x 222 | 12 ApD $hpe (10.15)

Yop 2ng App fZDe_?’QDD
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Figure 10.14. S-factors for this work (red point) and several accelerator experiments” . An adopted
S-factor?! is shown in the black dashed curve.

The DD S-factor is well known from accelerator experiments, the two yields are measured experi-
mentally, and the factor in square brackets is calculated using the DD-n Doppler ion temperature,
which is ~ 0.1 for T; ~ 5 keV. The average center-of-mass energy (E.,,) for the reactions, the
Gamow peak energy, is (kg1 and thus is calculated for the DD and pD reactions separately,
though using the same thermal temperature.

An S-factor is calculated for each of the seven shots, which are then used to calculate a weighted
mean value:

Spp = 0.45 £ 0.034at £ 0.17gys €V-b, at E.p, = 16.3 + 0.4 keV. (10.16)

Within experimental uncertainty, agreement is found with the previous accelerator data and
adopted S(FE) curve (see Fig. 10.14). The uncertainty is dominated by the systematic calibration
uncertainty.

10.6 Conclusion

The p + D —3 He + v (5.5 MeV) reaction is important for several astrophysical systems: energy
generation in protostars and brown dwarfs via burning of the primordial D, and for *He production
during BBN. The reaction has been studied at low (astrophysically-relevant) energies in several
accelerator (beam-target) experiments”? and theoretical work!%"!2. Experimentally, these accel-
erator experiments must correct for bound-electron screening and thick-target effects, potentially
introducing systematic uncertainties.

In this work, inertially-confined plasmas were used to generate p+D reactions in a thermal
plasma. The resulting v rays were measured with a Cherenkov detector and used to determine an
absolute value of the astrophysical S-factor. The result in this work agrees with accelerator data
when considering the uncertainties, particularly the systematic due to the instrument calibration.
This is the first direct comparison of accelerator- and plasma-measured fusion cross sections relevant
to astrophysics.
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Conclusion

In this thesis, fusion product spectroscopy was used to study inertial fusion implosions, measure
charged-particle stopping power in dense plasma, and study three fusion reactions relevant to stellar
and Big-Bang nucleosynthesis. These experiments were conducted at OMEGA and the NIF.

In the first project, compact proton spectrometers were implemented on the NIF to measure
D3He fusion protons emitted from ‘surrogate’ implosions, where the cryogenic ice layer of ignition
targets is replaced with an equivalent mass of ablator. These proton spectrometers may be fielded
in up to eight locations, located near the north pole and equator. In the implosion, spherical
convergence of the final merged shock produces a brief period of fusion burn known as the ‘shock’
burn. The shock burn is subsequently followed by the main ‘compression’ burn several hundred ps
later. The downshift of the shock-produced D*He protons is used to infer the areal density (pR) and
shell center-of-mass radius (R;,) while the implosion is in flight, at a convergence ratio (CR) ~ 4.
Additionally, the shock strength is inferred from the proton yield. In this work, the effects of several
laser pulse design parameters on the shock dynamics have been studied. First, higher shock pRs
were observed for ‘no-coast’ implosions, where the laser drive is kept on for longer (i.e. until closer
to the bang time). Higher pR corresponds to a higher convergence (lower R.,,) at the shock-bang
time. This data is combined with in-flight x-ray radiography to estimate the shock-bang time. The
time difference between shock- and compression-bang time is found to decrease substantially for
the no-coast implosions, in contradiction to hydrodynamic simulations. Physically, this corresponds
to a shorter implosion deceleration phase, which could be caused in part by inaccurate modeling
of the late-time drive pressure, more rapid deceleration of the compressed shell than expected, or
significant mix in the no-coast implosions. Secondly, the shock strength inferred from the proton
yield is found to depend strongly on the laser rise time from the foot of the pulse to peak power.
A stronger shock is launched for a faster rise. This data is the only metric for shock heating of the
gas at the center of the implosion, which is related to the initial adiabat of the material that will
form the hot spot. In addition, with the multiple detector locations, at the pole and equator, low-
mode asymmetries in the implosion were measured. At the shock-bang time (CR ~ 4), large pR
asymmetries were routinely observed and interpreted as P, shape perturbations with amplitudes
10 — 30%. When compared to compression-bang-time x-ray imaging, sensitive to the hot spot
shape, positive correlation and comparable amplitudes between the two metrics were observed
for two independent sets of data. The positive correlation means that the asymmetries do not
change sign during deceleration, while the comparable amplitude suggests that these asymmetries
do not grow during deceleration. This is in contradiction to several hydrodynamic growth models,
both analytic and computational, which may be explained by the hot spot at compression not
representing the asymmetry of the shell, or that significant residual kinetic energy may be present
in these implosions that would not be accounted for in the growth models.
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In a set of dedicated experiments on the OMEGA laser, the same type of WRF proton spec-
trometers were used to accurately measure charged-particle stopping power in dense plasma. D3He
protons were generated in a shock-driven ‘exploding pusher’ implosion to probe Be that was iso-
chorically heated by x rays to WDM conditions, which were moderately-coupled
[(e2/a)/(kT. + Er) ~ 0.3] and moderately-degenerate [kpT./Ep ~ 2]. These are the first high-
accuracy measurements of charged-particle energy loss through dense plasma; the data show an
increased loss relative to cold matter, consistent with a reduced mean ionization potential. The
data agree with stopping models based on an ad-hoc treatment of free and bound electrons, as
well as the average-atom local-density approximation; this work is the first test of these theories in
WDM plasma. Stopping-power experiments using petawatt lasers (OMEGA EP) have also been
attempted, but several challenges in the production of appropriate subject plasmas and proton
sources currently prevent accurate measurements.

Lastly, nuclear diagnostics have been used to study several reactions relevant to nuclear astro-
physics. The 3He+3He reaction, the last step of the solar proton-proton I chain, was studied at
OMEGA. Proton spectra from the reaction were measured at low reactant center-of-mass energy
(Eem). For the first time, this data is used to constrain phenomenological R-matrix nuclear models.
Knowledge of the spectral shape is important for interpretation of accelerator data at even lower
E.,,, which is used to determine the reaction rate inside stars. The T+3He reaction was also studied
in OMEGA implosions. The capture branch of this reaction can generate 5Li and was hypothesized
to potentially resolve anomalous °Li abundances via production during BBN. The OMEGA data
was found to invalidate this hypothesis, as the cross section is too low for significant °Li production
via this mechanism. The proton spectrum from T+?He is also being used to constrain R-matrix
theory. The third reaction studied was p+D, which is responsible for energy production in brown
dwarfs and protostars. The v ray was measured, and the inferred cross section agrees with pre-
vious accelerator data. This is the first direct comparison of plasma and accelerator data for an
astrophysical reaction, and increases confidence in the reaction rate.

On the whole, this work contributes to the national quest for fusion ignition at NIF, our under-
standing of dense plasma physics, and the study of astrophysical nucleosynthesis. Future work is
expected in all three areas. On the NIF, lower-convergence (higher-adiabat) experiments are being
conducted to study the shock dynamics in a simpler implosion. Preliminary data are presented in
Appendix J. By testing hydrodynamic models in these simpler implosions, further physics under-
standing may be obtained of the low-adiabat experiments in this work. On the stopping power,
NIF experiments next year will extend this work into a strongly-coupled and degenerate plasma
regime, to distinguish the bound-free and local-density approximation models. All of the astro-
physical nuclear reactions in this work can be studied further. For the 3He®*He reaction, new
diagnostic capability could enable measurements of the low-energy part of the proton spectrum.
The T3He-v data quality will be substantially improved by reducing the DT-v background by using
higher-purity fuel. Lastly, the pD reaction measurement can be improved by a better calibration
of the Cherenkov detector, potentially enabling this technique to distinguish between discrepant
low-energy accelerator experiments.
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Appendix A

Using high intensity laser-generated energetic
protons to radiograph directly driven implo-
sions

A.1 Introduction

A.1.1 Previous techniques

One successful technique for studies of ICF implosions has been radiography using either x-rays !
or charged particles; the latter will be the focus of this Appendix. Within the past several years
short-pulse-generated proton radiography has been demonstrated by Mackinnon et al. for 6 beam
implosions on the Vulcan laser®. Backlighting full-energy OMEGA implosions, as demonstrated in
this work, reveals filamentary EM field structures in the corona that were not observed by Mackin-
non et al®, but were observed by Rygg et al*, who used a fusion-based charged-particle backlighter
technique developed at OMEGA?®. This method uses 3 and 15 MeV protons (from DD and D3He
fusion), produced in a 80-130ps burn with a typical source size of 40-50um FWHM. This technique
has been used to successfully study direct-drive implosions®*7, indirect-drive implosions®'°, and
electromagnetic fields in HED plasmas!!1°,

A.1.2 Energetic proton production

It is well known that the interaction of a high-intensity laser with matter can create energetic
electrons and ions'®!7. Relevant to this work is the Target Normal Sheath Acceleration (TNSA)
mechanism!® at laser intensities on the order of 10! W/cm?. During the initial laser interaction
with a solid target, electrons are accelerated to high energy, and propagate away from the target at
nearly the speed of light, ¢. This sets up strong ‘sheath’ electric fields, which can accelerate ions to
high energy. Hydrocarbon contaminants on the target are known to cause the production of protons
with energies up to 60 MeV . Ion acceleration mechanisms, including TNSA, have been extensively
studied experimentally 20:18:21,22:19,23-37 a1 computationally 33 4. Other proposed applications for
this technique include compact medical and research accelerators*?, and proton fast ignition*.

A.1.3 Challenges and benefits of TNSA backlighting

These TNSA-generated proton beams can be used as a backlighter for probing ICF and HED
plasmas. This has been proposed and used in the literature®* 47, first demonstrated for 6 beam
spherical implosions using Vulcan?®, and recently in experiments on OMEGA EP 4%, Backlighting
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full-scale implosions at OMEGA or the NIF comes with a unique set of challenges and benefits for
this technique. These challenges include designing the backlighter to ensure an adequate fluence
and energy of backlighting protons. This requires compensating for several effects, such as x-ray
crosstalk, return current, and preplasma from the implosion®!. The beam divergence, magnification
required, and desired radiography time window require experimental optimization.

The benefits of TNSA proton backlighting over previous proton backlighting, i.e. with fusion-
generated protons, are better temporal resolution (~10ps versus ~100ps), better spatial resolution
(~10pm versus 40-50pum), and the ability to radiograph at several time steps during one implosion.
Spatial and temporal resolution are quoted on the basis of previous TNSA proton production and
radiography work in the literature?>2%52, Information on the spectral resolution is also available
in works. The fusion backlighter offers better energy resolution and spatial uniformity than the
TNSA backlighter, but which technique is optimal depends on the experiment. This work focuses
on solutions to the unique challenges when using TNSA to backlight 60-beam OMEGA implosions,
and presents the first radiographs of such implosions.

A.2 Experimental Overview

The OMEGA and OMEGA EP lasers (see Sections 1.3.2 and 1.3.3) are used for this experiment.
All 60 OMEGA beams drove the subject spherical capsule implosion. A top-level schematic of the
experiment is shown in Fig. A.1. The target was a 20-40um thick CH shell of outer diameter 860um
filled with *He gas at 18atm. The OMEGA pulse shape was a 3.5ns 17kJ ‘shock ignition’ pulse®?
using smoothing by spectral dispersion®® and SG4 phase plates®®, as the primary physics goal is
to study the shock propagation in the imploded capsule®®. The capsule drive pulse was started
several ns before the backlighter was fired, as the most interesting physics occurs when the shock
is launched, as well as near peak neutron production and stagnation. The backlighter foil used was
10pm thick Au. A 1ps 300J OMEGA EP short-pulse beam was used for TNSA backlighting, with
a focal spot size ~ 40um in diameter for an intensity ~ 2 x 10! W/cm?.

Figure A.1. Top-level schematic of the ex-
periment.  Sixty OMEGA beams drive a
spherical implosion, which is backlit by the
EP laser-generated protons and imaged on a
radiochromic film detector.

Backlighter
Radiochromic Film

v

A.3 Backlighter design

As listed in the introduction, there are three main mechanisms that could degrade the backlighter
performance:
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A.3.1 Preplasma

It is known that any prepulse before the proton-generating main laser pulse can create a ‘pre-
plasma’ at the target that dramatically reduces the backlighter performance?3. In this experiment,
the subject capsule was imploded via sixty OMEGA beams via ablation pressure. The ablated
mass was ejected outwards to large radii, forming a large coronal plasma around the implosion.
Since the capsule drive started several ns before being radiographed, the coronal plasma can reach
the backlighter. In a simple geometry, shown in Fig. A.2, the coronal plasma flows around the
backlighter foil and can impede the short-pulse beam propagation to the foil surface. This has the
same effect as preplasma: the conversion efficiency from laser energy to energetic protons is greatly
reduced. Additionally, coronal plasma at the backlighter foil can short out the sheath field due
to Debye screening; this will also reduce the conversion efficiency. The backlighter shielding must
therefore be designed to impede the coronal plasma flow so that it does not interact with the foil.

Figure A.2. A coronal plasma forms
plasma Coronal around an imploding capsule due to

flow pPlasma  gplation blowoff from the OMEGA
drive. The coronal plasma can flow
8 around the backlighter foil to reach
w S @ the region where the short pulse beam
%«i propagates. This impedes the short-
o pulse propagation to the focal point,
leading to reduced proton maximum

plasma energy and yield.

flow

A.3.2 X-ray crosstalk

X-ray imaging of capsule implosions shows that the capsule emits x-rays during the drive®’. These
x-rays are emitted isotropically, which means that some of the x rays are incident upon the back-
lighter foil. This is shown schematically in Fig. A.3. The x rays efficienctly heat the Au backlighter
foil, which can create some preplasma on the back surface ~ns before the short-pulse beam is inci-
dent on the foil. This would be a similar effect to a prepulse on the short-pulse beam, or interference
by coronal plasma. To mitigate this effect the backlighter foil must be shielded from ‘crosstalk’
from the capsule.

Figure A.3. 60 OMEGA beams
driving a capsule implosion. X-
rays from the capsule can preheat
the backlighter foil, which reduces
the backlighter performance.

Backlighter
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A.3.3 Return current

Figure A.4. If there is a pathway for fast elec- Backlighter
trons to form a return current to the backlighter foil Return
within the backlighter pulse, then the sheath field current

can be neutralized. This reduces TNSA production.
Return current can be mitigated by ensuring that
the target scale lengths are large enough that the
current cannot flow during the pulse duration.

: sheath
Backlighter field

foil

Shield
foil

In the TNSA mechanism fast electrons set up the strong electric sheath field, which accelerates
the protons of interest for TNSA backlighting. If, for example, a shield foil is placed in front (toward
the implosions) of the backlighter foil to shield from x-ray crosstalk (previous section), as shown in
Fig. A.4, then there is a potential for the fast electrons to generate a return current loop back to
the backlighter foil. This would neutralize the acceleration sheath field, and reduce the backlighter
proton performance.

Therefore, the backlighter size must be greater than the scale length ¢ = ¢, where 7 is the laser
pulse length, and the electrons are ultra-relativistic (v & ¢). With a 1ps pulse ¢ ~ 0.3mm, and at
7 = 10ps the scale length £ ~ 3mm. Since typical backlighter sizes are of order mm, this is a design
concern for 10ps pulses but not 1ps ones.

A.3.4 Resulting Design

Figure A.5. A cross section of the back- stalk
lighter design used in these experiments.
Shown is a cross-section, where the design has

cylindrical symmetry around the central axis preplasma shield
(except for the target positioner stalk). The CH
10pum Au TNSA foil and 3um Ta preplasma 10um 3um
shield are mounted on a CH washer, which is  3omm| EP Beam—» Au Ta Tcc—»
inserted into a cylindrical preplasma shield. foil foil
CH ¢0.6mm
) 5mm T imm

A backlighter for TNSA radiography has been designed to mitigate these issues. A schematic
is shown in Fig. A.5, and fabricated backlighters are shown in Fig. A.6.

The 10pum Au foil is the actual backlighter foil target. The foil is glued to a 1lmm thick CH
washer. On the other end of the washer, a 3um Ta foil acts as a x-ray cross-talk shield. The washer
is encased in a thin brass cylindrical shell that forms a shield to impede coronal plasma flow to the
backlighter foil. As shown in Fig. A.5 the EP beam comes in from the left, and TCC is to the
right. As a 1ps pulse is used in these experiments, there is no potential for return current issues
due to the scale lengths of this backlighter design.

A.4 Experimental Optimization

The experimental configuration, i.e. separation between backlighter, subject, and imaging plane,
must be adjusted to optimize the backlighter performance, magnification, and radiography timing.
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Figure A.6. Images of fielded back-
lighters. (a,b) two isometric views
of a backlighter, (c) side-on view
of backlighter, (d) view from TCC
of backlighter, (e,f) shadowgraphs of
pre-shot backlighter and capsule in
OMEGA target chamber.

(e) ()

Figure A.7. Schematic of the experimen-

o
2 tal geometry. The radiography time-of-flight
§ £| and magnification depend on the backlighter-
| object distance (d,) and object-film distance
o .. .
= protons ‘€| (d;). Optimized values, as used in these ex-
2| periments, are d, = 1.2cm and d; ~ 30cm.
S
Backlighter E]
14

»
»
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The backlighter-capsule distance d, and the capsule-film distance d; are shown in Fig. A.7.

The TNSA-generated proton beam has a cone-shaped emission, so for a given beam intensity a
larger d; results in less fluence on the detector. In joint radiography experiments we observed that
the film pack performs well for d; ~ 30cm.

The magnification is g i

i+ do 7
i 1+ 4 (A.1)
Since the interesting physics in a capsule implosions happens at small radii, < 200 pgm, the mag-
nification must be at least 25 for detectable features. With d; ~ 30 cm, this constrains d, < 1.25
cm. Depending on the experimental goals a higher magnification may be desirable.

The radiography time-of-flight depends on the choice of d,. Since the TNSA mechanism pro-
duces a falling exponential distribution with proton energy ¥, low- (several MeV) and high- (several
tens of MeV) energy protons can be used to backlight the implosion at differing times of flight >3,
All protons are born essentially simultaneously, within 1-10ps depending on the high-intensity laser
pulse length, so protons with a certain energy backlight the implosion at a time

M:

t=1+dy/ vy, (A.2)

where 7 is the short-pulse laser delay, and v, = v,(F) is the proton velocity. The time window
radiographed in one shot is given by

6t:do< L ) (A.3)

Up,min Up mazx

where vp min and vVpmae are the minimum and maximum energies, respectively, for which usable
radiographs can be obtained. Ideally this should > 150ps to allow radiography of a large total time
window of the implosion physics. This is easily achievable with the film pack design in this paper
for d, = 1.2cm, as will be shown in the next section.

A.5 Film pack design
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Figure A.8. Radiochromic (RC) film pack design for proton radiography. The pack consists of interleaved
filters (Al or Ta) and films.

The film pack used in these experiments is shown in Fig. A.8. Protons from the backlighter are
incident from the left. A series of Al or Ta filters and Gafchromic® HD-810 radiochromic films®®
are interleaved. The filter pack transverse size is 10cm x 10cm. Each filter is measured with a mi-
crometer since the thickness tolerance is generally 10% (standard filter stock from Goodfellow® ).
Each filter’s material and measured thickness is listed in Table A.1.

With known filter thicknesses and composition information on the HD-810 film, the proton
energy that each film is primarily sensitive to, e, is calculated using SRIM ? stopping-power tables.
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Table A.1. Film pack filter materials and thicknesses

Filter Material | Thickness (um)
1 Ta 42
2 Al 29
3 Al 106
4 Al 205
5 Al 480
6 Ta 390
7 Ta 407
8 Ta 534
9 Ta 1027
10 Ta 1026

This is done by calculating the deposited energy for each incident proton energy for initial proton
energies from 0 to 60 MeV. This is shown for RC film 5 in Fig. A.9.

€ is used to calculate a time-of-flight corresponding to each film, i.e. when that radiograph of
the subject was taken. This information is given in Table A.2.

Table A.2. Film pack proton energy of maximum sensitivity (e) for each film, and time-of-flight (TOF) to
the subject implosion d, /v, for d, = 1.2cm.

Film | e (MeV) | TOF (ns)
1 3.8 0.64
2 5.2 0.54
3 6.6 0.48
4 8.6 0.42
) 11.2 0.37
6 15.3 0.32
7 22.8 0.26
8 294 0.23
9 36.8 0.21
10 48.4 0.18
11 58.4 0.17

In future experiments, the magnification will be increased by decreasing d,. In this case it is
useful to show how the sample timing changes with d,. The TOF curves for a range of proton
energies, with chosen films marked (corresponding to Table A.2, are shown in Fig. A.10 for d, =
0.6,0.9,1.2 cm.

Another film pack consideration is the film sensitivity to higher-energy protons, shown in Fig.
A.9. The peak sensitivity (Fig. A.9) is narrow due to the Bragg peak, but the integrated tail as
shown for a single film sensitivity is significant. The TNSA proton mechanism produces a falling
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Figure A.9. (a) Deposited energy (sensitiv-
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ity) versus proton energy for film 5, chosen as

an example of typical behavior. (b) Zoomed in

view of the peak structure. 0.3 ]
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Figure A.10. Time-of-flight curves for d, = 0.57
0.6cm (dotted line), = 0.9cm (dashed line), and
= 1.2cm (solid line). The points mark specific 0.4
films in this design (see Table A.2). z
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exponential energy distribution that suppresses detection of the high-energy tail. The approximate
distribution is folded with the sensitivities calculated for each film, as shown in Fig. A.11 and A.12.
In future shots, the last 2-3 films will be replaced by higher sensitivity Gafchromic® MD-V2-55
films.

— (e~ e Figure A.11. Energy deposited per proton,
Ev, folded with an assumed exponential proton dis-
g 0.1 tribution and plotted versus initial energy. Ten
E of eleven films are shown, from film 1 to 10 from
g= 0.01¢ left to right (Film 11 is off scale to the right).
5 0,001 The dashed line represents the assumed expo-
>°<~ ' nential normalized source distribution *.
£ 1074
>~
20
2 107
43}
0 10 20 30 40 50
Initial Energy (MeV)
=) Figure A.12. Cumulative energy deposited
.5 L.Op for protons with energy < E vs E (i.e. inte-
§ I gration of Fig. A.11. Each film is normalized
£ 08f to the total energy deposited. Ten of eleven
*.E‘ i films are shown, from film 1 to 10 from left to
5 0.6f right (Film 11 is off scale to the right).
g
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In future experiments, the proton spectrum can be measured by taking a backlighter-only shot.
With a microdensitometer or optical microscope to measure the film optical density and known
film response, the exact proton fluence can be calculated using this sensitivity method .

A.6 Results

Using the techniques outlined in this Appendix, a series of radiographs were taken of the filamentary
electromagnetic field structure around an imploded capsule. Four sequential films are shown in Fig.
A.13. This data was taken with the film pack configured as discussed in Section A.5. A 17kJ shock
ignition pulse (FIS3601P)5% drove the capsule using all 60 OMEGA beams, and a 300J 1ps EP
pulse generated the backlighting protons, using the backlighter design in Section A.3. For this shot
do = 1.2cm and d;=30cm, so the magnification was 26 and the RC film field of view was 3.8mm at
the target plane. Timing of the short-pulse beam relative to the implosion drive, and subsequent
proton sampling times, is shown in Fig. A.13e.

The filamentary structures that dominate the radiographs in Fig. A.13 are the result of pro-
ton deflections resulting from the Lorentz force. Large self-generated fields have been previously
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Figure A.13. (a-d) A series of radiographs of the filametary field structure around an imploded capsule
(OMEGA shot 61250). For film energies and timing, see Table A.2. (e) Timing for OMEGA shot 61250,
corresponding to radiographs presented in (a-d). The black curve represents the average OMEGA implosion
drive intensity (pulse shape FIS3601P). The vertical dashed line shows when the EP short pulse beam was
fired. The gray box represents the sample times for Films 3 through 9, which recorded useful data on this
implosion (see also Table A.2).
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observed in the coronae of directly-driven ICF implosions, and the physics of these fields has been
studied by Séguin et al®2. Previous TNSA-backlit implosions® did not show such filamentary struc-
tures, but other experiments have?. This was due to much lower laser intensity on the implosion
target in these previous TNSA experiments, and demonstrates the importance of this backlighting
capability for full-energy implosions. These filamentary structures are not seen in indirect-drive
implosions”. Additionally, the protons are sensitive to the line integrated areal density between
the backlighter and film through the charged-particle stopping power

dFE
AFE = ——dpR A4
/dpR /R, (A4)

which will be used in future experiments.

A.7 Diagnosing failed radiography

If a radiography shot fails it is important to troubleshoot the failure with the smallest number
of additional shots and least amount of time, given the experimental constraints at facilities like
OMEGA and OMEGA EP. On a typical joint shot day, a PI can expect 6 & 1 radiography shots.
Two common failure modes were observed backlighting implosions: preplasma, and excessive beam
divergence.

(a) Film 5, Shot 59141 (b) Film 5, Shot 61250

Figure A.14. Comparison of 60-beam OMEGA radiographs using backlighters without (left) and with
(right) a preplasma shield, as discussed in Section A.3. The implosion is at the center of each image; (a)
is dominated by large-scale diffuse structure when the coronal plasma interacts with the backlighter foil,
and (b) is dominated by a radiograph of filamentary field structures around the implosion when the coronal
plasma is shielded.

The preplasma issue, as discussed in Section A.3.1 and Fig. A.2, can seriously degrade the
backlighter performance. When the coronal plasma interferes with the EP beam propagation,
the proton beam emission is more diffuse, and the highest energy proton produced is low (10-20
MeV instead of ~ 50). Diffuse large-scale structures have been observed in this case, as shown in
Fig. A.14. The left image of Fig. A.14 shows a radiograph where the backlighter did not have a
preplasma shield, and the right image had a shield as discussed in Section A.3. On the left some
filamentary structure is observed in the top left and top right, but most of the image is dominated
by a large diffuse structure resulting from the coronal plasma interaction with the backlighter.
On the right, with a shield, a radiograph of the entire implosion is obtained, demonstrating the
backlighter performance improved with the shield.

If the film pack is too far away (d; is too large) then the divergence of the TNSA proton beam
causes the fluence on the detector to be too low. If this is the case, then it affects the high-energy
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Figure A.15. Film 1, d; = 69cm, OMEGA shot 61247. The image is of an undriven implosion. In this case,
d; is too large so only the lowest-proton-energy film recorded useful data because of the beam divergence.
On a nominal performance backlighter shot, with d; optimized, Film 1 saturates.

films first due to the exponential distribution. Thus a low proton energy cutoff (10—20 MeV instead
of ~ 50) but sharp radiographs at low energy results from d; being too large. This is shown in
Fig. A.15, a radiograph of an unimploded capsule with the lowest energy film at d; = 69 cm. The
higher energy films did not have visible radiographs. With an optimal distance of 30 ¢m, the higher
fluence saturates the lowest energy film but at higher energies excellent radiographs are obtained
(shown in Fig. A.13).

A.8 Backlighter Uniformity

Recent data taken demonstrates the general uniformity of the TNSA backlighter. This data is
shown in Fig. A.16. The image is from a 40J 1ps short-pulse shot onto a normal backlighter target,
but without an implosion target in place. The primary purpose of the shot was facility timing. We
can see low-amplitude large-scale spatial variations of the order of the image size, but no higher-
order source nonuniformities that could be confused with physics effects seen in the implosion (Fig.
A.13).

Figure A.16. Film 1, OMEGA Shot 63031. (a) normal film scan, (b) enhanced contrast image. The
EP backlighter was fired at reduced energy (40J) for timing purposes without an implosion target in place.
This experiment gave a measurement of the backlighter uniformity. Here we can see some low-amplitude
large-scale spatial non-uniformities, but clearly distinct from implosion effects in Fig. A.13.

In future experiments this could be investigated for a full-energy backlighter drive, which was
not done in present experiments due to a limited number of shots. Additionally, in experiments
where precise spectral information is required, a source proton spectrum could be measured on a
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similar full-energy null shot. This would be particularly important for measuring areal densities of
imploded shells with proton backlighters.

A.9 Conclusions and Future Work

Petawatt-class lasers with kilojoule-picosecond pulses offer new opportunities for ICF and HEDP
radiography, using the TNSA mechanism for proton backlighting. This technique offers better
spatial and temporal resolution but poorer spatial uniformity and energy resolution than previous
fusion-based proton backlighters. It also offers a wide range of proton energies, which is beneficial
for mapping out field structures in ICF and HEDP plasmas. We present the first results of using
TNSA proton backlighting to image 60-beam OMEGA implosions. In such experiments there are
several challenges to using the TNSA mechanism to generate backlighting protons, such as avoiding
preplasma, crosstalk, return current, and optimizing the experimental configuration to achieve the
desired magnification, timing, and fluence at the radiochromic film detector. This work presents
solutions to these issues that will allow future joint OMEGA and OMEGA EP experiments to
use TNSA backlighting to study ICF and HEDP physics. In contrast to previous TNSA implosion
radiography?, we observe strong filamentary EM field structures? around the implosion that result
from higher implosion drive intensity and illustrate the need for the capability to backlight full-
energy implosions.

This technique will be applied to study shock propagation in shock ignition implosions at
OMEGA, in particular using high-energy protons to probe the electromagnetic field structure at
the shock front. The improved spatial and temporal resolution will be used to study electromagnetic
fields in hohlraums around the laser entrance hole (LEH) and at plasma bubbles formed at the wall,
expanding on previous efforts®10.

The future NIF Advanced Radiographic Capability (ARC)% will allow the study of full-scale
NIF experiments using a petawatt-class laser. Radiography using NIF ARC will be at similar
backlighter drive conditions to OMEGA EP (kilojoule-picosecond pulses), and with additional but
similar challenges to those discussed in this work due to 60 times more subject drive energy at
NIF. NIF ARC proton radiography will provide an important tool for studies of electromagnetic
field structures in megajoule indirect- and direct- drive implosions. It will be important to transfer
experience with TNSA backlighting from full-scale joint OMEGA experiments, as discussed in this
work, to future radiography experiments using ARC on the NIF.
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Appendix B

A compact neutron spectrometer for charac-
terizing inertial confinement fusion implosions

at OMEGA and the NIF

B.1 Introduction

In ICF implosions at OMEGA! and the National Ignition Facility (NIF)? (see Chapter 1), the
spherical shell of fuel is ablatively driven inwards at implosion velocities of ~ 370 km/s. This
imploding shell is decelerated by the hot spot, which reaches pressures of ~ 300 GBar in ideal
fusion target designs®™®. Efficient conversion of this implosion kinetic energy into hot spot thermal
energy is essential for achieving ignition. Any residual fuel kinetic energy at peak compression
represents a deficit in thermal energy, which will significantly reduce the fusion burn rate in the
hot spot and can cause the implosion to fail to ignite.

Neutron spectroscopy has been identified as a promising technique for diagnosing residual kinetic
energy in the fuel®7, in addition to well-established measurements of areal density, total yield, and
ion temperature®. Neutron spectroscopy techniques in-use at the OMEGA and NIF facilities include
neutron time-of-flight (nTOF) %!, nuclear activation!!? and recoil spectroscopy ¥ 8.

Figure B.1. Neutron Doppler shift
(AE,) versus fuel bulk velocity in the
direction of the spectrometer.
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The primary signature of residual kinetic energy would be a Doppler shift of the neutron spec-
trum; for relevant conditions the Doppler shift is approximately linear through relativistic kinemat-
ics (see Appendix B.2). This is shown in Fig. B.1 for neutrons produced via the deuterium-tritium
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2cm

CR-39
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Figure B.2. Conceptual spectrometer design. A small fraction of the DT neutrons generated in the
implosion (at left) hit a CHy foil, and elastically scatter protons. Forward-scattered protons are detected
by a wedge-range-filter (WRF) and CR-39 package (far right). From the measured recoil-proton spectrum,
the spectrum of the emitted neutrons can be inferred. The dimensions shown are for an optimal design at
OMEGA-relevant conditions.

(DT) fusion reaction, expressed as
D+T — a+n (14.03 MeV), (B.1)

where the neutron birth energy is 14.03 MeV at zero temperature and is upshifted for finite tem-
peratures'?. The spectral Doppler shifts will be of order a few tens of keV for DT neutrons if the
residual velocity is a significant fraction of the 370 km/s implosion velocity at NIF.The magnitude
of observed energy shift depends on the direction of bulk flow velocity (v3) relative to the detector
(7):

v=10p T = vpcosb, (B.2)

which necessitates that spectrometers be placed in at least three quasi-orthogonal lines of sight
to fully diagnose residual kinetic energy through Doppler shifts of the mean neutron energy. As
shown by Eq. B.2, a single detector is only sensitive to the velocity collinear with the line of
sight. In recent experiments at the NIF velocities (Doppler shifts) up to ~ 200 km/s (100 keV)
have been observed®. The ignition point design® accelerates ~ 0.17 mg of DT fuel to an implosion
velocity ~ 370 km/s corresponding to 11kJ of kinetic energy. Diagnosing residual kinetic energy of
250(1000)J, representing approximately 2.5(10)% of the total kinetic energy, would correspond to
bulk velocities of ~ 50(100) km/s or neutron Doppler shifts of ~ 25(50) keV. For NIF, this suggests
a desired measurement accuracy of +50 keV or more ideally +20 keV.

This paper describes a new uniquely-compact neutron spectrometer based on the recoil tech-
nique for diagnosing ICF implosions. A CH foil is used to generate recoil protons, which are
detected with a Wedge Range Filter proton spectrometer?%2!. This design is advantageous for mea-
surements of the residual kinetic energy, since many spectrometers could easily be fielded around
the implosion. The proton spectrometer is unshielded (exposed directly to the primary neutron
flux), allowing S/B of order 1 for the primary neutron peak!3. This is in contrast to the ‘magnetic
recoil spectrometer’ (MRS) system using dipole magnetic dispersion'®1°, which improves the S/B
significantly since the charged particles can be bent around shielding to reduce background %22
However, the MRS is a large investment, and only one has been built on each facility (OMEGA
and the NIF). Recoil spectrometers have also been developed at other facilities using telescope
systems?> 26, We note that we have also developed a related concept?” for a compact spectrometer
designed for lower-energy neutrons(~ 1 — 5 MeV).

This paper is organized as follows: Section B.3 describes the concept and design of the instru-
ment, Section B.4 presents response calculations for data analysis, Section B.5 reports data from
the first use of this system on OMEGA, applications of this diagnostic to ICF physics are discussed
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in Section B.9, and the paper is concluded in Section B.10.

B.2 Neutron Kinematics

The fusion kinematics used in this work follow the relativistic calculations of Ballabio (Ref.??),
which provide small corrections to the standard classical kinematics'®. In particular, for the mean
neutron birth energy F,, and width o, we use Eqs. 10 and 17 respectively of Ref.?®.

The mean neutron birth energy F,(T;) is used to calculate the initial velocity: v = 1 +

E,/(mnc?) and vy = cy/1 — 75 2. For a given bulk velocity v, in the detector direction the velocities

o = 0% v =1//1-(v'/c)?, (B.3)

1+ vovp/c?’

with Doppler shifted energy given by

add relativistically:

E = (y —1)mnc®, AE, =E! — E,, (B.4)

where AL, is the energy shift as plotted in Fig. B.1.

For the effect of symmetric radial fuel velocity ¢ = v, with v, constant, the center of mass of
the implosion is not moving but the width of the neutron spectrum will be broadened by the radial
velocity. With the detector at § = ¢ = 0 in spherical coordinates, the broadened spectrum is given

by:

2w
Y/(E) = /0 df sin 0 / de Fa e (BB (vr cosO)? /207 (B.5)

where for a given location 6, ¢ the neutron spectrum is taken as Gaussian in shape with intrinsic
thermal birth width o, and shifted energy E!, using v, = v, cosf in the analysis of Egs. B.3 and
B.4. The resulting spectrum Y, (E) is evaluated numerically. Example calculations with v, =0,
100, and 200 km/s are shown in Fig. B.3.

Figure B.3. Neutron spectra for sym-
metric radial flow velocities of 0, 100, and
200 km/s with T; = 5 keV. Spectra are
area normalized.
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From the calculated spectrum with radial flow, a Gaussian width o, is calculated, and the extra
width due to the radial flow o, is obtained from:

or =02 —o2. (B.6)
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The additional broadening due to radial flow is plotted in Fig. B.4

Figure B.4. Extra broadening in the observed 0.07
neutron spectrum caused by symmetric radial
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B.3 Spectrometer Design

The conceptual design of the instrument is shown in Fig. B.2. A small fraction of the neutrons
emitted from the implosion hit a foil, in this case CHy, and elastically scatter protons, some of
which are detected by a proton spectrometer (WRF+CR-39).
The energy of a recoil proton is directly related to the incident neutron energy through the
scattering angle, as described by
E, = E, cos? 6, (B.7)

where E,. and F, are the recoil and neutron energies, respectively, and 6 is the scattering angle.
Given the geometry, the detector efficiency can be written semi-analytically '®, but the characteri-
zation of the energy response will depend on numerical modeling of the charged-particle stopping
powers in the foil?? and also on the WRF response itself. Monte Carlo simulations are therefore
used to model the instrument response function (IRF).

In this work, two types of proton spectrometers are used: an aluminum or ‘Al’ wedge which
varies in thickness from ~ 140 to 2000um and is approximately 2 cm square in lateral dimensions,
and a ceramic (alumina) narrow-band ‘NB’ wedge which varies in thickness from ~ 100 to 800um
with lateral dimensions of ~ 1 x 4 cm. For the NB wedges, the dispersion direction is the longer
axis, and two wedges can be run simultaneously and adjacently within a single package. Both
designs were tested; the NB WRFs have a higher efficiency at the cost of less energy resolution.
Positioned behind the wedge material is a piece of CR-39 solid-state nuclear track detector?3032,
which records the location and energy of the protons that have penetrated the wedge. From the
CR-39 track distribution, a proton energy spectrum is inferred???!. Each wedge is individually
calibrated on an electrostatic accelerator fusion product source?3?.

The key parameters for the instrument are the foil dimensions (diameter and thickness), foil
distance from the implosion, detector lateral dimensions, and foil-to-detector distance. It is impor-
tant to note that there is a direct tradeoff between energy resolution and detection efficiency3*. To
find the optimal design for the instrument, series of simulations were conducted in which the key
parameters were varied until maximum efficiency for a specified energy resolution was found. This
modeling was also constrained by the geometric limits of TIM diagnostics on the OMEGA facility,
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and with the requirement that S/B must be > 0.5 for OMEGA experiments with Y;, = 10'2 — 1013,
For these conditions, the optimal design is a foil radius of ~ lcm, with the foil positioned ~ 4cm
from the implosion, and a foil-detector distance of ~ 25cm. Additionally, the existing WRF de-

signs20:2! were found to perform adequately, and are thus used in this design.
10-9 Figure B.5. Performance of the optimal
5 § nWRF design as a function of foil thickness.
*g (a) Number of counts recorded per neutron gen-
c erated (efficiency). (b) Resolution, shown as
E 10719 & E FWHM. For thin foils, the resolution is dom-
= ; ] inated by geometric broadening and the WRF
3 response. (c) Signal to background (S/B). In all
#* o1t plots, solid curves correspond to Al WRF's and
dashed curves correspond to NarrowBand (NB)
0-70 ' ' ' - WRFs. Foils used in the experiments (Sec. B.5)
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§ 0.60 | _ - 1 vertical lines.
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Depending on application and experimental goals, the foil thickness can be changed easily ,
affecting the number of counts recorded, S/B, and resolution. This is shown in Fig. B.5 for
both types of WRF (Al and NB), where these three quantities are plotted for foil thicknesses up
to 200um. For very thin foils, the instrument resolution (FWHM) is dominated by ‘geometrical
broadening’, where the proton spectrometer sees a range of recoil angles due to the lateral spatial
extent of the foil (see Fig. B.2 and Eq. B.7). Since the signal and primary source of background
(direct neutron interaction, see Appendix B.7) scale linearly with primary yield, S/B depends only
on the instrument configuration.

The final dimensions are shown in Fig. B.2. The engineering design is based on a x-ray camera
already in use on the OMEGA facility. A CAD drawing of the instrument is shown in Fig. B.6.
The WREF proton spectrometer is held in a detector pack, while the foil is assembled as a ‘nose
cone’ at the front of the instrument. A 1mm thick Ta blast filter is placed between TCC and the
foil. Images of the foil assembly and detector pack are shown in Fig B.6b-d. The foil and detector
can be changed between shots. For different experimental conditions (for example, either lower or
higher yields) different optimal designs can be used.
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Figure B.6. (a) 3-D CAD model of the in- | Detector Pack
strument. The proton spectrometer is housed (a)

in the gray box, which is attached at the rear
of a conical nose assembly. The foil assembly
is at the tip in the lower right. The rail struc-
tures in the upper left interface with the facil-
ity instrument manipulator. (b-c) Photos of
a sample foil assembly, viewed from and to-
wards TCC respectively. (d) Detector pack.
A NB WRF proton spectrometer is held at
the center.

Foil Assembly
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B.4 Instrument Response Function (IRF) modeling

A Monte Carlo code is used to simulate the n-p scattering in the foil, ranging of the recoil protons
in the foil, transport of the recoil protons through the diagnostic geometry to the WRF detector,
and the response of the WRF detector to protons. For a given neutron energy, recoil protons are
tracked and the proton spectrometer response is simulated, such that an apparent proton spectrum
on the detector is calculated for a given neutron energy. This is shown in Fig. B.7 for 14.05 MeV
neutrons incident on two foils (103 and 162 pm thick) and for both types of WRF used (Al and
NB).

Figure B.7. Proton spectrum for 14.05 MeV

x10—6
1.0 T T T T monoenergetic neutrons. Shown are calcula-
I tions for 103um (blue) and 162um (red) thick

§ 0.8 162um foil I _ foils. Solid spectra are for Al WRFs, and
*05)‘ 103, foil I dashed spectra are for NB WRF's.
S o6l [ _
< |
= | En =14.05 MeV
= 04} .
%) |
c
)
© 02} | .
S
e AN

0.0 Il 1|

125 13.0 13.5  14.0 14.5  15.0
Proton Energy (MeV)

The curves in Fig. B.7 are normalized per neutron produced, and the apparent proton yield is
calculated as a 47 equivalent yield*. Using the 162um foil results in more proton signal due to the
higher areal number density of the thicker foil. Similarly, the thicker foil generates a lower average
proton energy, since the emerging protons are on average downshifted more in the thicker foil. The
slight differences between WRF types arise from subtle differences in the WRF geometry, which
affects the scattering angles for protons used in the analysis.

To calculate an IRF, a series of calculations are performed for the neutron energy range of
interest, with a proton spectrum calculated for each neutron energy, thus generating a response
matrix. In the data analysis, we convolve a trial Gaussian neutron spectrum with the IRF matrix
to calculate a modeled proton spectrum. Thus, we can forward fit the data using the IRF.

B.5 OMEGA Results

A series of eight implosions were conducted on the OMEGA laser to test this new spectrometer.
The targets used were 15um thick CH shells with a diameter of 865um, filled with 15atm of approxi-
mately equimolar DT gas. The targets were driven using 60 laser beams at 351nm wavelength, with
a 1ns square laser pulse, 25.4 kJ average energy, and SSD?°, DPR?6, and SG4 DPP?" smoothing
techniques. These targets are commonly used for diagnostic development, and typically produce
(2 —3) x 10'® DT-n and ion temperatures ~ 6 keV. Both types of WRF (Al and NB) and the two
foil thicknesses (103 and 162 pm) were used in these first tests. Sample data for shot 70740 using a

*A 4m equivalent yield being the local value of fluence / steradian multiplied by 4w. This is convenient for
forward-fitting the WRF analysis, which implicitly assumes isotropic emission.
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Al WRF and a 103pm foil are shown in Fig. B.8. The data are shown with error bars. The mod-
eled neutron spectrum (red, Gaussian in shape) is convolved with the IRF to produce a modeled
proton spectrum (blue). The inferred neutron yield is Y;, = (3.4 £ 0.4) x 103, the neutron energy
is B, = 14.05 £ 0.06,45, £ 0.055y5s MeV, and the width of the neutron spectrum is o,, = 0.19 = 0.06
MeV.

Figure B.8. Forward fit analysis of shot 70740,

x 108 x1013
using a Al WRF and 103um foil. The modeled 5 T T T T
neutron spectrum (red) is convolved with the IRF
and adjusted to generate the best fit modeled pro-
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Figure B.9. Neutron yields measured by the <1013
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As a first fidelity test, this data was compared to the yield measured by the standard suite
of nTOF detectors on OMEGA. This comparison, which is shown in Fig. B.9 for all eight shots,
indicate an excellent agreement between the two measurements. On one shot (70736) the yield
was low compared to the typical (2 — 3) x 10'3. The good agreement with the nTOF system
demonstrates that the first-principles IRF calculations described in the previous section accurately
capture the scattering dynamics well in the foil and recoil proton response.

For the neutron energy, there is no other diagnostic to readily compare to. The measured
energies are shown relative to the mean for each WRF spectrometer in Fig B.10 for the Al (red)
and NB (blue) WRF's, and for each foil thickness: 162um at left, and 103um at right. The error bars
shown are random only. The systematic uncertainties primarily due to the WRF calibration using
the accelerator technique®? are too large for the applications of this diagnostic, and we therefore
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calibrate the system in-situ using symmetrically-driven low-convergence implosions.

B.6 Error Analysis

The measurement uncertainties are mainly due to uncertainties in the proton-spectrometer analysis
and uncertainties in the forward fit to the proton spectrum. For shot 70740 (see Fig. B.8), the
uncertainties in mean proton energy F,, proton spectral width o, and proton yield Y, are given
in Table B.1, broken up into random, statistical, and systematic. The random uncertainties are
normally distributed shot-to-shot errors, largely resulting from CR-39 response variation, which
are separated from the purely statistical (i.e. counting) uncertainties.

Table B.1. Proton spectrometer uncertainties for shot 70740

Quantity Random Statistical Systematic
Uncertainty Uncertainty Uncertainty
E, (MeV) +0.050 £0.030 £0.050
op (MeV) +0.026 £0.030 -
Y, +6.6% +10.3% -

The statistical errors are retained as the error bars on the data points in the spectra (i.e.
Fig. B.8), and thus propagate to an error in the forward fit, which is calculated through a x?
analysis of the best fit and thus also include additional uncertainty from the fit itself. The non-
statistical random and systematic errors are separately propagated to the total uncertainties in
derived neutron quantities. The neutron uncertainties are summarized in Table B.2.

B.7 Direct Neutron Background

The primary source of background in this measurement is direct neutron interaction with the WRF
or the CR-39 detector; in either case neutrons can undergo (n,p) scattering or other reactions that
generate particle tracks in the CR-39 detector, and which must be excluded in the analysis via
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Table B.2. Neutron uncertainties for shot 70740

Quantity | Forward Fitf Random? Systematic

Uncertainty Uncertainty Uncertainty

+0.032 +0.059
E, (MeV) —0.030 —0.058 +0.053
+0.044 +0.053
on (MeV) —0.048 —0.056 -
+9.4 +11.5
Yn 79.1% 710.9% -

background subtraction. The S/B is a crucial metric for these sorts of systems, and understanding
the background is essential.

Previous work?® studied the fluence of direct neutron tracks in CR-39 detectors with aluminum
filters in front of the CR-39, and the results from that study are directly applicable to the Al WRF
data in this work. The background level is shown in Fig. B.11 as the fluence of background tracks
on the CR-39 versus neutron yield.

Figure B.11. Measured neutron background
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As expected there is a clear linear relationship between the neutron yield and background level.
Additionally, we show the background level that would be expected from the ‘frontside’ data of
Ref.3®, for the 2h CR-39 etch time used in this work, that is (3 x 107°)Y,,/(47r?) where r = 28cm
is the distance from the implosion to the CR-39 detector. We see excellent agreement between the
calibration of Ref.3® and the observed background levels in this work. We note that the NB WRFs
(which are made of alumina) could have a slightly different scaling relation between neutron yield
and background level due to different neutron scattering cross-sections, which may be observed in
Fig. B.11. This demonstrates that the background levels are well understood in this type of data.

At high neutron yields, signal and background track densities are high, necessitating short etch
times to avoid track overlap.?3’
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B.8 Ion Temperature and Radial Velocity

In the previous section we saw that the width of the neutron spectrum is related to both the ion
temperature and any symmetric radial motion of the implosion. The forward-fit analysis (see Sec.
B.5) calculates the Gaussian width o with associated error bars. If that value is taken directly and
used to infer the temperature we obtain the data shown in Fig. B.12, which is compared to the
nTOF-measured Ti.

Figure B.12. Ion temperature determined
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The large error bars associated with the nWRF T; measurements result from the fact that the
instrumental response width is larger than the thermal width for these conditions, and uncertainties
in the width from the proton spectroscopy and forward fit are amplified since T o< 0. The former
is illustrated by Fig. B.13, which shows the 1o widths for the instrument response (~ 250 keV), the
thermal width (in red), and the total width (in blue). The curves are calculated for the 103um foil.
In this case, the thermal width dominates the instrumental only for 7; 2 10 keV. The NB WRFs

perform better than the Al for the temperature determination (demonstrated by smaller error bars
in Fig. B.12) due to smaller uncertainties in the proton spectroscopy for that design.?20:2!

Figure B.13. Broadening (o) from the in-
strumental response (dashed line), the ther-
mal width (red), and the total resulting width
(blue).
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For thin-glass ‘exploding pusher’ targets on OMEGA, temperatures of 10 — 20 keV can be
achieved, and in this regime the current nWRF configuration would obtain a precise measurement
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of T;. Alternatively, thinner foil configurations could be explored to reduce the instrumental width,
but at the cost of reduced S/B.

Using the width, symmetric radial flows could similarly be investigated, or differences in ion
temperature at various lines of sight around the implosion could be investigated. This would also
be a signature of residual kinetic energy. However, we can see in Fig. B.4 that the broadening
from radial flow is small compared to both the instrumental width and thermal width for these
experiments (see Fig. B.13). This implies that a measurement of symmetric radial flow velocities
would require a significantly reduced instrumental width and implosions with much lower thermal
widths, i.e. with T; ~ 1 — 2 keV.

B.9 Applications

The primary application for this diagnostic is to measure the mean neutron energy precisely in
several directions to infer the bulk velocity of the DT fuel. For this measurement, the uncertainties
in mean energy must be reduced. For example, a velocity measurement to a precision of +50 km/s
would require an uncertainty in neutron energy of about +£30 keV (see Fig. B.1).

As mentioned in the previous section, systematic calibration uncertainties will be eliminated by
shooting symmetric low-velocity implosions as a reference, and then shoot implosions of interest
or implosions with seeded asymmetries and measure their relative velocity. This would eliminate
systematic uncertainties. Another option being pursued is using a DT-n source®’ to calibrate the
entire system to a much better precision than can be done currently.

The overall random error bars are ~ +50 keV for this dataset, which is a result of a combination
of fitting uncertainties and uncertainties in the WRF analysis (see Appendix B.6). With improved
WRF detectors we expect to reduce this uncertainty to +30 — 40 keV on a per-shot basis. This
still corresponds to a fairly large velocity of £50 — 75 km/s. Since these uncertainties are normally
distributed, a series of several shots could be conducted at identical conditions to reduce the energy
(velocity) uncertainty to approximately 15 — 20 keV (25 — 38 km/s).

Since the implosion residual velocity vector is generally 3-D, at least 3 orthogonal lines of sight
are required to determine the residual kinetic energy. On the OMEGA laser facility, this diagnostic
is fielded in a TIM, and thus up to six could be fielded around an implosion with good 47 coverage
to measure the velocity vector in 3-D. On the NIF, the x-ray imaging diagnostics fielded in the
diagnostic manipulators (DIMs) could be modified to create a nWRF by replacing the pinhole
assembly with a scattering foil, and the kinematic base filter pack with a WRF detector, forming
a system with comparable dimensions to the system used on OMEGA in this work. The DIMs
are located at target chamber coordinates (polar angle 6, azimuthal angle ¢) of (0,0), (90,78), and
(90,315). Fielded simultaneously in all three DIMs, this system could measure the 3-D velocity
vector in NIF implosions.

The current nWRF design can operate between 102 — 10" DT neutron yield on OMEGA,
though the data presented in this work span 4 x 102 — 4 x 10'3 (see Fig. B.9). At higher yields,
CR-39 track saturation® is an issue, which can be mitigated by the use of thinner and/or smaller
foils at the cost of the signal to background ratio. At lower yields, signal statistics can become
poor, necessitating the use of thicker foils at the cost of poorer energy resolution. On the OMEGA
facility, no current measurement of bulk velocity exists, so the implementation of this new diagnostic
enables physics studies of residual kinetic energy. However, the instrument is incompatible with the
stand-off requirements for cryogenic targets on OMEGA. The primary application on OMEGA is to
use this instrument to benchmark implosion physics models by imposing known flux asymmetries
on warm targets and accurately measuring the resulting residual kinetic energy.
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On the NIF, both the MRS and nTOF neutron spectrometers are currently used to measure
DT-n Doppler shifts and infer bulk velocity. The MRS measures bulk velocities to £30 km/s,% and
the nTOF detectors measure velocity to £20 km/s.*! Therefore on the NIF this technique would not
represent an improvement in precision over current techniques, but it would enable verification of
existing measurements and a relatively inexpensive expansion of the measurement to new locations:
for example, at the north pole where there is no current velocity measurement.

B.10 Conclusions

A compact neutron spectrometer has been developed and implemented on the OMEGA laser fa-
cility for measurements of the DT neutron spectrum. A proton spectrometer is used to detect
recoil protons from elastic neutron scattering in a CHy foil. Monte Carlo simulations are used to
characterize the instrument response, which is used in a forward-fitting process of the proton data
to infer the incident neutron spectrum. The neutron mean energy is determined to +50 keV preci-
sion, and the neutron yield is determined to +=10%. By placing several recoil spectrometers around
an implosion, the mean energy of neutrons emitted in the different directions can be determined
and used to study the residual implosion kinetic energy at peak compression in implosions at the
OMEGA facility. We also discuss improvements to the system to reduce the uncertainty in mean
energy in a single direction to +15 — 20 keV.
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Appendix C

Increasing the energy dynamic range of solid-
state nuclear track detectors using multiple sur-
faces

C.1 Introduction

Solid-State Nuclear Track Detectors (SSNTDs) were developed in the beginning of the 1950s with
LiF! and mica?. When a high energy charged particle is incident upon the solid dielectric detector
it ionizes the matter along its path. The damaged region corresponding to the particle trajectory is
chemically altered due to the ionization. If the detector is then exposed to a chemical etchant such
that the etch rate for the damaged material is greater than for the undamaged material a physical
‘pit’ or ‘track’ is created. These tracks can then be observed with an optical microscope. SSNTDs
are in widespread use today.

In Inertial Confinement Fusion (ICF) experiments, CR-39 was used in the first direct measure-
ment of fuel pR3. More recently, diagnostics based on SSNTDs, such as CR-39, have been used to
measure absolute spectra of various fusion products (see Chapter 2 and Refs. 4-6).

Recent techniques in imaging ICF implosions using proton backlighter radiography” in fast-
ignition relevant® and indirect-drive® configurations have led to important physics results. Pro-
posed future experiments include direct-drive radiography and warm/hot matter stopping power
experiments. In these studies of electromagnetic fields in ICF implosions it is necessary to spatially
resolve the imaging particle energies across the detector. For this the detector response as a func-
tion of energy must be characterized. This has been carefully studied for a particle incident on the
front surface of a CR-39 SSNTD %19,

In the proton radiography experiments a detector pack consisting of two pieces of CR-39 is
assembled as shown in Fig. C.1. A thin Ta filter (generally > 5um) is placed in front to range
out fast ablator ions produced in laser-plasma interactions'!. The Al filter between the two CR-39
detectors is usually chosen to optimize the high-energy proton (from D+2He) detection on the
second piece of CR-39. This allows simultaneous imaging of both high and low energy particles
from the fusion reactions

D + 3He — “He(3.6 MeV) + p(14.7 MeV), (C.1)

D+ D — T(1.01 MeV) + p(3.02 MeV). (C.2)

Additional reactions generally relevant to ICF are the second branch DD reaction (D + D —
n +3 He) and the DT reaction (D + T — n +* He) but none of these products has been used in
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Figure C.1. SSNTD configuration for proton radiography using fusion products (Eqs C.1 and C.2). The
maximum range (i.e. with Oum of Ta filtering in front) of each particle in CR-~39 is shown. The low energy
particles (T, *He, and 3 MeV p) are recorded on the first CR-39 detector. The 14.7 MeV p are too energetic
to be seen on the front of the first detector since the track size ~ dE/dxz. However, they are recorded both
on the back surface of the first detector and the front surface of the second detector.

the radiography experiments so far. These backlighting particles are generated in a thin-glass shell
(low pR) implosion in a short (~ 80ps duration) shock coalescence burn”. In principle all four
fusion products from Eqs C.1 and C.2 can be used for radiography; in practice the 3 and 14.7 MeV
protons are the most useful>!2. Proof-of-principle simultaneous detection of p, T, *He, and *He,
from DD and D3He fusion on an accelerator fusion product source, is shown in Fig. C.2.

Figure C.2. Four types of particle track in CR-39 after a 3 hour etch. Shown are DD-p (D~ 4um), DD-
3He (D~ 9um), DD-T (D~ 13um), and D3He-*He (D~ 14pm). For DD-p, DD-T, and D3He-*He the track
contrast is > 90% as defined in this work; the DD-3He have contrast 60 — 70% (see Appendix C.9). The
14.7 MeV D3He protons are undetectable in this scheme, since they are not ranged down into the detectable
energy range. The CR-39 was filtered with only 1um of alumized mylar to allow detection of the 3He ions.
The image size is 208um square.

The response of CR39 to energetic charged particles has been extensively studied experimen-
tally 13:4:10.14723 aq theoretically ?* for particles incident on the front surface of the detector. In this
work, as well as several of the cited works, TasTrak® CR-39 was used. Since the highest energy
protons traverse the entire first detector an image will also be generated on the back surface of the
first detector, if the energy loss is enough that the proton energy at the back surface is in the de-
tectable range (0-8 MeV). These protons generally lose 8-11 MeV through the first CR-39 detector
in the proton radiography experiments. The energy characteristics of the detector response on the
back surface are found to be significantly different from the previously-measured front surface. To
accurately infer an energy of the incident particles from this data, the detector energy response
must be characterized for charged particles traversing the entire SSNTD, which is the focus of this
work.
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The paper is structured as follows. Section C.2 gives a simple model for track formation in
SSNTDs. Section C.3 describes the experimental setup used to characterize the detector energy
response. Section C.4 shows and discusses the experimental results. Section C.5 presents a simple
Monte Carlo simulation of the track formation process, which is interpreted in Section C.6. Finally,
the paper is concluded in Section C.7.

C.2 Track formation

The theory of track formation in SSNTDs is well-developed 2525, In the idealized case the particle’s
energy deposition in the bulk material creates a region in which the chemical composition of the
material is altered. This results in different chemical etch rates of the undamaged and damaged
material: the bulk (v,) and track (v;) etch rates.

A detector schematic before and after the etch process is shown in Fig. C.3(a) and C.3(b),
respectively. In typical SSNTDs vy > v, which results in a conical track defined by the track depth
h and angle 6. In particular, we can write that

)
sinf = o (C.3)

In the case of normal particle incidence and constant track etch rate, the track depth is
h = (v — vp)T (C.4)

for some etch duration 7. Then we can write that the track diameter is

2

D = 2htan = 2h |- —. (C.5)
vt — Y
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Figure C.3. An overview of the track etching process in SSNTDs. Fig. (a) shows the SSNTD at the start
of the etch process. The latent particle damage is unobservable with conventional techniques (~ 5 nm in
size). Fig. (b) shows that after some etch time a track is developed. Typical track diameters are 2 — 30um
depending on particle species, energy, and etch time.

The track etch rate v; is a monotonically increasing function of the energy lost to low-energy
electrons, which create the latent damage in the material. Higher-energy electrons do not locally
deposit their energy and thus do not contribute to track formation. In the literature the energy
loss rate to low-energy electrons (below some critical recoil energy) is referred to as the restricted
energy loss rate, which then depends on dFE/dz for the incident particle. We can thus see how the
diameter of a track will corresponds to its energy, based on Eq. C.5.

Typically the bulk etch rate is 2 — 3 pum/hr, the track etch rate is 4 — 6 pm/hr, giving a typical
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ratio in Eq. C.3 as 1/2 and a typical track depth of 2 — 3 pum/hr by Eq. C.4. The range of
detectable track diameters is typically 2 — 30 yum depending on particle type and energy. These
typical numbers can vary between CR-39 manufacturing batches.

C.3 Experimental Overview

Experimental studies of the properties of CR-39 SSN'TDs have been conducted using an accelerator-
based fusion products source?’. In these experiments, we use a 140 kV linear electrostatic accel-
erator. Either D or 3He beams were incident on a ErDs target. These targets were additionally
doped with 3He. Therefore we were able to produce the fusion products in Eqs C.1 and C.2 with
typical reaction rates of order 10% and 10° s~! for DD and D3He respectively using a D beam.

In these experiments, CR-39 detectors were exposed to D3He protons with different energies,
depending on the filtering in front of the CR-39 (see Fig. C.4). These proton spectra were measured
with a silicon surface barrier detector, which had been calibrated with a 226Ra alpha source to an
accuracy of £75 keV.

Al Data Al
Filter CR-39 25-230um
_> _’ -
"Back"
— DA ac -
D*H e e 3
e-p D3He-p o
_> _» o
"Front"
_> _’
1.5mm 1.5mm
CR-39
Filter

(a) (b)

Figure C.4. Filtering configuration for the accelerator fusion product source experiments. Fig. (a) shows
that filters for equivalent known energy distributions at the front and back surface of a single detector using
both Al and a CR-39 filter. Fig. (b) shows that several energy windows are created through different Al
thicknesses. Figs (a) and (b) are orthogonal depictions of the filter pack. For a given Al thickness, a CR-39
filter is used to create identical energy distributions at the front and back surface of the data CR-39 (a). In
an orthogonal direction, multiple Al thicknesses are used to vary the energy distribution over five windows

(b).

The filter configuration shown schematically in Fig. C.4 is used to range D3He protons to
2.5 — 6.5 MeV. Images of the filter pack are shown in Fig. C.5. Equivalent energy distributions are
created on the front and back surfaces of the CR-39 through the use of a CR-39 filter*, as shown
in Figure C.4(a). This allows investigation of fundamental differences in the detector behavior for
protons at the front and back surface. Several discrete energy windows are created by varying the
aluminum filter in front of the detector (Figure C.4(b)). Thus a single piece of CR-39 is exposed
to five distinct proton energy distributions on both the front and back surfaces.

After exposure, the CR-39 SSNTDs were etched in a 6 molar NaOH solution for 2 — 6 hours.

*As the thickness of CR-39 stock can change, the CR-39 filter thickness was verified to be within + 20um of the
data CR-39 thickness
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(b)

Figure C.5. Images of the filter pack used in this experiment. (a) Front view (looking along proton
trajectory) of filter pack. Five energy windows are created via varying the aluminum thickness, which
increases from right to left. (b) Back view (looking towards proton source) of filter pack. The CR-39 filter
is visible in the bottom half.

Digital microscope systems with automatic track image recognition algorithms are used to identify
the diameter, eccentricity, and contrast of each track on the detector.

C.4 Results
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Figure C.6. Sample track diameter spectra on a single CR-39 detector for the front (a) and back (b) sides
of the CR-39 SSNTD after 6 hours etching time. The incident energy distributions observed are identical in
each case (see Fig. C.4) with mean energies of 2.55 MeV (solid line), 4.14 MeV (dashed line), and 5.68 MeV
(dotted line). Contrast plots for the 2.55 MeV data are shown in Fig. C.8.

Sample diameter distributions are plotted for several energies in Fig C.6. Figure C.6(a) shows
the resulting track diameter distributions detected on the front surface of the CR-39 while Figure
C.6(b) shows the diameter distributions for the back surface. In the lowest energy window we can
clearly see that the back surface diameter distributions have larger means and standard deviations
than on the front. Additionally, the lowest energy spectrum on the back surface displays a sharp
cutoff at D =~ 22um.

In Figure C.7 the mean diameter versus proton energy is illustrated for 2, 4, and 6 hour etch
times for the front (solid line) and back (dashed line) surfaces. The back surface systematically
shows larger diameters for all etch times at low energies. The front vs back surface discrepancy
is larger for lower energies and the two D vs E trends converge at high energies (=~ 6 MeV). The
highest energy window (~ 6.5 MeV) was not detectable at the 2 hour etch time.
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Figure C.7. Diameter of tracks observed 12
versus energy for 2, 4, and 6 hours etch time.
Solid lines represent the front CR-39 surface,
dashed lines represent the back surface. Ex-
ample distributions are shown in Fig. C.6
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Contour plots of the number of tracks observed versus diameter and contrast, which is defined
as the minimum light transmission through the track normalized to the background level during
the optical scan, are plotted in Figure C.8 for the front surface (a) and back surface (b). A perfectly
dark track corresponds to 100% contrast and a very faint track would have low contrast. For an
example of how this contrast definition compares to microscope images see Fig. C.2, which shows
both high- and low- contrast particle tracks, and Appendix C.9 which shows the resulting contrast
contour plot. At small diameters and low contrast intrinsic noise (defects in the CR-39) is observed.
This intrinsic noise is eliminated in a normal analysis through contrast and diameter limits. The
contrast contour plots show a clear qualitative difference in behavior between the data on the front
and back surfaces. On the front surface we see the data region curves to lower contrast (as defined)
for the extreme diameters. On the back surface contrast plot we observe that the data contrast is
independent of track diameter.
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Figure C.8. Contour plots of the number of tracks versus track contrast and diameter for the same piece
of CR-39 in Fig. C.6. Data for 2.55 MeV protons is shown for the front side (top, with regions of data
identified with stopping power regimes) and the back side (bottom). Intrinsic CR-39 noise appears in the
low-contrast low-diameter regime. Contours represent a constant number of tracks per unit contrast and
diameter; the values of this quantity corresponding to plotted contours form a geometric series with a ratio
of 3. As defined in this work a high contrast number is a dark track, while a low contrast number is a light
track (see Fig. C.2).

The stopping power for a proton in the detector is calculated with SRIM software?® and plotted
in Figure C.9. The proton Bragg peak in the CR-39 is observed at around 100keV. For most of
the detected protons, since the distribution mean is of order MeV, we are dealing exclusively with
average ion energies higher than the Bragg peak. Therefore, as a proton traverses the detector,
its energy decreases and dFE/dz increases for the front surface(see Fig. C.9). Since the amount
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of damage done to the CR-39 increases monotonically with the increasing stopping power we can
say that the size of the latent damage track created by the particle will be increasing along the
direction of the particle trajectory. This is annotated in Figs. C.9 and C.8(a) by the label C.

120,
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Figure C.9. Stopping power for protons in CR-39, given as change in energy per unit length. Protons of
order MeV (C) create small dark tracks. Around the Bragg peak (B) protons create large tracks due to the
large dE/dx. For protons that stop in the etched plastic (A) the track etches away and becomes light and
hard to detect. These features are labeled in Fig. C.8(a)

Since the distribution functions in this experiment are so broad (see Fig. C.6 and Appendix
C.8) there is a low-energy tail which also samples energies near the Bragg peak. Protons near the
Bragg peak create very large tracks due to the high stopping power (annotated in Figs. C.9 and
C.8(a) by the label B). But if the proton stops within the CR-39 material removed during the
etch (bulk material removed is ~ 2um/hr) then the track shape deviates significantly from conical
once the etch proceeds past the end of the latent track. In this case the measured track contrast
decreases (lighter tracks) and the diameter decreases, as annotated in Figs. C.9 and C.8(a) by the
label A.

C.5 Simulated response

To explore the CR-39 response to protons of various energies, a simple Monte Carlo track formation
code was developed and used. Incident particles sampled from an arbitrary energy distribution
are ranged in the detector material using SRIM-calculated stopping powers?®. This defines the
formation of the latent track. The etching process is then simulated for a given etch time using
a model previously developed with nominal parameters for CR-392Y. Transmission of a uniform
backlight through the track using Fresnel’s equations then simulates the automated microscope-
based scanning process. Refraction in the conical track defines the observed diameter and contrast
of a track.

The simulated results are shown in Fig. C.10 for a uniform energy distribution from 0.1-10.0
MeV to sample the full range of track behavior. Many of the interesting features in the contrast-
diameter space (such as labels A and B in Fig. C.8(a)) come from the low-energy tail of the
distribution, which is created by straggling and blooming effects in the filter. This is more difficult
to model, so the uniform energy distribution is used to map out the trajectory of tracks as the
energy is changed in the contrast-diameter space.

The simulated data on the detector front surface is shown in Fig. C.10(a), and the simulated
back surface data shown in Fig. C.10(b). From these distributions, we can clearly see that the
simulation qualitatively matches features of the data as shown in Fig. C.8. The front surface data
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Figure C.10. Simulated contour plots of the number of tracks observed (arbitrary) versus track contrast
and diameter. Plots are shown for the front (a) and back (b) surfaces. Contours represent a constant number
of tracks per unit contrast and diameter; the values of this quantity corresponding to plotted contours form
a geometric series with a ratio of 3.

shows a low-contrast tail at the maximum observed diameter which is not observed on the back
surface. Additionally, the maximum diameter observed is larger on the back surface. Both of these
effects are observed in the data.

Additionally, the simulation reproduces the effect that the back surface diameters are larger
than the front, although the simulated effect is much smaller than the data indicates. Differences
between the simulation and data are likely explained by the choice of the two free parameters in
the track formation model?®.

C.6 Interpretation

The only difference between the front and back surface simulation is the sign of d/dx(dE/dz)
where x is the distance of the etch into the bulk detector material: dE/dz increases along the etch
direction for data on the front surface whereas it decreases along the etch direction on the back
surface. This indicates that the observed differences in the data for the front and back surfaces is
due to energy deposition effects in the SSNTD, which is known to affect the resulting track shape?’.
The ratio of track to bulk etch rate, as discussed in Sec. C.2, defines the track cone angle. If the
stopping power along the track length is constant then the cone angle is constant and the overall
track shape is perfectly conical. However, when the stopping power (and thus track etch rate)
changes as a function of distance along the track then the cone angle changes over the track. This
causes curvature of the track surface, as discussed in detail by Henke and Benton?®. We therefore
interpret the difference in front vs back diameter versus particle energy (Fig. C.7) as a result of
the track formation process with d/dx(dE/dx) positive (front) versus negative (back).

The other major feature is the different behavior at large diameters between the front and back
(Fig. C.8). In the front side data around the maximum proton diameter the contrast of data tracks
(as defined) tends to decrease. This is a common feature of CR-39 data. The maximum proton
diameter occurs for proton energies near the Bragg peak since the track size ~ dF/dx. However,
the range of protons near the Bragg peak in CR-39 is about the same as the bulk material removed
during the etching process (~ 2 pum/hr). Therefore these large-diameter proton tracks are etched
beyond the end of the track, which increases the light transmission (leading to lower contrast or
lighter tracks in Fig. C.8) and decreases the observed diameter. The back side data also has
the maximum proton diameter observed for tracks where the proton energy was near the Bragg
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peak, but in this case as the bulk material is etched away tracks do not disappear since the etch
direction is opposite to the particle velocity. This causes the characteristic flat contrast shape at
large diameters as observed in the data. In this case, the maximum proton diameter is also closer
to the theoretical maximum (2v, X 7) since tracks do not disappear or ‘etch away’ during the etch
process.

C.7 Conclusions

Distinct energy calibrations have been measured on an accelerator-based fusion products source
for both the front and back surfaces of CR-39, a solid-state nuclear track detector. We observe
significant differences in track formation for identical energy distributions between the two surfaces,
which result from a dependence of the final track shape on whether dE/dx increases or decreases
along the track etch direction. This is verified by simulated data using a Monte Carlo track
formation code. The observed effects illustrate that equivalent distributions create larger track
diameters on the back, and that the back side tracks have consistent contrast while on the front
side low energy proton tracks are etched away. This demonstrates the importance of separate front
and back surface energy calibrations for CR-39 based proton diagnostics in ICF experiments, such
as in proton radiography. Characterizing both detector surfaces thus extends, in a practical fashion,
the range of detectable energies on a single piece of CR-39 by up to 7-8 MeV.

C.8 Distribution Width

In this experiment many important effects are observed for protons near the Bragg peak (see Figs.
C.9, C.8, and C.10). It is important to note that these observations are possible even though
the mean energies of each proton distribution are all over order several MeV. This is because the
diameter distributions, as shown in Fig. C.6 have standard deviations up to ~ 3um resulting from
ranging down the protons from 14.7 MeV. In this experiment each energy window has approximately
2 x 10* particles, so with a sufficiently broad distribution we can sample a wide range of track
behavior. Thus the low-energy tail of the energy distribution allows us to probe behavior close to
the Bragg peak for proton distributions of order MeV.

C.9 Track constrast

The contrast contour plot for the 4 particle data in Fig. C.2 is shown in Fig. C.12. The fusion
product energies are given in Eqs. C.1 and C.2. The protons, tritons, and alphas have ranges
greater than the etch distance and thus have fully-formed high-contrast (dark) tracks. When the
cone angle is above a critical value then all light is reflected out, and in theory the track contrast
is 100%. This is true for the protons, tritons, and alphas. The diameter of each species track is
related to the stopping power as discussed in Sec. C.2. The DD-He particles have a shorter range
than the bulk amount of material removed during the etch and thus the tracks are being ‘etched
out’, resulting in the significantly lower contrast.

C.10 Shot Numbers

For reference purposes, facility shot numbers for all data given in this paper are tabulated in Table
C.1.
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Figure C.11. Sample track diameter spectra on CR-39 detector for D3He-p ranged down to 2.55 MeV
(solid line) versus DD-p (see C.2) ranged down to 2.4 MeV (dotted line). The two distributions are area
normalized and plotted in arbitrary units per pym. The observed distribution widths are ¢ = 0.72um for the
DD-p versus o = 2.69um for the D3He-p. This is due to broadening of the initial spectrum due to dispersion,
straggling, and blooming in the filtering for D3He as the energy loss is approximately 12 MeV. Some of the
discrepancy in the mean is due to piece-to-piece CR39 variation.
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Figure C.12. Contour plots of the number of tracks versus track contrast and diameter for the same piece of
CR-39 in Fig. C.2. The four particle species visible are labeled on the plot, compare to the microscope image
in Fig. C.2. Intrinsic CR-39 noise appears in the low-contrast low-diameter regime. Contours represent a
constant number of tracks per unit contrast and diameter; the values of this quantity corresponding to
plotted contours form a geometric series with a ratio of 2. As defined in this work a high contrast number
is a dark track, while a low contrast number is a light track.

Figure | Shot Number
2 A2010083101
6 A2010021204
7 A2010021203-5
8 A2010021204
11 A2010021204
A2010020101
12 A2010083101

Table C.1. Shot numbers for data shown in each figure.
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Appendix D

A new model to account for track overlap in
CR-39 data

D.1 Introduction

Solid-state nuclear track detectors have been developed for several decades'*. CR-39 itself was
developed as a nuclear track detector starting in the 1980s°. Significant work characterizing the
response of CR-39 has been published in the last three decades; a recent comprehensive paper on
the response of CR-39 to protons has been published by Sinenian et al. along with a comprehensive
bibliography of studies on CR-39%. In many applications at modern ICF facilities such as OMEGA
and the NIF, charged-particle fluxes of 10° — 107 cm™2 are possible or expected. As typically a
few percent of particle tracks are observed to overlap at track densities of order 10* cm™2, these
are well into the current saturation regime. For example, an image of CR-39 exposed to 1.8 x 10°
protons/cm? is shown in Fig. D.1, which clearly shows significant track overlap. Recent work has
been published on CR-39 data in extremely high fluence environments, such as short-pulse laser
ion acceleration”®.

Figure D.1. High-fluence, 1.8 x 10°
tracks/cm? of 3 MeV DD-p, CR-39 with sig-
nificant overlap observable after being etched
for 6 hours. The average track diameter is
10.63pum with a standard deviation of 0.54m.
The image was taken with an optical micro-
scope system with a frame area of 1.36 x 103
em? (431pm x 315.5um).

Extending the upper fluence limit of CR-39 would allow: high-contrast charged-particle spec-
troscopy (e.g. simultaneous measurements of fusion products with reactivities differing by orders
of magnitude), higher signal-to-background neutron spectroscopy of ignited implosions through in-
creased allowable instrument efficiency, higher-contrast proton radiography of mass and EM field
distributions, and simple extensions of various existing CR-39 based diagnostics to higher yields.
These potential applications clearly motivate development of methods to operate CR-39 detectors
into track-overlap saturation regimes, which is quantitatively addressed in this Appendix.
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In addition to the modeling work, experimental data is presented in this Appendix from CR-39
diagnostics used on implosions at the OMEGA laser facility? and from the MIT Linear Electrostatic
Ton Accelerator (LEIA)!%:ML,

D.2 Analytic model of track overlap

A complete recurrence-relation model of mono-energetic tracks has been derived!?. For our pur-
poses it is sufficient to present an integral equation model for single and double tracks at low
densities, which illustrates important scalings. This model can be derived by first defining proba-
bilities for a new track being single, double, etc. Let n be the total density of tracks. Then,

Pi(n) =1-Y AN (D.1)
i=1
Pn(n) = Anlenfl, n>1 (D2)

where P; is the probability that a new particle track on the detector will have an ‘overlap
fraction’ i(where ¢ = 1 is a single track, i = 2 is two tracks overlapping each other, i = 3 is a cluster
of three mutually overlapping tracks, etc).4; is the cross-section of a track, i.e. the area in which a
new particle track will overlap with it (see Fig. D.2), with overlap fraction ¢ and N; is the density
of tracks with overlap fraction <.

Figure D.2.  Of relevance for track
overlap calculations is the effective cross-
section of a track for another track to
overlap with it. As illustrated in the fig-
ure, for tracks of radius R any track lying
within a one diameter separation over-
laps, thus A; = 7D?.

Now assume that N; =0 V ¢ > 2. We can write the two probabilities as

Pl(n) =1- f_llNl — AQNQ, (D3)
PQ(?]) = /_th. (D4)
Therefore using Eqgs D.1 and D.2 with D.3 and D .4,
n _
Nitn) = [ (PG = Pa ) = (1 = A, (D.5)
K ! / A 22 2 ¢
Na(o) = [ 2Pl = A1 = S ), (D.6)

where in Eq. D.5 we have approximated 2A;N; + A3Ny ~ 2A;7n, neglecting second-order
geometric effects of double tracks, to simplify integration for Ny. The factor of 2 in the latter
equation results from the fact that a newly-placed track which hits an existing track results in two
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Figure D.3. Comparison of Monte Carlo F; and F; (solid lines) to the analytic model for F; and F5 (dashed
lines). The track diameter is 10 pm, the models are plotted versus track fluence and x. The analytic model
begins to fail for x ~ 0.25, indicated by the solid vertical gray line. Typical track fluences are < 25000,
indicated by the dashed vertical gray line. The Monte Carlo statistics are good enough that scatter is not
visible on this scale.

tracks with overlap fraction 2. The overlap fraction F' is defined as
Fy(n) = Ni(n)/n. (D.7)

So for an average* track diameter D, we have A; = wD? and if we define the dimensionless
parameter y = n x (7D?),

Fi(x) = 1-x (D.8)
B(x) = x(1-2x/3) (D.9)

This model is plotted as a function of x versus a full Monte Carlo simulation in Fig. D.3, which
shows that the analytic model is accurate for overlap fractions up to ~ 25% (here, track densities
up to ~ 8 x 10*/cm?).

The analytic model can be used to estimate amounts of overlap in various diagnostic scenar-
ios. In particular, we consider here the NIF Magnetic Recoil Spectrometer (MRS) '3, which must
diagnose a range of implosions from dud THD tuning-campaign implosions (Y, ~ 10') to ignited,
burning plasmas (Y, ~ 10'%). For example, a break-even NIF implosion has Y, ~ 10'®. Since the
amount of overlap strongly depends on the average track diameter (Eqs D.5 and D.6) we vary the
track diameter and plot the counting error due to overlap versus the primary neutron yield in Fig.
D.4. At diameters 1 — 2pm the data would be indistinguishable from intrinsic noise in the CR-39,
placing a lower limit on the fluence dynamic range gain achievable with short etch times.

This information can also be plotted as the maximum allowable yield versus track diameter, Fig.
D.5. This is calculated for six MRS configurations; in high-yield implosions the efficiency can be
reduced to avoid track overlap via thinner foils and smaller apertures, but this has the undesirable
effect of simultaneously lowering the signal-to-background ratio.

*Since the track area oc D? this is only valid in the limit where the distribution width o obeys o/D < 1. For wide
distributions the overlap is more heavily weighted towards the higher diameter part of the distribution. In Fig. D.8,
we see that o/D < 0.3 has no effect on overlap calculations.
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Figure D.4. Counting error due to track overlap versus primary neutron yield for a variety of track
diameters (0.5 —15um). This is calculated for the NIF Magnetic Recoil Spectrometer (MRS) efficiency using
a 20 cm? aperture and 138.2um CD foil. The dashed and dotted lines represent 2 — 3% counting error, the
maximum allowable error for this application.
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Figure D.5. Using the results of Fig. D.4, the allowable Y,, for a 3% counting error is plotted versus track
diameter for the NIF MRS efficiency using a the configurations in Table D.1, from top to bottom: solid
(#1), dotted (#2), dashed (#3), dot-dashed (#4), solid gray (#5), and dashed gray (#6).

Number | Foil (um) | Aperture (cm?) | Efficiency [Tracks/(DT-n cm?)]
1 25 1 3.24 x 10713
2 25 6 1.21 x 10712
3 474 20 5.98 x 10712
4 100.4 20 8.61 x 10712
5 138.2 20 9.1 x 10712
6 259.2 20 1.1 x 1071

Table D.1. MRS Configurations, with calculated efficiency (signal + background). Configurations 3-6 are
currently in use at the NIF.
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D.3 Simulation code

A Monte Carlo track overlap code has been developed for computational studies of this problem.
The code randomly places tracks using a uniform spatial distribution in the simulation plane.
Track diameters are chosen from Gaussian or arbitrary distributions. The code incrementally adds
a number of tracks d/N and computes the overlap fractions at each step. A buffer region outside of
the proper simulation area ensures accurate counting without edge effects (see Fig. D.6).

Figure D.6. An example simu-

W) lation frame with six single tracks
f and three double tracks.
Double O

O ¥~ "Tracks O

A,Single Tracks

O
O

Simulation Frame

Buffer Frame

The problem is polynomial run time in the total number of tracks, increment d/V, and the total
fraction of tracks overlapping. While polynomial algorithms are in general computationally easy,
the large Ns required can cause long run times. For that reason the simulation plane is split into
multiple areas for parallel processing.

D.4 Simulation results

In this section, we present simulation results under various conditions to both illustrate the versatil-
ity of the code as well as examine properties of track overlap in CR-39 and other similar detectors.
For the former, we first show the fractions F;, for n = 1,2,3 and n > 4 versus track density x
in Fig. D.7. We can see that the track overlap becomes significant when y is a few tenths. The
parameter y is ‘universal’ for any diameter and fluence combination through y = n x (7D?), so the
curves in Fig. D.7 vs x apply to any narrow distribution.

In this problem a ‘narrow’ distribution refers to the case when o/D is small compared to 1, as
in Section D.2. Since the Monte Carlo code can sample arbitrary distributions we can explore this
regime with Gaussian distributions. For example, for D = 6 um we take ¢ = 0,0.5,1.0,2.0 um and
plot F} and F; versus x, Fig. D.8, we can clearly see that there is no effect on Fj(y) for Gaussian
distributions up to o/D ~ 1/3. However, if we instead plot F5(x) we can see deviations for x of
order unity between the various distributions. We therefore conclude that the distribution width
is a second-order effect in that it does not change the fraction of tracks that are non-overlapping
for reasonable y. For higher n there is an effect for o/D 2 0.1

Similar effects can result from non-Gaussian diameter distributions, which occur in real data.
Fig. D.9 shows a track diameter distribution from ~ 3 MeV protons incident on a CR-39 detector.
There are small components in the distribution at much larger track diameters than the mean, at
D ~ 18 and 27 pm.
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Figure D.7. F,, versus track density for 10
pm tracks and n = 1 (solid line), n = 2 (dashed
line), n = 3 (dotted line), and a sum of all
n > 4 (dot-dashed line). When plotted versus
chi the shape of the curve is ‘universal’ for any
diameter through the relation x = n x (7D?).
In Fig. D.3, we can see that the analytic model
is only valid until x ~ 0.25, compared to the
Monte Carlo code which can be run to high y.

Figure D.8. F; and F5 vs x for track D =6
pum and o = 0 (solid line), 0.5 (dashed line),
1.0 (dotted line), and 2.0 (dot-dashed line) pm.
The curves overlap significantly for Fj, and
show small deviation with ¢ at x ~ 1.

Figure D.9. A diameter distribution from
real CR-39 data with a primary proton signal
at D ~ 9 pym and weaker non-Gaussian com-
ponents at larger diameters (D ~ 18 and 27

um).
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The track overlap for the distribution in Fig. D.9 was simulated when considering the whole
distribution and a Gaussian fit to the prominent peak at D ~ 9 pum. The results are shown in
Fig. D.10. Similarly to the effect of the distribution standard deviation we see no difference in the
fraction of single tracks for the raw distribution compared to the Gaussian distribution. However,
the double track fraction F» shows a deviation indicating that non-Gaussian distributions are also
a second-order effect changing overlap fractions F;, for n > 2.

LO K — — — 1 Figure D.10. Simulations of F; and F» for
the experimental diameter distribution (solid
08l F ] and dashed lines, respectively) and a Gaussian
I 1 fit to the primary component at D ~ 9 um
06l 1 (dotted and dot-dashed, respectively).
< ]
04l 1
g Gusin ]
02r g ‘.:—__lgxperim;r;aﬁ---_:'-:;:': 52':_-:;:-_-_-=-_-:
/ ct
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D.5 Post-hoc overlap correction algorithm

The Monte Carlo simulation is also used for a post-hoc correction of track overlap in data. In
experimental data it is difficult to analyze an overlapping track structure due to complicated ge-
ometry and the stochastic track placement (e.g. see Fig. D.1). If the number of non-overlapping
tracks is known, on the other hand, it can be related via theory or simulation to the total number
of tracks (see Sec. D.2 or D.4).

To discriminate against overlapping tracks, which are still detected by the automated optical
microscope system used to process CR-39'4, it is necessary to discriminate between single and
overlapping tracks in this method. In principle this can be done by using the track eccentricity
information; e.g. two overlapping non-concentric tracks will form a quasi-elliptical shape with
non-zero eccentricity and larger diameter than a single track. As a demonstration, Fig. D.11
shows a contour plot of CR-39 data with overlap. The single tracks are clustered at D ~ 11
pm and eccentricity of about a few percent. The overlapping tracks appear at larger diameter and
eccentricities of several tens of percent. Additionally, we note that inferred diameter is proportional
to eccentricity as expected from geometry. In this case, the data could be limited to eccentricities
below 8 — 10% to reject overlapping tracks while retaining single tracks.

Once the data is discriminated to single tracks only, the measured track distribution is used as
a source function in the Monte Carlo simulation. The code then incrementally increases the track
fluence until it matches the observed fluence of single tracks, at which point the code reports the
total fluence necessary to match the data.

Experimental tests of this method have been performed using a linear electrostatic ion accel-
erator (LEIA) fusion products source at MIT %! and with capsule implosions at the OMEGA
laser?. In the accelerator experiment we used energetic protons from the reaction

D+ D — T(1.01 MeV) + p(3.02 MeV), (D.10)
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Figure D.11. (a) Contour plot of number of tracks versus track eccentricity and diameter, for overlapping
data etched to 6 hours. The diameter is defined as D = 2,/ A/m where A is the total measured track area.
Single tracks are visible near zero eccentricity (perfectly round) and D ~ 11 pym while overlapping tracks
have more eccentricity and larger diameters. The ratio of adjacent contours is 2. (b) Diameter histogram
for the same data, with an eccentricity limit of 8% (solid) and without limit (dotted). The eccentricity is
defined as for a geometric ellipse; e < 0.08 means that tracks are only accepted if they are between perfectly
circular (e = 0) and 8% out of round (e = 0.08).
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and in the OMEGA experiments from the reaction
D + 3He — “He(3.6 MeV) + p(14.7 MeV), (D.11)

to expose CR-39 samples to various proton fluences. The CR-39 was etched for a short enough
period of time that there was minimal overlap and the fluence recorded. We then etched the CR-
39 further until significant overlap occured, and rescanned the same area again. This allows an
accurate determination of the counting precision with induced track overlap.

The results of this experiment are shown in Fig. D.12, plotted as the measured counting error in
the overlapping data versus the fraction of tracks overlapping. In the naive case, with all overlapping
tracks thrown away and no correction, the trend would be a 45° line (dashed line). For relatively
low amounts of overlap 10 — 20%, the algorithm has a counting error < 10%. For higher overlap
fractions ~ 30 — 45% the counting error increases to ~ 10 — 20%. Finally, at very high overlap
fractions (70%) the algorithm breaks down and the counting error becomes very large.

The algorithmic accuracy is primarily limited by the single vs overlapping track discrimination
(via eccentricity cuts in the CR-39 analysis), as well as statistics in determining fluence and diameter
distributions in both the data and calculation. For these reasons the current results are a limitation
of the method.

By comparison to Fig. D.7, where the overlap fractions are plotted versus fluence, we can see
that in applications were ~ 10% counting accuracy is acceptable this technique can extend the
upper fluence limit of CR-39 by about a factor of 3 — 4.

D.6 Conclusions

The solid-state nuclear track detector CR-39 is used in various diagnostics at laser ICF facilities,
where high track fluences are easily achievable. Previous counting techniques were limited to
regimes in which the physical overlap of particle tracks was small, which defined the upper limit of
dynamic range for many of these diagnostics. In the low-overlap regime the overlapping fraction of
tracks scales as x = 1 x (mD?) where 7 is the density of tracks and D is the average track diameter,
derived in a simple theory. A Monte Carlo simulation code has been developed to study the effects
of track overlap in these detectors under various scenarios. Illustrative examples of simulation
results are presented. We report on a post-hoc overlap correction algorithm, which uses Monte
Carlo simulations to correct for overlap in CR-39 data based on matching simulated single track
results to the data. In applications where counting accuracy ~ 10% is acceptable, this technique can
extend the upper fluence limit by a factor of 3 — 4x. Future work will focus on the development of a
new algorithm to recognize overlapping tracks based on shape during the optical microscope scan,
which will allow for diameter measurements and more accurate counting in high-fluence scenarios.

For applications such as high-precision counting (to a few percent for MRS data) or diameter
identification of overlapping tracks for complicated distributions (i.e. Wedge Range Filter'* data)
another technique is required. The future work of this project includes the development of an
algorithm to recognize overlapping tracks during the optical microscope scan by the track shape.
Benchmarking this algorithm will then allow its application to diagnostics at laser fusion facilities.
We will also study the response of CR-39 track detectors at short etch times (1 — 2 hours, versus
typical 6) to characterize the minimum etch time necessary to distinguish data from noise; this
short-etch technique will also be useful for extending the upper fluence range of these detectors.
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D.7 Diameter distribution evolution

As an example, we provide contour plot of number of tracks versus track eccentricity and diameter
as well as diameter histograms for a dataset with overlap induced via progressive etches. Filters are
used to reduce the proton energy from 14.7 MeV (undetectable with CR-39) to ~ 4 MeV, which is
in the detectable regime. All CR-39 used in this study was etched with a 6 molar NaOH solution

at 80° C.
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D.8 Fluence Examples

For reference, we present example microscope images for various fluences of DD-p on CR-39 in Fig.
D.15.

D.9 Shot Numbers

Facility shot numbers (A denotes MIT linear electrostatic ion accelerator, € denotes the OMEGA
laser facility) for all data given in this paper are tabulated in Table D.2.
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Figure D.14. Contour plots of number of tracks versus track eccentricity and diameter, for overlapping
D3He-p data etched to 2-6 hours. Single tracks are visible near zero eccentricity (perfectly round) while
overlapping tracks have more eccentricity and larger diameters. The ratio of adjacent contours is 2. The
data presented in this plot is the same as in Fig. D.13.
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Figure D.15. Varying fluences of 3 MeV DD-p, CR-39 with overlap observable after being etched for 6
hours. The image was taken with an optical microscope system with a frame area of 1.36 x 10~3 cm? (431um
x 315.5um). 25um Aluminum filtering was used to remove couplementary particles (T, *He, *He) from DD
and D3He fusion. Neutrons from DD fusion are also incident on the CR-39, but the detection efficiency
for neutrons (due to scattered protons in the CR-39) is 10~* below the proton detection efficiency and the
neutrons are therefore negligible in this work.
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Appendix E

Measurements of hohlraum-produced fast ions

E.1 Introduction

Understanding hohlraum physics is crucial to achieving ignition at the NIF using the indirect-
drive scheme (see Chapter 1); many fundamental hohlraum-physics problems can be more easily
studied at smaller-scale facilities such as OMEGA at the University of Rochester!. Fast ions and hot
electrons produced in laser-plasma interactions (LPI) are known effects, and studied theoretically >
and experimentally®”. In ICF ignition experiments, hot electrons produced by LPI are energetic
enough to penetrate the ablator material and deposit energy in the cryogenic fuel, which increases
the fuel adiabat and thus reduces the fuel compressibility. Therefore, understanding hot electron
production and preheat is critical for achieving ignition®.

Additionally, strong electrostatic fields around direct-drive implosions were discovered? and
studied ' three decades ago. More recent experiments extensively studied these electric fields!!
and related production of fast ions'? in direct-drive implosions.

Fast ion production has not been studied in hohlraum experiments, as relevant to the NIC.
The NIC design uses gas-filled hohlraums to impede plasma flow at the hohlraum wall'® 1. This
requires a thin window at the laser entrance hole (LEH) to contain the initial gas fill. Since the
laser beams overlap at the LEH, this can create complex LPI. Recent experiments measured hot
electron production due to LPI at the LEH 'S, and attributed the hot electron production to the
two-plasmon decay (TPD) instability '7-18.

In this Appendix, the first measurements of fast ions produced in both vacuum and gas-filled
hohlraum experiments are presented. Fast ion measurements were conducted with the OMEGA
Charged-Particle Spectrometer (CPS) 2, or flat-filtered CR-39. Using three geometries: 2.4mm
diameter (scale 1.5) half hohlraums and hohlraums, and 1.2mm diameter (scale 0.75) hohlraums.

Experimental configurations were designed and analyzed using VISRAD software '.

E.2 Charged-Particle Spectrometer Results

E.2.1 Experimental Design
E.2.1.1 Scale 1.5 Halfraums

Fig. E.1 shows the OMEGA scale 1.5 hohlraum used in these experiments. These hohlraums had
a 100% LEH composed of 0.6um polyimide window. The gas fill was 0.04 — 0.1 n. neopentane.
The hohlraums are driven from one side only, with 15 beams in 2 cones (Cone 2 at 42° and Cone
3 at 59°), with beams pointed at the LEH center, at a maximum total drive energy of 5.8kJ. The
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laser drive was a 1ns square pulse (SG1018) using SG4 phase plates and SSD. The hohlraum axis
is aligned along the P6-P7 axis in the OMEGA target chamber.

¢ 1.9mm )

.04-.1n,
2.4mm CoHiy

0.5mm

30um Au
0.6um polyimide

Figure E.1. Cartoon of an OMEGA scale 1.5 halfraum with 100% LEH and gas fill, driven from one side.

The halfraums can be driven from either side. This is shown in Fig. E.2. The drive side is
hereafter referred to as either P6 or P7, as shown in Fig. E.2. The line of sight for CPS 2, which
was used for the fast-ion measurement, is also illustrated in the figure.

CPS 2

P6

(a) P6 Drive Car- (b) P6 Drive Visrad
toon

N

(¢) P7 Drive Cartoon (d) P7 Drive Visrad

Figure E.2. The halfraums can be driven from either side. (a,c) Cartoons of halfraum geometry with P6
or P7 drive, respectively. The CPS 2 line of sight is also shown in these figures. (b,d) Visrad CAD models
of halfraum geometry with P6 or P7 drive, respectively.

Drive intensities are calculated for both P6 and P7 drives at the halfraum wall as well as the
LEH window, shown in Figs. E.3 and E.4, shown as viewed from the CPS 2 line of sight. Shown
is a full energy halfraum drive, 5.8kJ. Shots were also taken at 1/5 drive energy, in which the
calculated intensities should be divided by five. We observe from Figs. E.3 and E.4 that the peak
intensity is ~ 104 W/cm? at the halfraum wall, and ~ 10'®> W/cm? at the LEH. In the case where
the halfraum is driven from P7 then CPS 2 does not have a clear view of the center of the LEH
window.
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TW/cm? TW/cm?
100 1000
0 0
(a) (b)

Figure E.3. P6 drive intensities at the hohlraum wall (a) and at the LEH (b), as viewed from CPS 2.

TW/cm? TW/cm?
100 1000
0 0
(a) (b)

Figure E.4. P7 drive intensities at the hohlraum wall (a) and at the LEH (b), as viewed from CPS 2.

1.9mm
o < >
CPS 2 | |

)

P6 S P7
| | |
t.2mm - capsule
(a)

(b)
Figure E.5. (a) Cartoon of an OMEGA scale 0.75 hohlraum with 66% LEH. (b) VISRAD CAD model.
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E.2.1.2 Scale 0.75 Hohlraums

Data was also taken on scale-0.75 hohlraums with a 66% LEH and no gas fill, as shown schematically
in Fig. E.5. The hohlraums contained a gas-filled capsule. The hohlraum was oriented along the
P6-P7 axis as in the other experiments. The hohlraum was driven by 40 beams in cones 1 (21.4°),
2 (42°), and 3 (59°) with a total energy of 20kJ using the main driver without phase plates. The
resulting intensity map on the hohlraum wall is shown in Fig. E.6, as viewed from the CPS 2 line
of sight.

TW/cm?
685

0

Figure E.6. Drive intensity at the hohlraum wall for the scale 0.75 hohlraum, as viewed from the CPS 2
line of sight.

E.2.2 Results

E.2.2.1 Scale 1.5 Halfraums

2.5x%10" -
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Figure E.7. Charged particle spectra from four OMEGA scale 1.5 gas-filled halfraum shots: 58367 (P7
drive, black circles), 58369 (P6 drive, black squares), 58368 (P7 drive, red triangles), and 58370 (P6 drive,
red diamonds). See Table E.1 for experimental configurations.

The CPS-measured charged particle spectra for halfraum shots (as described in Sec. E.2.1.1)
are shown in Fig. E.7. Data from four OMEGA shots are overplotted. The experimental configura-
tion is summarized in Table E.1. We can see significant charged-particle production (of order 10'?
fast protons per MeV per steradian) in two spectra of Fig. E.7. These are the higher drive energy
(5.8kJ) and thus higher intensity at the hohlraum wall (10'% W /cm?) shots, with the halfraum
driven from P7 (Shot 58367) and P6 (Shot 58369). We observe a higher flux of protons and a
higher maximum energy for the halfraum driven from P6. This could be because of a preferential
acceleration direction due to the plasma waves propagating along the density gradient in the reso-
nance absorption mechanism: In the P6 drive case the diagnostic line of sight is close to the laser
propagation angle (Fig. E.3), but this is not the case for the P7 drive (Fig. E.4).
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Table E.1. Experimental configuration for halfraum shots.

Shot Drive | Energy (kJ) Lign Fwan
(W/cm?) | (W/cm?)
58367 P7 5.8 101 1014
58368 P7 1.2 2x 10 | 2x 103
58369 P6 5.8 101 1014
58370 P6 1.2 2x 10" | 2x 1013

E.2.2.2 Scale 0.75 Hohlraums

-
2.0x 103} "
7 P =
> 1.5x 108} %
§ ]
~ 130 o
% 1.0x 10 ~
” 5.0%102F L4 1
%
oL .

0.2 0.4 0.6 0.8 1.0 1.2
Proton energy (MeV)

Figure E.8. Charged particle spectra from two OMEGA scale 0.75 vacuum hohlraum shots: 35769 (black
circles) and 35770 (red squares). See Section E.2.1.2 for experimental configuration. The laser intensity at
the hohlraum wall was 3.5 x 104,

The fast ion spectra for two scale 0.75 hohlraum shots, as measured by CPS 2, is shown in Fig.
E.8. Significant fast ions are observed, at higher fluence per solid angle than the halfraum case
in Sec. E.2.2.1 by about an order of magnitude, which is discussed in the following section. Shot
35770 had about 700J more laser energy due to shot-to-shot variations, which explains the higher
proton fluence observed.

Fig. E.8 also shows a repeatable peak feature at 700-800 keV. In direct-drive implosions,
structure in fast ion spectra has been observed 2. Recent radiography results show charge shells,
which are hypothesized as ion acoustic perturbations in the coronal plasma associated with the
charged-particle spectral shape?’. A similar mechanism might be occurring in these hohlraums,
which could be investigated with high-resolution charged-particle radiography.

E.3 Flat-filtered CR-39 Results

E.3.1 Scale 1.5 Hohlraum Design

The 1.5-scale hohlraum is essentially two 1.5-scale halfraums combined, as shown in Fig. E.9. The
hohlraum is driven from both sides. In this experiment, the full hohlraums had a solid CH capsule
in the center, and either a 0.1n. neopentane gas fill or vacuum. The vacuum hohlraums were shot
with or without a CH liner on the inner wall. The drive was the same for each side as the equivalent
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halfraum case, Figs. E.3 and E.4, to generate the same peak intensities at the wall and LEH. The
total drive energy is 11.6kJ.

< 3.8mm >

0.1n, CsHqy

\
Solid CH sphere

(a)

(b)

Figure E.9. (a) Cartoon of an OMEGA scale 1.5 hohlraum with 100% LEH and gas fill. (b) VISRAD
CAD model of hohlraum geometry with beams.

E.3.2 Results

p/sr

H !.5-1010
0

Figure E.10. Flat-filtered CR-39 ‘radiograph’ of a 11.6kJ gas-filled hohlraum implosion with no proton
backlighter, plotted as a proton fluence image. The minimum proton energy observable is 1.2 MeV. The
CR-39 was placed at 27cm towards P7 (see Fig. E.9).

Flat-filtered CR-39 was fielded 27cm away from the target for full gas-filled hohlraum shots, as
described in Sec. E.3.1 and shown in Fig. E.9. The result from this measurement is shown in Fig.
E.10. The CR-39 is filtered with ~ 7.5um of Ta, which gives a minimum detected proton energy
of 1.2 MeV. This is at a higher energy than measured in Fig. E.7, and the proton fluence for all
E, > 1.2MeV is of order 10 protons per steradian. In the center of Fig. E.10 we can see a shadow
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of the capsule in the hohlraum, since it ranges out any protons incident upon it. Protons from the
P6-side of the hohlraum (left side of Fig. E.9) can be stopped by the capsule since the detector
is placed towards P7 (also shown in Fig. E.9). The shadow effect shows proton emission towards
TCC. Combined with the halfraum data shown in Fig. E.7, this further demonstrates that the fast
ion emission is in both directions along the hohlraum axis.

In identical radiography experiments using lined and unlined vacuum hohlraums, as recently
published !4, the proton fluence on the front piece of flat-filtered CR-39 is of order 10® p/sr, which is
two orders of magnitude below the fluence observed in Fig. E.10. In those previous experiments a
fusion proton backlighter was used with Y ~ 10°, which accounts for the proton fluence observed '4.
In these experiments, with identical drive, the two order of magnitude increase in proton fluence
on the detector can only be explained by fast protons produced in the hohlraum LEH or gas fill.

E.4 Interpretation

First, we consider the charged particle spectra presented in Sec. FE.2.2.2. Since fast protons are
observed in the vacuum scale 0.75 hohlraums (Fig. E.8) we conclude that these fast protons cannot
be produced by any LPI mechanism at the LEH window. This production mechanism is therefore
associated with the general hohlraum charging, as discovered using charged-particle radiography '3,
which creates E fields of order 10° V/m. Such strong fields can create runaway ions. The higher
yield of fast ions below 1 MeV in the scale 0.75 experiments compared to the scale 1.5 halfraums
(Fig. E.8 vs E.7) is likely due to a ~ 4x higher total laser energy and intensity at the hohlraum
wall in the scale 0.75 experiments (compare Fig. E.6 to Figs. E.3 and E.4).

Since energetic (> 1.2 MeV) fast protons are only observed in gas-filled hohlraums we associate
this production mechanism with thin plastic LEH window or gas fill.

To explain these observations, we must consider the fundamental LPI instabilities. In general,
potentially applicable and well-known LPI mechanisms are: Resonance Absorption (RA), Paramet-
ric Decay Instability (PDI), Two-Plasmon Decay (TPD), Stimulated Brillouin Scattering (SBS),
and Stimulated Raman Scattering (SRS). For more detail on laser-plasma interaction physics, see
Kruer 8.

In general, it is known that fast ion production in laser plasmas is associated with prior hot
electron generation, as the runaway hot electrons set up strong E fields that accelerate the ions.
We therefore focus on mechanisms which can generate hot electrons in this indirect-drive implosion
geometry: RA, PDI, TPD, and SRS.

E.4.1 Hohlraum mechanisms

An important recent and related result from Li et al.'? is that large hohlraum fields were observed
at the beginning of the laser drive, reaching a strength |E| = 2 GV /m within the first few hundred
ps and monotonically decaying afterwards (see their Fig. 4). Therefore, the hohlraum charging
mechanism must generate hot electrons early in time. Since SRS and TPD only occur in underdense
plasmas, < n./4 and n./4, respectively, where n. is the critical density, these mechanisms would
require a large-volume ablated low-density gold plasma. Since previous proton radiography exper-
iments showed that the timescale for hohlraum wall motion ' is longer than the E field generation
time '3, SRS and TPD in the ablated wall plasma cannot explain the data.

RA and PDI, which occur at the critical density, are more applicable to the laser-hohlraum wall
interaction. RA requires a density gradient from the turning point to the critical density, with a
scale length L = k~1(2sin® a)~3/2, where a is the angle of incidence and k is the wavenumber of
a laser photon. Since « is tens of degrees, the term in parentheses is of order unity, and L is of
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order 1/k which is small. Therefore RA will occur early in time when the wall plasma has small
gradient lengths. Alternatively, PDI requires a volume of plasma near n., which means that it will
be more efficient later in time when the gold plasma gradient scales are longer. Since the previously
published data'®!* demonstrate that the hohlraum potential is built up early in time, we associate
the hohlraum-charging fast ions with RA.

E.4.2 LEH or gas mechanisms

The TPD instability threshold of (3 — 5) x 10 observed by Regan et al'6 is surpassed at the
LEH for full-energy shots, and the entire gas fill is at n < n./4 so SRS can occur throughout the
hohlraum volume for gas-filled experiments. TPD only happens around n./4. This is applicable to
the exploding window plasma where a large amount of material is at (or close to) this density as the
window rarefies into vacuum on one side and low-density gas on the other. SRS is applicable to the
gas fill, which has the longest scale length of low-density plasma, or the exploded window plasma
late in time. While these experiments clearly demonstrate fast proton production at £, > 1.2 MeV
(Sec. E.3.2 and Fig. E.10), it is not possible to distinguish between the two potential mechanisms.

E.5 Estimates of conversion efficiency to protons

E.5.1 Hohlraum Resonance Absorption

We can make simple estimates of the conversion efficiency for the ‘hohlraum charging’” production
mechanism due to RA from the spectra shown in Figs. E.7 and E.8. The total energy in the fast

ion population is
Y (E,Q
E= ([ e (Y g (E.1)

If we assume that the emission is approximately isotropic far from the target, then

© JY(E
Fpe =4 x 10%6/ Y ( )dE (E.2)

o dEdQ

where FEy. is in J, e is the fundamental charge, and Y is expressed in number per MeV-sr as in
Figs. E.7 and E.8. Here Ey. specifically denotes the energy in fast protons due to the hohlraum
charging.

Integrating the spectra for the shots shown in Figs. E.7 and E.8 we calculate the total energy
in fast ions and conversion efficiencies € shown in Table E.2.

Table E.2. Determined conversion efficiencies and total energy carried by fast protons due to the ‘hohlraum
charging’” mechanism.

Shot | Drive (kJ) | Enc (J) €he

58367 5.8 0.3 6 x 10~°
58369 5.8 0.7 1x107*
35769 20 5.5 3x107%
35770 20 7.9 4x1074
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E.5.2 LEH window TPD or gas-fill SRS

From the data presented in Sec. E.3 we can make order of magnitude estimates of the conversion
efficiency for fast ion production due to TPD or SRS when the LEH intensity is about 10'® W /cm?.
We assume that the fast ion emission is symmetric around the hohlraum axis and Gaussian with
scale Ay in the angle from the hohlraum axis. That is, with § = 0 along the hohlraum axis, the
fluence emitted per steradian is

Y, allo)  _g2)002
F(97 (ZS) — 471' meoe 07 (Eg)

where Y), is the total yield of produced protons and « is a function of 6y involving the error function.
a(fp) is of order unity.

The simplest case is the hohlraum experiment (Sec. E.3.2), in which case we know F' at 6 ~ 0
for protons with energies above 1.2 MeV. Setting F' = 1.5x 10'° protons per steradian and assuming
0o = 20 degrees with symmetric emission forwards and backwards from both hohlraum ends we
get Y, ~ 3 x 10!, As these protons must all be at least 1.2 MeV, the total energy in fast protons
with E, > 1.2 MeV is Erpp/grs < 60mJ. As a fraction of the incident laser energy, the conversion
efficiency for this population is erpp/srs 2 5 X 107%. For the short etch times used, an upper
bound on proton energies observed is ~ 3 — 4 MeV, implying that erpp/srg S 2 X 107°

We note that from Eq. E.3 that for a given fluence at § = 0 the inferred proton yield scales
with 6/« (6p). For 10 < 6y < 40, the inferred yield and conversion efficiency will scale by a factor
of 4 from the assumption 6y = 20 degrees.

E.6 Conclusions

Measurements taken of proton fluence and spectra from OMEGA hohlraum and halfram experi-
ments demonstrate that fast ions are produced in indirect-drive implosions. The data consist of
proton spectra from 300 — 800 keV, as well as fluence measurements of protons with energy greater
than 1.2 MeV.

Observations of fast protons with energies from 300 to 800 keV are observed in both vacuum
and gas-filled hohlraums. These protons are associated with the general hohlraum charging seen
in charged-particle radiography. We argue that this mechanism is RA, and estimate a conversion
efficiency of ~ (1 —4) x 1074, depending on the hohlraum and drive. In the flat-filtered CR-39
data significant high-energy (> 1.2 MeV) fast protons are observed only for gas-filled hohlraums;
we associate this production mechanism with the TPD instability at the exploding window plasma,
which is in agreement with observations by Regan et al., or with SRS throughout the underdense gas
fill. This mechanism has an estimated conversion efficiency from the main drive of (0.5 —2) x 107°
depending on assumptions made.

Future experiments could use several flat-filtered CR-39 detectors to angularly resolve the fast
ion emission. The experiment could also be conducted in a geometry that would allow measurements
with both magnetic charged particle spectrometers on OMEGA, which could allow a calculation of
the emission angle 6.

We will also explore advanced radiography measurements of hohlraums using EP-generated
protons. This will have the advantage of better spatial and temporal resolution over previous
techniques, and could be used to study field structures and mass distributions in the exploding
window plasma and plasma bubbles formed on the hohlraum wall. Such measurements would shed
light on the fundamental plasma physics behind these observed phenomena.
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Previous direct-drive experiments with Au spheres have shown discrepancies in fast proton
production ™12, which could be due to inconsistent hydrogen contaminant levels on the surface, or
different plasma scale lengths relative to lower-Z ablators. This could be further investigated on
OMEGA.

In addition to fast proton studies, a significant amount of energy can be carried away by heavier
ions in direct-drive experiments. The proton measurements imply general ion acceleration, but
measuring heavy fast ions produced in indirect-drive experiments would be an important extension
of these results.

Simplified experiments to individually measure fast ion production due to indirect-drive relevant
mechanisms are motivated by these observations, in particular to determine if SRS in gas filled
hohlraums creates an appreciable population of fast ions compared to TPD at the LEH window.
Furthermore, this experimental work motivates theoretical and computational study of fast ion
production in indirect-drive laser fusion experiments.
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Appendix F

HYADES simulations of ICF experiments

The HYADES code! is a 1-D radiation-hydrodynamics simulation tool, which uses Lagrangian
hydrodynamics, with problems specified in planar, cylindrical, or spherical geometry. It is a three-
temperature code where electrons, ions, and the radiation field have independent temperatures. In
mixtures with multiple ion species, they are treated as a single ion fluid. Radiative energy transport
can be treated with either a single- or multi-group diffusion model. All energy transport is modeled
using the diffusion approximation.

Material equation of state is specified by a tabular library (LANL Sesame), an ideal-gas, or a
quotidian equation of state (QEOS). Ionization may be treated with several models: Saha, Thomas-
Fermi, and LTE or non-LTE average atom. Energy sources may be added to drive the system
including laser sources, radiation flux sources, pressure and temperature sources, or direct energy
deposition.

HYADES is deck-based, where the user specifies the problem in a text input file, which is input
to the HYADES executable. A sample deck is shown below for a post-shot simulation of OMEGA
shot 69055, shot on March 14", 2013. The capsule is 2.2um SiO5 with an outer diameter of 854um.
It was driven by a 600ps square pulse, with 14.6kJ of total energy. The measured absorption fraction
is 59%.

D2(8.37)3He(14.13) Si02(2.2) 854um 0D
C

c Author: A Zylstra

c Date: 3/13/2013

¢ Inner radius of the capsule
define rl1 4.302e-2

¢ third through shell

define r2 4.3135e-2

c outer radius

define r3 4.325e-2

c Gas fill info

define den 3.0916e-3
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c Spherical geometry

geometry 3

C

c gas zones of gas divided into two regions
c

mesh 1 101 0. rl1 0.99

region 1 100 1 den

material 1 1. 2. 0.542

material 1 2. 3. 0.458

c ideal gas eos

eos 999 1

c shell zones of Si02 feathered inward and outward
c

mesh 101 131 r1 r2 1.1

mesh 131 201 r2 r3 0.9

region 101 200 2 2.15

material 2 8. 16. 2.

material 2 14. 28. 1.

eos /Applications/hyades/EOS—Opacity/EOS/eos_2lﬂdat 2
eosxtrp 2 1 2 1 2

c

c 0.351 um laser source incident on outer surface
c Laser info

source laser .351 -201

sourcem 0.59

tv 0. O.

tv 0.1e-9 2.43e+20

tv 0.6e-9 2.43e+20

tv 0.7e-9 0.

c

c Set some physics parameters

c

parm flxlem .07

c timing

parm editdt 1.e-11

parm tstop 1.2e-9

parm nstop 1.e+6

parm itmcyc 10

c

pparray r rcm dene deni rho rhodr te ti tauei ucm xmass vol
parm postdt 10.e-12

The first line is a problem description. Any line beginning with ¢ is a comment. Lines 8 through
15 define several variables: the capsule dimensions and gas fill density. The deck is written this
way to make variation of these parameters easier and more transparent. The spherical geometry
is defined on line 20. The Lagrangian mesh for the gas material is defined on lines 24-27, and an
ideal-gas equation of state is used for the gas material (line 29). The Lagrangian zones for the shell
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material are defined on lines 32-36, with a tabular equation-of-state used (lines 37-38). The energy
is deposited as a laser source, defined on lines 42-47: the laser intensity starts at 0, increases over
100ps to a peak power of 2.43 x 10?2 erg/s (24.3 TW), remains at the peak power level for 500ps,
and decreases to 0 over a 100ps ramp. An electron flux limiter of 0.07 is used (line 51). Finally,
the timing control (lines 53-56) and post-processor output (lines 58-59) are defined at the end of
the file.

The simulation is run from the command line as follows:

hyades -c D3He
ppf2ncdf D3He D3He
mv D3He.cdf D3He.nc

The first command runs the simulation. The second two commands convert the HYADES output
into a netCDF file, which is significantly easier to use in post-processing codes due to a modular
storage scheme (similar to HDF).

HYADES itself generates plasma conditions (density, temperature, etc) as a function of time
and space. Observables are calculated with a ‘post-processor’ code. The nuclear results of this
simulation are shown in Table F.1, and several summary plots are shown in Fig. F.1. The nuclear

results are calculating using parameterized cross sections?.

Table F.1. Simulated nuclear results for shot 69055

Reaction Yield T; (keV) | BT (ns)
D3He | 9.96 x 10'° 25.2 0.61
DD-p | 6.51 x 10'° 14.2 0.64
DD-n | 6.88 x 1019 14.5 0.64

Shot 69055 is clearly a shock-driven (‘exploding pusher’) case, with low convergence. HYADES
may also be used to simulate higher-convergence implosions. An example of this is a 15um CH
shell, similar D®He gas fill, and a 1ns square pulse drive. The nuclear results are summarized in
Table F.2 and several summary plots are shown in Fig. F.2.

Table F.2. Nuclear results for simulation of a hypothetical 15um CH shell

Reaction Yield T; (keV) | BT (ns)
D3He | 2.30 x 10'° 4.86 1.54
DD-p | 2.00 x 10!t 4.54 1.54
DD-n | 2.02 x 10!! 4.54 1.54
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Figure F.1. Post-processed results for the simulation of OMEGA shot 69055. (a) Lagrangian mass-element
trajectories for every fifth zone. The red curve is the fuel-shell interface. (b) pR evolution for the fuel, shell
(ablated and remaining), and total (sum of the two) during the implosion. (c¢) Burn rate for the DD and
D3He reactions. (d) Spatial burn profile for DD and D3*He reactions.
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Figure F.2. Post-processed results for the simulation of a hypothetical OMEGA shot with a 15um CH
shell. (a) Lagrangian mass-element trajectories for every fifth zone. The red curve is the fuel-shell interface.
(b) pR evolution for the fuel, shell (ablated and remaining), and total (sum of the two) during the implosion.
(c) Burn rate for the DD and D3He reactions. (d) Spatial burn profile for DD and D3He reactions.
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Appendix G

Evaluation of dF/dr models and scattering

G.1 Brown-Preston-Singleton (BPS) model

The BPS stopping power model! treats ion slowing in plasmas due to short-range Coulomb collisions
and long-range dielectric effects; it also considers a quantum correction to the previous two. These
terms form the stopping of charged particles in plasmas:

dE  dECS dECR  dE@
= + +

dr ~ dx dx dr (G.1)

Each term is evaluated for a single plasma species (denoted with subscript f), and the total stopping
is a sum over all plasma species.
G.1.1 Short-range Coulomb collisions

The short-range classical stopping term is given by Eq. 3.3 of Ref. 1:

2
dE°S B 6% /“?f my

dx Am myvg \| 27 By

1
/ duv/u exp(—ﬁfmfv?u/Q) X
0

{[ln(ﬁfeteff( my U >+227] [ﬁfMtfvgﬂjL2},

dr mypl —u U

In this expression, f denotes field particle and ¢ denotes test particle. u is a variable of integration.
The parameters are:

e ¢; and ey are the particle charges in Lorentz-Heaviside units (conversion from electrostatic
units (ESU) is given by: ey = egsyV4m).

e m; and my are the particle masses.
e v, is the test particle velocity.

e (¢ is the normalized field species temperature f; = 1/kgTy (where kp is Boltzmann’s con-
stant).

o ky=p3 fe?cn ¢ is the Debye wavenumber for field species f (ny is the particle number density).
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e K is an arbitrary wavenumber, taken as K = k. The effect of K on the short- and long-range
classical stopping cancel in the final summed dE/dz.

e v is the Euler-Mascheroni constant (y = 0.5772...).

These parameters may be directly evaluated when the test and field particle conditions are specified.
The integral in Eq. G.2 can thus be solved numerically. Care must be taken since the integral is
singular at v = 0,1. The numerical integration can either be done over the range 0 — 1 using a
technique that is robust to singularities, or the integration limits can be changed to § — (1 — J)
without loss of precision where ¢ < 1.

G.1.2 Long-range dielectric response

The long-range dielectric response term is given by:

dETR /d 400 gy In  ELE0)
dx 47T o Ptot u’Ut) t K?

_Z;Q%ﬁfnlw [F(Ut) In (F[(;;t)> — F*(s)In <F[{(§t)>] . (G.3)

Relative to the expression given in Ref 1, the variable of integration has been changed by sub-
stitution cosf — u, and otherwise the expression is unchanged. The ‘spectral weights’ are given
by

1
pr(v) = Kjv B’;T:f exp (-25fmf02)7 (G.4)

pror(v) = D pilv). (G.5)

The function F' is derived from the leading-order plasma dielectric susceptibility. Brown-Preston-
Singleton define it as

Fu) =— /OO de (G.6)

oo U—VF N

in the limit 7 — 07. The integrand is clearly singular at v = u + in, but can be reformulated using
complex analysis. First, it is convenient to consider only a single plasma species at a time so that
Ptot — Py, which we write in the form

py(v) = pvexp(—av?), (G.7)

where p = K,?c\ /Bgmy /27 and a = Symy/2 are constants. Then, the integral for F' may be rewritten

in the form ( 2)
*  vexp(—av
Fr = dy———-—=. G.8
f p/_oo ! U —v-+1in (G8)

This integral can be evaluated using Cauchy’s integral theorem?, which gives the result:

Fr = pd —/Z +exp[~alu+in)?] (u+in)
(-2

x [rerfi (vVa(u +in)) + In(—u — in) — In(u + in)] } (G.9)
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Here erfi is the imaginary error function:
erfi(z) = —ierf(iz), (G.10)

which may also be written in terms of Dawson’s integral Fp:

erfi(z) = ;EeZQFD(z), (G.11)
which is a convenient form for evaluation, since Dawson’s integral is often implemented in scientific
numerical libraries (e.g. the GNU Scientific Library for C++). In the evaluation of Fy, a small but
non-zero value of 17 may be arbitrarily chosen, for example n = 1075, The value of 7 chosen has no
effect on the calculated stopping power.

In this form, F'(u) is evaluated by summing over all plasma species. F' must also be evaluated
in the complex plane, but the final result from this evaluation is real due to the pre-factor of 7 in
Eq. G.3. In the evaluation of Eq. G.3, F'* is obtained by the reflection property F*(u) = F(—u)
(see Eq. 3.13 in Ref. 1).

G.1.3 Quantum correction

The quantum correction to the classical stopping power (the sum of Eqs G.2 and G.3) is given by

dE® [ Brmy
— = d 2Rey)(1 + —1 G.12
dx 47r QBf”Lwt 27 / vtf { ey (L+iney) nmf} ( )

i (1) 5 !
X 1 + _— -_— — 1 ex —— ms\Us — U
{[ my v \ Bmpovey P|=5fs (o = ve)

- [1 L My o (1 + 1)] exp [—;Bfmf(vt + vtf)ﬂ } :

my vip \ Bpmypogvgg

In this equation, we have:

v = |0 — vy, (G.13)
_ ey
= . G.14
s dmhuvg g ( )

The function v is the logarithmic derivative of the gamma function:
¥(z) = - IT(:) (G.15)
z) = —Inl(z2). .
dz

This function is also typically present in commonly used numerical libraries.

The integration in Eq. G.12 must also be performed numerically. The limits 0 — oo are
unnecessary, since the integrand is primarily significant in the region v; ~ vy. Without loss of
precision, the integration limits may be changed to vinin — Vmaee Where

Umin = min(vg,vg) /5, (G.16)
Umaz = max(vy,vg) X 5. (G.17)

The factor of 5 is arbitrary, but numerical convergence can be easily verified. For typical stop-
ping calculations, increasing the integration limits has negligible effect on the calculated quantum
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correction term.

G.2 DModified Li-Petrasso formalism

The published Li-Petrasso®* stopping power is expressed as

dE Ze\?
d:—<w)cﬁf&XﬁﬁdMAy+@@M6m<LH3VﬁU)}, (G.18)
X (%

see Eq. 3 of 3. Here, Z; is the test particle charge in atomic units, e is the fundamental charge, v; is
the velocity, and wy is the plasma frequency for field particle species f (defined wyr = |/47n fe?c Jmyg
where ey is the field particle charge, my is the mass, and ny is the particle number density. The
parameter z'/7 is a dimensionless ratio of test to field particle velocity, which will be discussed
later. In plasmas with multiple species (e.g. electrons and ions), the total stopping power should
be written as

dE dE

— = —_— . G.19

dx Z dr f ( )
f

The pre-factor in Eq. G.18 gives the overall normalization. Inside the brackets, the term G (a:t/ Hn Ay

represents the stopping power from binary Coulomb collisions, and the term

O(zt/1)In (1.123\/ xt/f ) represents slowing due to collective plasma effects (i.e. dielectric response).

The value of x in this term is different than x in the binary stopping term; in the dielec-
tric term the parameter /z should be replaced by v;/w,sAp where Ap is the Debye length

(z 1/k,g;Tf/élWTLfe?c), as noted in Ref. 4. Also, as the form of the collective effects term pub-

lished in Ref. 3 was derived under the assumption that z/f > 15, we generalize Eq. G.18 by
writing

dE Zie\? A A A
e [ 4ee w2 G () In Ay + EpfAD ) pe (LRIAD Y g (ERIAD AL (G.20)
dz v p U v i

where Ky and K; are the irregular modified cylindrical Bessel function of zeroth and first order,

respectively. This expression should be accurate for all values of z//.
The binary collision term’s factor of G is sometimes referred to as the Chandrasekhar function,

/f t/f
UrY _ o (fy e J (@) s L ()
G (x ) —H (x ) my { dat/f In A, H (m ) * dxt/f 7 (G21)

where

9 2t/ f
1 <$t/f> = ﬁ/o e S\ /Ede, (G.22)
= ?erf (\/ xt/f> —Vat/ e (G.23)

du (zt/7 gt
;w)ZVW&”. (G.24)

G is evaluated where zt// = v/ UJ% and UJ% = 2kpTt/my. In these equations, erf is the error function,
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which is commonly available in numerical libraries for quick evaluation.

The last part of the stopping equation is the Coulomb logarithm, In Ay, in the Li-Petrasso paper

given by
mAb—h1(AD>, (G.25)

Pmin

which is an approximation by Trubnikov® in the limit Ap > pmin. A more general form is given

by
1+—<;:;>2]. (G.26)

For the Coulomb logarithm, Li and Petrasso use the electron Debye length. Here, the Debye
length is taken as a total Debye length for all species in the plasma, as it represents the absolute
screening length:

1
InAy = 5111

1
Ap = )
\/Zf 47mfefc/kBTf

(G.27)

The term py,;y corresponds to a minimum impact parameter (maximum momentum transfer)
collision, and is given by Li-Petrasso as

h 2
J— 2
Pmin e + <2mru> s (GQS)

where p| = esey/ m,u?® is the classical impact parameter, and the second term represents maximum
momentum transfer in the regime where the quantum de Broglie wavelength may be greater than
the classical minimum impact parameter. In this equation, m, is the reduced mass of test and field
particles, and w is a relative velocity between test and field particles which is not given explicitly
in the Li-Petrasso work. w is defined here by integrating the complete Maxwellian field particle
distribution in three dimensions:

oo 0 0

/ / / \/(vt —vz)? + vl + 02 Ae_mfvz/szdevggdvydvz, (G.29)

—00 —O0 —O0

u

where A is the normalization of the distribution function and v; is the test particle velocity, which
is taken as v; || & without loss of generality. In the exponent, v = /vZ 4 v2 +vZ. When the test

particle is slow (v < v4p,),

\/(Ut—vz)2+v§+v§—> \/vg—i-vg—i-vg:v, (G.30)

which means that the relative velocity reduces to

o
2
U = /vAem” 12kBTy gy —
0

8kpT;

. 31
— (G.31)

In the high-velocity limit (v; > vy,),

\/(’Ut — ’1)33)2 + 7)5 + ’Ug — V¢, (G32)
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and the relative velocity reduces to
u = vy. (G.33)

For intermediate values one can construct a ‘simple relative velocity’ from these two results, rather
than evaluating the integral over the distribution function. This velocity is given by:

kpTy\?
Ug = \/vt2 + <87T?]'; f> . (G.34)
f

When vy ~ vy, this expression has an error of about 2.5%. Generally, this is acceptable since u
only appears in the Coulomb logarithm. However, it is also straightforward to directly evaluate the
integral of the distribution function, which results in the expression

| 2kpTy mfth kpTy mfvl?
“ T § xp I: QkBTf + + mfth o QkBTf

Li and Petrasso also note that “in the low-temperature, high-density regime, electron (not ion)
quantum degeneracy effects must be considered in calculating A\p and p,,;,”, as prescribed in their
1995 Phys. Plasmas paper”. Here, an effective field particle temperature correction is used following
Drake®. The total pressure (p.) of quasi-degenerate electron fluid may be written as (Drake Eq.
3.22)

. (G.35)

F3/2 (kgi)

3
ipe = nekpTe . s (G.36)
Fip (kBeTe>
which leads to an ‘effective temperature’ (Tzy)
F/z (kueT )
Topp =T, ————L. (G.37)
Fipa (kgﬁr)
In this expression, F /5 and F3/, are the Fermi integrals
F L - d i G.38
(z)= ——— — .
(@) I‘(j+1)/0 exp(t —x) + 1 (G-38)
and . is the chemical potential, which can be obtained from the fit by Drake Eq. 3.20%
4 92 4©—1.858 072 —1.858/2
Pe _ 31041 4 0:250546 + 0.0729 , (G.39)
kgTe 2 3T 1+ 0.250540—0-868
where O is the ratio of temperature to Fermi temperature, given by:
T, 87\ * 2mekp
0=_"=T, = G.40
Tr ¢ <3ne> h? (G.40)

To express the modified Li-Petrasso formalism, we use Eq. G.20 with the Chandrasekhar
function defined by Eq. G.21, and the Coulomb logarithm calculated from Eqs. G.26, G.27, G.28,
and G.35 with a quantum correction given by Eqs. G.36 to G.40. The results of these changes are
significant in the small log A regime, i.e. at high density. A comparison to the published version of
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the theory is shown in Fig. G.1

Figure G.1. Comparison of the pub-

I ol I
lished Li-Petrasso stopping theory (black)
1071t to the modified theory presented in this
[ work (magenta) and the BPS theory
(red). The projectile is a proton travers-
= ing a fully-ionized solid-density Be plasma
N at T. = T; = 50eV.
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= 102
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G.3 Results

In addition to the BPS and Li-Petrasso theories, Zimmerman’s parameterization® of the Maynard-
Deutsch theory %! Grabowski’s classical molecular dynamics results'?, and cold-matter tabular
stopping power from the SRIM code'® are used in this work. A comparison of these models is
shown in Fig. G.2 for a variety of ICF-relevant plasmas.

In addition, we directly compare the Zimmerman parameterization of the Maynard-Deutsch
theory and Li-Petrasso theory over a wide range of parameters in Fig. G.3. The theories disagree
around the Bragg peak, with the Li-Petrasso theory giving a higher stopping power. This causes
the vertical bands of red at 20 — 30 keV for D®He protons, and around 1 — 2 keV for the DT-as.
At high densities, the theories begin to break down leading to large disagreements.

The Zimmerman stopping power is similarly compared to the BPS theory in Fig. G.4. At high
densities (in the strongly-coupled regime) the theories again encounter difficulties. In this case of
BPS , this is in part due to the fact that it does not treat degeneracy of the field particles, which
is very important at the high end of the densities plotted. However, in comparison to Fig. G.3, it
is apparent that the Zimmerman and BPS theories are in good agreement with each other over a
wide range of conditions.

G.4 Large-angle Coulomb scattering

As an energetic charged particle slows in a plasma, rare large-angle ion-ion scattering events can
potentially create a substantial difference between the path and linear stopping powers. This is
illustrated by Fig. G.5.

If scattering causes deflections of the ion, then the path (s) is longer than the linear distance
(). When calculating the stopping power, the linear-distance dFE/dx must be greater than or
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Figure G.2. Comparison of several stopping theories for protons slowing in various ICF-relevant plasmas.
(a) Fully-ionized solid-density Be at 50eV (WDM regime), (b) in a D3He plasma at 500 eV, (c) in a CH
plasma at 10?4 /cc and 100eV, relevant to dense shells, and (d) in a high-density and hot DT plasma, relevant
to ignition targets.
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ion X

Figure G.5. When slowing in material, an ion’s path (s) is longer than the linear distance (x) due to
scattering.

approximately the path-integrated stopping power dE/ds. These are related by 4

1B ospy 1B

= 0

- (G.41)

where (cos #) is a measure of the mean deflection angle. Li et al. derive multiple scattering deflection
from a diffusion equation, which results in

(cos ) = exp [— [E E k1(E) (if)l iE

where the integration is from the particle’s initial (Ey) to final (E7) energies. kq is related to the
diffusion cross section:

: (G.42)

k1(F) = 27mi/ (jg) (1 — cosf)sinfdb, (G.43)
0

which depends on the differential cross section for Coulomb collisions,

do b}, 1

dQ 4 sini(6/2) (G.44)

The so-called ‘90° impact parameter’ (bgg) depends on the properties of the two scattering particles,

(G.45)

where Z; and Z; are the ion charges, eg is the fundamental charge, and m,, is the reduced mass.
Generally a subscript ¢ denotes ‘test’ particle or projectile quantities, and a subscript ¢ denotes
field ion quantities. v, is the relative velocity between the two particles, for thermal field particles
(Eq. G.34),

8kpT;
Urel = 'Ut2 + B

(G.46)

™m;

bgp depends strongly on the relative velocity (oc v;j), and thus the differential cross section do /d)
vT_eAl‘. With these specified, the deflection (cos #) can be calculated. The effect of scattering on proton

slowing depends on the conditions. For example, for a 15 MeV proton slowing in WDM Be, the
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quantity (cos#) is plotted versus final proton energy in Fig. G.6. To further demonstrate this
effect, three scenarios for particle scattering are shown in Table G.1.
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Figure G.6. Difference between path length and linear distance (expressed as (cosf)) as a 15 MeV proton
slows down in WDM Be.

Table G.1. Calculated scattering effects (as (cos#)) for a variety of charged-particle stopping scenarios: a
WDM Be stopping-power experiment, for D3He protons ranging in the shell of an implosion, and for DT-as
stopping in an ignition implosion hot spot. Z; and A; are the test particle charge and mass; Z;, A;, n;, and
T =T, = T; define the plasma conditions. The initial (Fy) and final (E;) particle energies result in a given
(cos6).

Zy | Ay | Zi | Ai | mi (1)em3) | T (eV) | Ep (MeV) | By (MeV) | (cosf)

WDM Be 419 | 1.2x10% 35 15 12 0.9996
CH shell 6 | 12 | 1x10% 500 15 12 0.9994
DT hotspot | 2 | 4 | 1 |25 | 2.5x10% | 5000 3.5 0.1 0.8666

These results can also be compared to a TRIM '3 simulation, which is a Monte Carlo calculation
of charged-particle transport through cold material. The D3He protons traversing a Be target, as in
the WDM stopping-power experiment, was simulated with TRIM and the results are shown in Fig.
G.7. In the TRIM simulation the protons travel through a L = 532.1 pm thick region of Be along
the z axis; the transverse displacement at the exit plane r = /22 + y2 is shown in Fig. G.7a. The
corresponding average angular displacement as the protons traverse the sample, (#) = arctan (r/L),
is shown as the second abscissa. TRIM also calculates the particle’s trajectory as it exists the Be
sample, the final angle relative to the initial trajectory is shown as the exit angle 6 in Fig. G.7b.
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Figure G.7. TRIM calculation of proton scattering in cold solid Be. (a): The displacement perpendicular
to the original trajectory and corresponding average angular displacement ((#)). (b): The proton’s exit
angle distribution after transiting the Be.

G.5 Dielectric Response (non-degenerate vs degenerate)

The dielectric response in stopping-power theories is typically written as

(G.47)

Ut

dE 47rant264L [ Ziewps 2 I
dr — mev? a ’
where Z; and v are the test-particle charge and velocity, e is the fundamental charge, and w,,y is

the field-particle plasma frequency. L is the ‘stopping number’, also referred to sometimes as the
Coulomb logarithm. In the dielectric formalism it is written

. 00 kv
[ / dk / wd [ (kyw) — 1], (G.48)
0 k —kv

2
Wu%f

where € is the wave-number and frequency dependent dielectric constant. The dielectric constant is
easiest to evaluate when a simplifying assumption can be made about the field particle distribution
function.

G.5.1 Fully-degenerate electron gas

Lindhard first treated this problem using a fully-degenerate simplification'®'7, i.e. that the elec-
trons obey a Fermi-Dirac distribution. In this case, the stopping number can be shown to reduce

tOlG
6 [vt/vF 0 23 fa(u, 2)
L=— udu dz , G.49
T /0 /0 [22X2f1(u72)]2 + [XQfQ(ua Z)]2 ( )
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where a change of variables was made to z = k/2kr and u = w/kvp in terms of the Fermi
wavenumber and velocity. x? = e%/rhvp is a parameter, and the two functions are given by

R z—u+1 1 9 z+u+1
fl(u,z)—28z[1 (2 u)]1n<z_u_1)‘+8z[1 (z+u)]ln<z+u_1>‘ (G.50)
and
5 z4+u<1
folu,2) =S E[1-(z—w? |z—ul<l<z+4u (G.51)
0 |z —u|>1

G.5.2 Maxwellian electron gas

Another simplification is to take the field electrons as a Maxwellian gas, in which case Jackson '®
shows that the dielectric response (pg. 451, Eq. 13.86)

w2f
=1- P2 G.52
e(w) w? + iwl’ ( )
where I' is a small damping constant (I' < wyy), so that the stopping number simplifies to (Eq.
13.88)
1.123k
L=In (3th> , (G.53)
Wpf

where kp is the Debye wave number.

G.5.3 Comparison

A comparison of the stopping power resulting from these two limits of the dielectric function is
shown in Fig. G.8.
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L0 | €0 0§ CETT 1'70¢ HD G 10°0T 960 °H ny 666-¢c00-TICIOIN
L0 | €0 08 GETT 6°¢0¢ HD 48" 10°01 960 °H ny 666-T00-TITIOIN
L0 | €0 0§ PITL ¢'10¢ HD G 10°0T 960 °H ny 666-¢00-cOTTOIN
L0 | €0 0¢ STTT 8661 HD 4" 10°0T 96°0 °H ny 666-100-L¢0T0IN
L0 | €0 0§ ETTT €881 HD G 10°0T 960 °H ny 666-100-¢c0T0IN
L0 | €0 0¢ STTL 8°G61 HD 4" 10°0T 96°0 °H ny 666-€00-6T0T0IN
L0 | €0 0g TTTT §'00¢ HD 48" 10°01 960 °H ny 666-¢00-700T0IN
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L0 | €0 08 P11 6’600 HD GL'G GE'6 960 °H ny 666-100-6060CIN
L0 | €0 0§ GETT §'80¢ HD GL'G GE'6 960 °H ny 666-100-9060¢IN
L0 | €0 0¢ 9911 9'8¢¢ HD GL'G €76 96°0 °H n 666-¢00-7I80CIN
L0 | €0 0§ 9ETT £'80¢ HD GL'G GE'6 960 °H ny 666-¢00-6¢L0CIN
L0 | €0 0¢ SN [ ai£49 HD GL'G €V'6 96°0 °H ny 666-€00-9¢L0CIN
L0 | €0 0§ 8CIT ¢'€0¢ HD gL £v'6 96°0 °H ny 666-€00-60L0CIN
L0 | €0 0¢ LSTT 0'6¢¢ HD GL'G €76 96°0 °H n 666-¢00-G0L0CIN
L0 | €0 0g €9TT G'83¢ HD GL'G £v’6 960 °H ny 666-100-€0L0CIN
L0 | €0 0¢ 6ETT ¥°L0¢ HD GL¢g €v'6 960 °H n 666-¢00-6¢90CIN
L0 | €0 08 8CIT L'50¢ HD GL'G £v’6 960 °H ny 666-900-T¢70CIN
L0 | €0 08 6911 €'1€c HD GL¢g €v’6 960 °H n 666-100-8170CIN
L0 | €0 08 Lidn! ¢'L0g HD GL'G €76 96°0 °H n 666-100-6070CIN
L0 | €0 0§ 441! 8'90¢ HD GL¢g €v’6 96°0 °H n 666-100-8070¢IN
L0 | €0 0¢ 441! L'80¢ HD GL'G €76 96°0 °H n 666-¢00-7¢E0CIN
L0 | €0 0§ 6ETT 4’808 HD GL'G EV'6 96°0 °H n 666-€00-90€0CIN
L0 | €0 0¢ LETT §'80¢ HD GL'G cE6 96°0 °H ny 666-900-6TTOCIN
L0 | €0 0§ Ly1l 9'80¢ HD GL'G £v'6 96°0 °H n 666-100-T¢CITIN
L0 | €0 0¢ €ET1 9'90¢ HD GL'G cE6 96°0 °H ny 666-¢00-0¢CITIN
L0 | €0 08 GETT 7"80¢ HD GL'G GE'6 960 °H ny 666-100-0¢CITIN
L0 | €0 0¢ TPl €'60¢ HD 6L (45 96°0 °H ny 666-T00-6ICITIN
g0 | g0 0S T€TT €900 HD GL'G GE'6 960 °H ny 666-100-8ICITIN
L0 | €0 0§ 9€11 €'L0¢ HD GL¢g GE6 960 °H ny 666-¢00-0CTTTIN
L0 | €0 08 O€TT L°60g HD GL'G €76 960 °H ny 666-CO00-6TTITIN
L0 | €0 0§ VETT L90¢ HD GL'G GE'6 960 °H ny 666-CO0-LTTITIN
L0 | €0 08 9TTT 0°00¢ HD GL'G €76 960 °H ny 666-CO0-GITITIN
L0 | €0 0§ VETT 8'L0¢ HD GL'G GE'6 960 °H ny 666-¢00-60TTTIN
L0 | €0 0¢ IVl L"80¢ HD GL'G cE6 96°0 °H ny 666-¢00-90TTTIN
L0 | €0 0§ OvTT 1'80¢ HD GL'G GE'6 960 °H ny 666-¢00-¢cOTTIN
L0 | €0 0¢ SN 8'80¢ HD GL'G cE6 96°0 °H ny 666-¢00-6T0TTIN
L0 | €0 0¢ 4N 7608 HD GL'G £v'6 96°0 °H n 666-T100-8T0TTIN
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L0 | €0 0§ GETT 6°90¢ HD °H ny 666-100-T090¥VIN
L0 | €0 0¢ [£41! 0°681 HD GL'G °H ny 666-€00-8TTIEIN
L0 | €0 0§ 1801 G'98 OdH GL'G €101 091 °H ny 666-100-TI80EIN
L0 | €0 0¢ 6611 1'L0¢ HD GL'G €101 98°0 °H ny 666-¢00-TTLOCIN
L0 | €0 0§ 8ETT 8'L0¢ HD GL'G €101 960 °H ny 666-¢00-0€90€ TN
L0 | €0 0¢ GITT 1'L0¢ HD GL'G €v'6 96°0 °H ny 666-¢00-0¢S0C TN
L0 | €0 0¢ [5418! ¥°L0% HD GL'G €101 091 °H ny 666-¢00-80S0€ TN
L0 | €0 0¢ 6ETT €01¢ HD 00" 6q01 02’1 °H ny 666-c00-c0S0ETN
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Table H.5. Summary of NIF WRF data

DIM (0,0) DIM (90,78)

Shot pR (mg/cm?) | Rep (um) | pR (mg/cm?) | Rep (um) Yy
N101004-002-999 | 73.3+£10.3 | 289450 | 97.9+65 | 239+34 | (3.4+0.6) x 107
N101019-003-999 | 68.6+52 | 301+46 | 820+6.3 | 266+39 | (4.5+0.3) x 107
N101022-001-999 | 87.8+£58 | 252436 | 942465 | 240+£34 | (1.9+02) x 10°
N101027-001-999 | 80.6 54 | 273440 | 925+62 | 249+36 | (1.4+0.1) x 10°
N101102-002-999 | 742+55 | 288+43 (1.0£0.0) x 10°
N101111-001-999 8B4T+58 | 271+39 | (21+0.6) x 10°
N101211-002-999 | 803+50 | 280+£41 | 91.6+6.1 | 25737 | (1.9£0.1) x 10°
N101218-002-999 | 109.6 £7.0 | 227+32 | 821+55 | 273240 | (6.2+0.6) x 107
N101220-001-999 | 878+56 | 260+£37 | 915+60 | 253436 | (1L.7£0.1) x 10°
N110113-003-999 994+ 6.6 | 238+34 | (L1£0.1)x 10°
N110204-001-999 | 101.8+6.5 | 236433 | 90.6+6.1 | 254+37 | (23+0.1) x 10°
N110208-001-999 | 803+64 | 274+4l | 89.0+6.1 | 256+37 | (24+0.1) x 10°
N110211-001-999 | 932+6.0 | 248+35 | 859+59 | 262+38 | (1.6+0.1) x 10°
N110214-001-999 9I1+62 | 252+36 | (25+0.2) x 10°
N110527-001-999 1053+73 | 234+33 | (1.1+£02) x 10°
N110612-003-999 | 78.6+£80 | 278443 | 921+64 | 250£36 | (2.4+0.4) x 10°
N110625-001-999 1104+75 | 223+£31 | (12+02) x 10°
N110627-001-999 | 94.1+89 | 258+39 | 1068+7.3 | 238+34 | (3.6£0.6) x 10°
N110630-001-999 | 97.7+7.3 | 250+£36 | 1081+7.3 | 235+33 | (23+0.3) x 10°
N110728-001-999 | 1084+7.1 | 231+33 | 850+69 | 27040 | (3.8 % 1.3) x 107
N110731-002-999 BI85 | 275443 | (23+0.7) x 107
N110807-002-999 91.0£69 | 252+37 | (4.3+0.6)x 107
N110821-002-999 923+6.6 | 250+37 | (9.9+1.8) x 107
N110919-001-999 | 1105+ 14.4 | 227+36 | 1089+7.7 | 229+32 | (9.8 +0.8) x 107
N111007-002-999 | 89.0+£5.6 | 262+37 | 76.6+£59 | 290+43 | (7.1+1.1) x 107
N111009-001-999 854+ 7.1 | 271+40 | (4.6+1.3) x 107
N111011-004-999 | 87.6+57 | 267+39 | 795+57 | 285442 | (L.1+0.1) x 10°
N111013-001-999 | 91.5+58 | 259+37 | 86.9+63 | 268+39 | (6.3+1.4) x 107
N111014-001-999 | 87.7+56 | 265+40 | 86.0+6.1 | 272440 | (1L4£0.1) x 10°
N111016-002-999 86462 | 273+40 | (15+0.1) x 10°
N111018-001-999 1032+7.2 | 243+35 | (2.5+02) x 10°
N111019-001-999 | 89.0£6.1 | 251+36 | 838+6.1 | 261+£38 | (1.2+0.1) x 10°
N111022-002-999 83.6+L61 | 277+4l | (15+03) x 10°
N111106-002-999 | 96.5+6.8 | 254436 | 79.6+£65 | 288+43 | (9.2+2.6) x 107
N111109-002-999 | 945+6.3 | 254+36 | 827+63 | 277 +41 | (8.1+2.1)x 107
N111115-002-999 84.2£66 | 265+39 | (6.5+0.9) x 107
N111117-002-999 784+58 | 287+43 | (7A£0.7) x 107
N111119-002-999 | 77.0+£52 | 288443 | 764+55 | 290+43 | (5.5+0.9) x 107
N111120-002-999 | 102.6 7.5 | 2414+35 | 902+65 | 262+338 | (1.6+0.2) x 10°
N111218-001-999 828183 | 274+43 | (3.0+1.2) x 107
N111219-001-999 | 932+£73 | 259+38 | 921+68 | 261+338 | (1.1+02) x 10°
N111220-001-999 863164 | 270+40 | (7.2+1.5) x 107
N111220-002-999 | 934+7.6 | 256+37 | 87.0+£64 | 26739 | (1.6+0.3) x 10°
N111221-001-999 106775 | 239+£34 | (3.5+0.3) x 10°
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Table H.5. Summary of NIF WRF data

DIM (0,0) DIM (90,78)

Shot pR (mg/cm?) | Rep (um) | pR (mg/cm?) | Rep (um) Y
N120119-006-999 | 99.1+94 | 247+37 (1.0 £0.0) x 10°
N120324-002-999 1634+114 | 183+£25 | (1.7+0.2) x 107
N120408-001-999 | 107.3+£81 | 236+34 | 1599+£11.0 | 186+£26 | (3.0+0.4) x 107
N120409-001-999 | 99.6 £ 6.4 | 248435 | 162.6+108 | 185425 | (1.0+0.1) x 10°
N120418-001-999 | 126.7+£93 | 227+33 | 1667120 | 193+£27 | (2.1+£0.4) x 107
N120421-006-999 | 112.8+87 | 224432 | 1441+97 | 193+£27 | (34+£0.1) x 107
N120629-002-999 | 101.2+6.8 | 244435 | 1647 +£112 | 182425 | (2.5+0.2) x 107
N120703-001-999 994+ 6.7 | 261+38 | (3.3+0.2) x 107
N120705-002-999 | 111.0+7.5 | 243+35 | 131.8+83 | 219+31 | (1.7+0.2) x 10°
N120709-003-999 | 1164+7.7 | 2204£31 | 1491+104 | 189+26 | (1.8+0.2) x 107
N120726-003-999 | 109.4+80 | 241+35 | 1034+67 | 249+36 | (4.3+0.3) x 107
N120729-002-999 881+55 | 266+38 | (6.7+0.6) x 107
N120814-002-999 17724122 | 185+£26 | (1.4+0.3) x 107
N120906-001-999 870160 | 266+39 | (8.9+08)x 10
N120909-001-999 | 99.7+6.3 | 248435 | 748+99 | 30051 | (1L4+0.6) x 107
N120910-001-999 | 102.7+£7.1 | 244+35 | 882+59 | 269+39 | (5.1+0.7) x 107
N121003-001-999 | 1258 £7.6 | 223+ 32 (1.0 £ 0.0) x 10
N121004-005-999 | 1228 £11.0 | 228+33 | 127.1+83 | 223431 | (3.0£0.3) x 107
N121008-002-999 | 1161+7.6 | 224+31 | 1708+11.7 | 178+24 | (20£0.2) x 107
N121130-001-999 | 1045+ 6.7 | 238+34 | 944+60 | 254437 | (5.1%0.3) x 107
N121202-001-999 | 1084+84 | 227433 | 1164+75 | 21731 | (24+£02) x 107
N121210-001-999 | 109.0£7.3 | 229+32 | 117.3+75 | 218431 | (24+0.2) x 107
N121218-004-999 | 1059+ 6.8 | 236+33 | 1146+73 | 224+£32 | (22+£02) x 107
N121219-001-999 | 118.9+7.8 | 219+31 | 1200+80 | 216+30 | (3.56+0.3) x 107
N130108-001-999 | 1002+63 | 241+34 | 926+59 | 253+36 | (4.7+0.4) x 107
N130211-003-999 | 102.6 84 | 240+35 | 117.1+74 | 221+£31 | (5.5+0.3) x 107
N130212-001-999 | 97.3+£6.0 | 251+36 | 113.9+75 | 227+£32 | (62+05) x 107
N130213-002-999 | 1028 +7.0 | 240+34 | 1162+78 | 221+£31 | (8.7+0.8) x 10°
N130226-002-999 | 97.1+7.2 | 247436 | 1115+7.1 | 2274£32 | (5.0£05) x 107
N130227-002-999 | 964+59 | 249+36 | 1133+73 | 22532 | (6.4+0.6) x 107
N130303-001-999 | S8L.7+6.7 | 271+41 | 98.0+6.6 | 239435 | (23+04) x 107
N130313-003-999 | 1052+71 | 235+33 | 110.1+68 | 228432 | (23+£02) x 107
N130314-003-999 | 99.0+£6.5 | 249435 | 1082+69 | 233433 | (3.6+0.3) x 107
NI130411-002-999 | 1135+72 | 229432 | 1141+76 | 227+£32 | (4.6+0.6) x 107
N130425-003-999 | 1024+ 6.4 | 243 +34 (1.0 £ 0.0) x 10°
N130502-002-999 | 954+62 | 255+36 | 973+62 | 251+£36 | (4.8+0.3) x 107
N130508-002-999 | 842+58 | 275440 | 100.1+62 | 246+35 | (4.7+0.3) x 107
N130520-002-999 117.0+75 | 217430 | (3.3+04) x 107
N130630-002-999 1108+75 | 220£33 | (3.8+0.5) x 107
N130711-002-999 80452 | 282+41 | (4.0+05) x 107
N130811-001-999 1111+78 | 268+£39 | (20+£0.3) x 107
NI31118-003-999 | 69.7 4.8 | 282432 | 848+58 | 246+25 | (2.4+0.1) x 10°
N140601-001-999 | 924 +6.8 | 257437 | 123.1+83 | 21530 | (3.7+0.6) x 107
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Table H.4. Data summary of shots used in the shock dynamics analysis

Average pR Equatorial
Shot (mg/cm?) Shock Yield Rep, (pm) Apr (ns)
N110728-001-999 91+13 (3.841.3) x 107 | 247436
N111007-002-999 8016 (7.1+£1.1) x 107 269+40
N111011-004-999 82+11 (1.14£0.1) x 108 265140 —0.75£0.16
N111013-001-999 88+11 (6.3+1.4) x 107 252+38
N111014-001-999 | 8746 | (1L.4+0.1) x 105 | 25540
N111106-002-999 84+12 (9.2 +2.6) x 107 260440
N111109-002-999 8612 (8.1+2.1) x 107 256+39
N111119-002-999 |  77£10 | (5.5+£0.9) x 107 | 277443
N111120-002-999 94412 (1.6 £0.2) x 108 242436
N111219-001-999 92+12 (1.1 £0.2) x 108 245+38
N111220-002-999 89+12 (1.6 +0.3) x 108 251+£38
N120408-001-999 139+10 (3.0+£0.4) x 107 191+£28 —0.34 £0.12
N120409-001-999 13749 (1.04+0.1) x 108 | 1934£29 | —0.38 £0.13
N120418-001-999 152410 (2.1 +£0.4) x 107 181£29 —0.31£0.13
N120421-006-999 133+9 (3.440.1) x 107 196+£28 —0.46 £0.13
N120629-002-999 | 138+10 | (2.5+0.2) x 107 | 191427
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
(5 )
( )

N120709-003-999 13749 1.840.2) x 107 | 192428
N120726-003-999 105+7
N120909-001-999 81+13
N120910-001-999 9246

N121008-002-999 149411
N121202-001-999 110+8
N121210-001-999 110+7
N121218-004-999 10747
N121219-001-999 119+8
N130211-003-999 110+8
N130212-001-999 100+7
N130213-002-999 105+8
N130226-002-999 100+7
N130227-002-999 9847

43+0.3)x 107 | 226436
1.4+0.6) x 107 | 266142
5140.7) x 107 | 245+38
2.0+0.2) x 107 | 183+26
2440.2) x 10" | 219431 | —0.60+0.13
2.44+0.2)x 107 | 219431 | —0.60 £0.13
2.240.2) x 107 | 223+32 | —0.60 £0.13
3.5+0.3) x 107 | 209431 | —0.57 £0.13
55+0.3) x 107 | 220+32 | —0.58 £0.13
6.2+0.5) x 107 | 233433 | —0.61 £0.13
8.7+0.8) x 106 | 226432 | —0.79+0.19

040.5) x 107 | 233434 | —0.71+0.13
6.44+0.6) x 10" | 236+33 | —0.71£0.12




349

Table H.6. Summary of NIF asymmetry analysis

Shot WRF A,y | X-ray P2/P0 | WRF M2/MO | X-ray M2/MO
N101004-002-999 | 0.23+0.11 | 0.20 +0.06
N101019-003-999 | 0.15+0.05 | 0.41+0.09
N101022-001-999 | 0.05 % 0.02
N101027-001-999 | 0.11 +0.03
N101211-002-999 | 0.11 =+ 0.02
N101218-002-999 | —0.21 =+ 0.02
N101220-001-999 | 0.03 % 0.02
N110204-001-999 | —0.09 + 0.02
N110208-001-999 | 0.08 + 0.04
N110211-001-999 | —0.06 = 0.02 | 0.05 + 0.11
N110612-003-999 | 0.13 £ 0.07
N110627-001-999 | 0.10 + 0.06
N110630-001-999 | 0.08 + 0.03
N110728-001-999 | —0.18 + 0.04
N110919-001-999 | —0.01 + 0.08
N111007-002-999 | —0.12+0.03 | 0.24 +0.06
N111011-004-999 | —0.08 + 0.03
N111013-001-999 | —0.04 +0.02 | 0.30 & 0.04
N111014-001-999 | —0.01 £0.03 | 0.31 +0.04
N111019-001-999 | —0.05 + 0.03
N111106-002-999 | —0.15 + 0.04
N111109-002-999 | —0.10 + 0.03
N111119-002-999 | —0.01 + 0.03
N111120-002-999 | —0.10 +0.03 | —0.09 & —0.09
N111219-001-999 | —0.01 =+ 0.04
N111220-002-999 | —0.05 + 0.04
N120408-001-999 | 0.29 + 0.04
N120409-001-999 | 0.36 % 0.02
N120418-001-999 | 0.19 + 0.04
N120421-006-999 | 0.18 + 0.04
N120629-002-999 | 0.36 & 0.02
N120705-002-999 | 0.12 % 0.02
N120709-003-999 | 0.18 % 0.02
N120726-003-999 | —0.04 +0.03 | —0.16 = —0.01
N120909-001-999 | —0.22 + 0.09
N120910-001-999 | —0.11 +0.03 | —0.09 = —0.06
N121004-005-999 | 0.02 % 0.05
N121008-002-999 | 0.28 % 0.02
N121130-001-999 | —0.08 + 0.02
N121202-001-999 | 0.05 =+ 0.04 0.05 = 0.05 0.07 £ 0.01
N121210-001-999 | 0.05 % 0.02 0.06 = 0.06 0.14 £ 0.03
N121218-004-999 | 0.06 & 0.02 0.06 = 0.06 0.10 £ 0.00
N121219-001-999 | 0.01 + 0.02 0.01 + 0.01 0.09 + 0.01
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Table H.6. Summary of NIF asymmetry analysis

Shot WRF Ag—p | Xeray P2/P0 | WRF M2/MO | X-ray M2/MO
N130108-001-999 | —0.06 + 0.03
N130211-003-999 | 0.10 + 0.04 0.06 = 0.06 0.06 =+ 0.01
N130212-001-999 | 0.12 =+ 0.02 0.11+0.11 0.13+0.01
N130213-002-999 | 0.09 + 0.03 0.08 £ 0.08 0.12 £+ 0.02
N130226-002-999 | 0.10 + 0.04 0.10 +0.10 0.17 +0.01
N130227-002-999 | 0.12 % 0.02 0.13+0.13 0.20 + 0.01

N130303-001-999 | 0.14 £0.06
N130313-003-999 | 0.03 £0.03
N130314-003-999 | 0.07 £0.03
N130411-002-999 | 0.00 £ 0.02
N130502-002-999 | 0.01 £0.03
N130508-002-999 | 0.13 £0.03
N131118-003-999 | 0.16 +£0.03
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Appendix 1

Additional T°He experimental details

I.1 CPS 2 and MRS proton IRF's

The primary factor for determining the CPS 2 resolution is the slit used®. The finite slit width in
the energy dispersion direction results in a distribution of inferred energies for a mono-energetic
input. The resolution of the CPS 2 system is calculated via ray-tracing of particles incident upon
the full extent of the slit. For any given detector location, this gives a minimum, maximum, and
mean particle energy detected. The full width of energies detected (i.e., the resolution) is plotted
vs mean energy in Fig. I.1. Three detector windows were used to cover a wide range of proton
energies. At low energy, the dipole magnet has focusing characteristics, resulting in good resolution.
At higher energies, the resolution is poor due to the use of a large slit (3mm), which was necessary
to achieve decent statistics in the measured spectrum.

The MRS system is similar, with a dipole providing magnetic dispersion of different particle
energies?. The IRF for several proton energies is shown in Fig. 1.2. At energies where the
signal splits between adjacent windows, the IRF is significantly broader. A simple FWHM can
be calculated from a Gaussian fit to the IRF at various proton energies over the range of interest,
which is shown in Fig. 1.3. The peaks (high FWHM) correspond to signal splitting between
windows. In any fitting to the measured proton spectrum, this must be accounted for.

I.2 Shot Summary Tables

Several summary tables for the T®He experiments are included in this section: the laser and target
conditions on each shot (Table I.1), and the basic nuclear observables for each shot (Table 1.2).

1.3 Simulations

1.3.1 ARES

Simulations of these experiments were conducted with the ARES radiation-hydrodynamics code®*?.
Simulation results for nuclear yields are summarized in Table 1.3. The yield-over-clean results are
shown in Fig. 1.4.

1.3.2 HYADES

Similarly, nuclear observables were calculated using the radiation-hydrodynamics code HYADES®
(see Appendix F). The calculations are summarized in Table I.4. The yield-over-clean is shown in



354 Chapter I Additional T3He experimental details
0.08 I I I I I I 0.30 I I I I I I 2.0 I I I I I
oot} ©8W D8W
0.25 ]
%.) 1.5 F
S 0.06 |
= 005 | 0.20 N
= 1.0 |
c
g 0odF 0.15 g
5 0.03
g 7l 0.5 |
g 0.10 ]
o 0.02 |
001 L Il Il Il Il Il 005 00 Il Il Il Il Il

08 1.0 1.2 14 1.6 1.8 2.0 2.2

Proton Energy (MeV)

1.5 2.0 25 3.0 3.5 4.0 45 5.0

Proton Energy (MeV)

6 g 10 12 1
Proton Energy (MeV)

4

Figure I.1. Resolution (full width) of the CPS 2 proton measurement over three detector windows used
(C8W, D4W, D8W) with a 3mm slit width.

Table I.1. Target and laser conditions for the T?He experiments, plus nuclear bang time measured by
NTD.

Gas (atm) Shell (pm) Laser

Shot | Type |3He| T, | OD | Thick. | E (kJ) | Abs. (%) | BT (ps)
70401 To 0 3.2 953 2.30 17.3 55 +6 680 £ 50
70402 To 0 3.2 953 2.27 17.8 62+5 706 + 50
70403 Ty 0 3.2 951 2.78 17.0 60 + 4 870 £ 50
70404 | To+3He | 15.7 3.2 1009 2.86 16.8 64 +4 904 £ 50
70405 | To+3He | 16.1 3.2 967 2.53 16.9 69+ 3 845 + 50
70407 | To+3He | 17.3 3.2 937 2.33 17.0 67+5 803 + 50
70408 | To43He | 17.7 3.2 1030 2.33 16.9 62+ 6 822 + 50
70409 | To+3He | 17.1 3.2 899 2.29 16.9 70+1 755 4+ 50
70410 | To+3He | 16.7 3.2 915 2.93 16.9 5715 881 £ 50
70411 3He 22.4 0 958 2.23 16.8 66 £ 3

70412 3He 22.6 0 949 2.15 17.1 61 +2
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Figure I.2. MRS IRF for mono energetic protons from 5.5 to 9.5 MeV (dashed lines). The IRF is
significantly broader where signal splits between multiple pieces of CR-39 in the MRS.
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Figure I.3. MRS resolution (FWHM, MeV) versus mean proton energy for the range relevant to T>He-p
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measurements.
Table I.2. Nuclear observables.
T; (keV) Yield
Shot DT D%He DT D*He TT-n | T3He-D
(x1019) (x108) | (x101%) | (x10%)

70401 | 21.54+0.5 43.0+ 2.6 16.8

70402 | 20.9£0.5 46.6 + 2.8 18.3

70403 | 20.94+0.5 104 £6 37.1

70404 | 12.64+0.5 | 19.1+1.1 | 11.84+0.8 | 10.6 £0.1 3.4 1.75 £ 0.02
70405 | 13.3£0.5 | 20.1£0.5 | 8.7x0.6 99+0.1 2.4 1.45+0.01
70407 | 12.240.5 | 184+£0.7 | 6.1+04 6.9+ 0.1 1.06 £0.01
70408 | 129405 | 19.1£0.6 | 7.7+0.5 8.6 £0.1 1.23 +0.01
70409 | 11.14+05 | 195+ 0.6 | 5.0+04 5.4+0.1 0.96 £0.01
70410 | 13.14+0.5 | 179+ 0.5 | 9.6 + 0.6 8.4+0.1 1.22 4+ 0.01
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Table 1.3. Simulated yields from ARES

DT TT-n | D?He | T?He-D
Shot | (x10') | (x10'0) | (x10%) | (x10?)
70401 7.8 23.8
70402 7.6 23.1
70403 | 19.0 57.4
70404 1.7 4.2 12.6 2.0
70405 1.4 3.5 11.7 2.0
70407 1.0 2.5 8.6 1.5
70408 1.2 2.8 10.1 1.7
70409 0.9 2.1 7.3 1.2
70410 1.3 3.1 9.2 1.4
Lo ' ' ' ' ' ' ' ' ® DT
1.4 kL ® i @ TT
B 1| o 1l o
5 ®
E 1.0—————————————' —————
2ol o & ° . &
o ) o © e © o
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0.0 L~ ' ' ' ' ' ' . .
ST T S

Figure 1.4. Yield over clean for the T3?He experiments. Four nuclear yields (DT, TT, D3He, T3He) are
shown. The ARES radiation-hydrodynamics code was used for the simulations.
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Fig. L5.

Table I.4. HYADES-simulated nuclear yields and burn-weighted ion temperatures for the T?He experi-
ments.

T; (keV) Yield
DT | TT | D?°He | T°He | DT TT-n | D3He | T3He-D

Shot (x101) | (x10%0) | (x10%) | (x10%)
70401 | 29.7 | 31.6 15.4 59.3

70402 | 29.9 | 31.8 15.7 60.5

70403 | 30.4 | 32.3 20.4 80.1

70404 | 15.4 | 17.4 | 26.5 25.3 2.0 5.4 3.3 4.2
70405 | 15.8 | 17.9 | 26.7 | 25.6 1.6 4.3 2.8 3.6
70407 | 15.5 | 17.6 | 26.7 | 25.5 1.2 3.1 2.1 2.7
70408 | 15.2 | 17.3 | 26.7 | 25.5 1.3 3.6 2.4 3.1
70409 | 15.4 | 17.5 | 26.4 | 25.3 1.0 2.7 1.8 2.2
70410 | 15.5 | 17.6 | 26.5 25.3 1.6 4.2 2.7 3.5
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Figure I.5. Yield over clean for the T3He experiments. Four nuclear yields (DT, TT, D3*He, T3He) are
shown. The HYADES radiation-hydrodynamics code was used for the simulations.
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Appendix J

High-adiabat experiments at NIF

In the main body of this work, ‘low-adiabat’ surrogate shots were studied at NIF (Chapters 2, 3,
and 4). Adiabat refers to the pressure of the dense fuel relative to the Fermi pressure (o« = P/Pr),
so lower adiabat shots can have higher convergence ratios, up to the CR ~ 34 designs considered
during the National Ignition Campaign'. Those low-adiabat shots are poorly understood, whereas
more recent high-adiabat layered implosions (the ‘high-foot’ campaign)? or indirect-drive exploding
pushers? are much better modeled by hydrodynamic simulations.

N120408 N140702 N141105
4-shock CH 2-shock HDC 3-shock HDC
— —~A — —~A — subscale_D
575 mm T 6.72mm © 575mm
€ €
g € €
< m
< o —
OO || O |z
— —
Capsule Capsule Capsule
1.6mg/cc 0.05mg/cc 0.05mg/cc
“He fill “He fill “He fill
— e \— v \—
200pm 80pm 64pm
6.3 mg/cc 6.3 mg/cc 6.3 mg/cc
D:*He D:*He D:*He
30:70 30:70 30:70
900pm 1000pm 845um

Figure J.1. Shot types. Left: A standard low-adiabat NIC-type shot using a gas-filled hohlraum and CH
capsule. Center: the design for a near-vacuum hohlraum and HDC capsule. Right: the target design for a
sub-scale NVH shot using a HDC capsule.

Higher-adiabat implosion designs are currently being studied with proton and shock diagnostics
to determine if the anomalies observed in this thesis (Chapters 3, and 4) are present, or if simulations
predict the experimental behavior. This Appendix presents the current status of that work. A
summary of the shot types used is shown in Fig. J.1. At left is a standard low-adiabat ‘NIC-type’
shot, N120408, which used a 4-shock pulse in a gas-filled 5.75mm hohlraum to drive a CH target.
The first new type of shot considered is a 2-shock pulse shape using a large (6.72mm diameter)
near-vacuum hohlraum (NVH) to drive a high-density carbon (HDC, i.e. diamond) capsule, which
was done in shot N140702. Alternatively, ‘sub-scale’ experiments are conducted using a 5.75mm
diameter NVH to drive a smaller HDC capsule, as in shot N141105.
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These shots are driven using different pulse shapes, predominantly distinguished by the number
of shocks launched into the shell. The pulse shapes for the three shots are shown in Fig. J.2. The
2- and 3-shock designs are much shorter overall pulses due to the stronger initial shock(s), which
allows use of the near-vacuum hohlraums since the wall motion is not as problematic for shorter
laser pulses.
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Figure J.2. Pulse shapes for the three shots: N120408 (4-shock), N140702 (2-shock) and N141105 (sub-scale
3-shock).
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Figure J.3. Comparison of FFLEX-measured hard x-ray spectra for two gas-filled hohlraums (N110731
and N110807) to a NVH shot (N130920).

The lower-convergence NVH hohlraum shots have two important diagnostic advantages. First,
the NVH have significantly-reduced hard x-ray background; with the lower background, the existing
pTOF instrument* can measure the shock-produced D3He-p for a direct measurement of the shock-
bang time®. The hard x-ray spectrum, measured by FFLEX, is shown in Fig. J.3. Secondly, with
the lower convergence the compression pR is reduced to ~ 250 mg/cm?, at which point the WRFs
can measure the compression-produced D3He protons. The data for one shot (N141105 are shown
in Fig. J.4: the polar WRF spectra (a), equatorial WRF spectra (b), and the pTOF trace (c).
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Figure J.4. Data for shot N141105. (a) Polar WRF spectra, showing shock-produced protons (~ 12 MeV)
and compression protons (~ 6 MeV). (b) Equatorial WRF spectra (after the hohlraum wall), where the
shock-produced protons are downshifted to ~ 9 MeV and only the shoulder of the compression protons is
visible. (c) pTOF data (blue) with forward fit (red) for the shock-produced D3He-p (~ 20ns) and compression
DD-n (~ 33 ns).

The WRF data are analyzed for the pR at both shock and compression bang times. The data
are fit with a double-Gaussian curve, shown for the #4 polar WRF on shot N141105 in Fig. J.5.
The mean energies in each peak are used to infer the shock and compression pR using the 1-D
implosion model discussed in Chapter 2. In this case, the shock pR is 79.6 £ 4.2, & 11.05ys and
the compression pR is 262.9 4= 17.8.,, & 38.24ys. The shock and compression proton yields are also
calculated from the fits.

Seven shots have been conducted in this experimental campaign to date. The experiments are
summarized in Table J.1, with the WRF and pTOF data summarized in Table J.2. For the WRF
data, the reported values are a weighted mean of the spectrometers within a single DIM (pole or
equator), which reduces the random uncertainties. The data are also shown in Fig. J.6.

Table J.1. Shot parameters for the high-adiabat campaign.

Laser Coast
Shot # Shocks | Scale | Ablator | Energy (MJ) | Power (TW) | time (ns)
N140702 2 672 HDC 1.37 420 2.194+0.06
N140913 3 575 HDC 0.88 300 1.40 +0.05
N141105 3 575 HDC 0.88 300 1.21 £0.05
N141124 3 575 HDC 0.93 200 0.52 4+ 0.02
N150107 3 575 HDC 0.89 300 1.33 +0.05
N150126 3 575 HDC 0.86 300 1.20+0.05
N150128 3 620 HDC 1.44 400 1.37 £ 0.05

One primary goal of this campaign is to benchmark radiation-hydrodynamics simulations. Pre-
liminary comparisons of some experimental data are shown in Fig. J.7, comparing the differential
bang time, and Fig. J.8, which directly compares simulated and measured proton spectra.
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Figure J.5. Double-Gaussian fit (red) to the data (blue) for the #4 polar WRF on shot N141105.

Table J.2. WRF and pTOF data for the high-adiabat campaign.

Pole Equator
Shock Compression Shock pTOF
Shot pR (mg/cm?) pR (mg/cm?) pR (mg/cm?) ABT (ns)
N140702 | 87.6 4= 3.2pan £ 12.0gys | 279 £ 13pan =405y | 94.0 £ 2.9p0n £12.75y5 | 0.90 £ 0.10
N140913 | 74.2 4= 2.1,an £ 10.25ys 253 & 8ran &= 3Tsys 0.63 £ 0.10

N141105 | 76.2 & 2.0ran £ 10.5gys | 254 & Gran £ 37sys | 76.2 £ 2,415, £ 10.65y5 | 0.55 £ 0.09
N141124 | 83.6 &= 2.Tran £ 11.34ys | 262 £ 10pan £ 39ys | 78.9 £ 2.9pan £10.8¢ys | 0.67 £ 0.11
N150107 | 73.0 4= 3.0ran = 10.0gys | 223 &= 8ran £ 32qys | 74.4 £ 3.0ran £10.15y5 | 0.50 £ 0.10
N150126 | 76.8 4= 2.4pay & 10.3gys | 265 &£ 10pan = 4lgys | 74.8 £ 2.5pan £ 10.25y5 | 0.55 £ 0.09
N150128 | 108.7 & 2.9van & 14.Tsys | 284 & Gran £ 425ys | 102.7 & 3.0ran £ 14.04y5 | 0.67 £ 0.09
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Figure J.6. Data for the high-adiabat campaign. Top: shock pR on the pole (red) and equator (blue).

Middle: polar compression pR. Bottom: differential bang time measurement from pTOF.
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Figure J.7. Good agreement is observed in the shock-compression differential bang time (Apr) between
data (blue) and simulation (black) for three shots.
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Figure J.8. Good agreement in the complete shape of the proton spectrum is observed for the polar
direction on shot N140913. The simulated spectrum from a proton Monte Carlo package in HYDRA is
shown in black, while the four polar WRF are in the colored curves.
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Figure J.9. Data for shot N140702:

For completeness, the raw data for the remaining shots are shown in Figs. J.9 (N140702), J.10
(N140913), J.11 (N141124), J.12 (N150107), J.13 (N150126), and J.14 (N150128).
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Figure J.10. Data for shot N140913: (a) polar WRF spectra, (b) equatorial WRF spectra (compromised
by equatorial hohlraum thickness variation), and (c¢) pTOF signal.
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Figure J.11. Data for shot N141124: (a) polar WRF spectra, (b) equatorial WRF spectra, and (¢) pTOF
signal.
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Figure J.12. Data for shot N150107: (a) polar WRF spectra, (b) equatorial WRF spectra, and (¢) pTOF
signal.

«108  0-0 WRF «108  90-78 WRF pTOF
0 I I I I I I 7 I I I I I I 006 I I I
3.5 | (a) 6 |- (b) Data (c) |
% 5ol ] L i 0.05
s 25} . 4L 1< o004
~ 2.0 -
T 15 3| 4w 003
[} ‘ 2k 1 £
S, 1.0 D 0.02
1 4 0
£ 05 0.01
< 00 0 :
—0.5 —1 Il Il Il Il Il Il 0.00 Il Il Il Il
4 6 8 10 12 14 4 6 8 10 12 14 15 20 25 30 35 40
Energy (MeV) Energy (MeV) Time (ns)

Figure J.13. Data for shot N150126: (a) polar WRF spectra, (b) equatorial WRF spectra, and (¢) pTOF
signal.
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Figure J.14. Data for shot N150128: (a) polar WRF spectra, (b) equatorial WRF spectra, and (¢) pTOF
signal.
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Appendix K

Detailed fusion-product kinematics

The fusion-product distribution moments (i.e. mean, width, ...) are critical quantities for inter-
preting data. The fusion kinematics used in this work follow the relativistic calculations of Ballabio
(Ref.1), which provide small corrections to the standard classical kinematics?.

For a generic two-body fusion reaction
X1+ X9 — X34+ Xy, (K.1)

Ballabio gives the first spectral moment (mean energy) of product X3 using relativistic kinematics
as

(m1 + m2)? +m3 — m?
(Es) < 5 - m3>
(ml + mg)
(Wll‘i‘?’?/L2)2_7”n§—|—TnL2L (m1+m2)2+m§—mi )
< 2(m1 + mo)? )+ 4(m1 +mo) v >> +... (K2

Eq. 10 in Ref. 1, where m represents the masses of the particles. K is the center-of-mass energy
and V is the velocity of the center-of-mass frame, which are averaged over the reactions. The
second moment (i.e. thermal width) of the product spectrum is given by

5 1 (m1+m2)2+m§—mi_m (m1 +ma)? +m3 —m3 - 9
Oth = 3 < 2(m1 +m2) 3) X < 2(m1 +m2) + 3) <V >
1 my 2
= v () () - ()

Eq. 17 in Ref. 1. The moments of V:

(v?) = 3<T> (K.4)

mi + meo

Vi = 15 (T> (K.5)

mi + ms

are given by Eqgs 34a-b in Ref. 1, where T; is the (Maxwellian) reactant temperature. The moments
of K depend on the specific reactivity, which is used in the parametrized form of Bosch and Hale
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(Ref. 3) so that

T (5 dé
(K) = 3 <6 +£> i (K.6)
T} 1. 5\ [do\*> T? (5 o d?0
K2 — 1 2 _£ -t — ]—;7 K
o = (o) () + 5 (60 (mmim) . o0
from Egs. 39 and 42 of Ref. 1. The reactivities are parameterized:
Bé 1/3
- [ Zc K.
e - () (K.8)
Ti(Co + Ti(Cs + T;Cs)) }_1
0 = T;|1— , K.9
[ 1+ T;(C3 + T;(Cs + T;Cr)) (K-9)

| &
(U'U> = C19 me 36. (KlO)

These are given in Bosch and Hale as Eqs 12-14. Bg is the Gamow energy, m, is the reactant
reduced mass, and the constants C' are from a fit and are tabulated in Ref. 3 for the D+T, D+3He,
and D+D reactions.

While Eq. K.2 gives the product birth energy, in inertial fusion plasmas significant fuel motion
(residual kinetic energy) may Doppler shift the observed particles. The mean birth energy Es5(7;)

is used to calculate the initial velocity: v = 1+ E3/(msc?) and vy = ¢y/1 — 74 2. For a given bulk
velocity v in the detector direction the velocities add relativistically:

o= ! T (), (K.11)

T 1+ voup /2’
with Doppler shifted energy given by
EY = (v —1)msc®, 6E3 = By — Es, (K.12)

where 0 F3 is the change in energy due to the bulk fuel velocity. There may also be some residual
radial motion, which will broaden the spectrum. The Doppler-broadened spectrum is given by

T 27 1 ,
Yi(E) = /O dfsin 6 /0 d¢me*w*’%@r0059>12/2”?h, (K.13)

where 6 and ¢ are spherical coordinates, F} is given by Eq. K.12, and oy, is the birth thermal
width given by Eq. K.3. The Doppler-broadened spectrum can be computed numerically and fit
with a Gaussian to extract the extra broadening due to the radial motion (v;).

The four quantities of most interest for fusion-product spectroscopy are the initial birth energy
(E) and thermal width (oy,), the Doppler shift due to unidirectional motion towards or away from
the detector (0F), and the amount of additional broadening due to the radial motion (o,). These
are plotted below for several reaction products: Figs K.1 (DT-n), K.2 (DT-a), K.3 (D3He-p), K.4
(D3He-a), K.5 (DD-n), K.6 (DD-p), K.7 (DD-T), and K.8 (DD-3He).

For the Doppler shifts a temperature of 10 keV has been used in the calculations, though the

final result is very insensitive to 7;. All calculations use the AME2003 atomic mass evaluations®.
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For convenient numerical evaluation, the four quantities are parameterized:

E

Oth

oE

Opr

= a1} + aoT; + as,

= 611)2 + cov,

= dlvz + dov;.

E is the particle energy in MeV, T; is the temperature in energy units (keV), oy, is the Gaussian
width in keV, § E' is the Doppler shift in keV for net velocity v (km/s) towards the detector, and o,
is the additional Gaussian width in keV for a uniform radial velocity v, (km/s). The coefficients
(a,b,c,d) are tabulated for the reactions of interest in Tables K.1 (E), K.2 (o4,), K.3 (JE), and

K.4 (oy).

parameterization and the actual kinematic calculation.

Table K.1. Parameterization coefficients for the mean birth energy (E)

aq a as Residual
DT-n | —7.7166 x 10° | 5.0979 x 1073 | 14.037 | 1.671 x 1073
DT-a | —1.9718 x 1075 | 2.4193 x 1073 | 3.5621 | 4.269 x 10~
D3He-p | —5.2553 x 1075 | 7.2533 x 1072 | 14.650 | 1.151 x 1073
D3He-a | —1.3426 x 1072 | 2.9698 x 1073 | 3.7156 | 2.940 x 10~*
DD-n | —1.6029 x 10~° | 3.0531 x 1072 | 2.4526 | 4.737 x 10~*
DD-p | —1.6330 x 107° | 3.0074 x 103 | 3.0253 | 4.959 x 10~*
DD-T | —5.4723 x 1076 | 2.0051 x 102 | 1.0124 | 1.662 x 10~*
DD-3He | —5.3729 x 1076 | 2.0206 x 1073 | 0.82118 | 1.588 x 10~*

Table K.2. Parameterization coefficients for the thermal width (o)

b Residual
DT-n | 5.6512 x 103 | 1.219 x 10~*
DT-a | 5.6862 x 10% | 1.581 x 10!
D3He-p | 5.8977 x 103 | 1.114 x 107!
D3He-a | 5.9302 x 103 | 1.552 x 10~*
DD-n | 1.2229 x 103 | 4.882 x 1072
DD-p | 1.5091 x 103 | 4.262 x 1072
DD-T | 1.5304 x 103 | 2.758 x 10~*
DD-%He | 1.2440 x 103 | 3.056 x 10~}

In the tabulations the residual is calculated as the standard deviation between the
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Table K.3. Parameterization coefficients for the net Doppler shift (JF)

cl Co Residual
DT-n | 5.3060 x 1076 | 5.4468 x 10~! | 3.667 x 10~©
DT-a | 5.2476 x 1075 | 2.7405 x 10~ | 1.845 x 1076
D3He-p | 5.3095 x 1076 | 5.5692 x 10~ | 3.749 x 106
D3He-a | 5.2485 x 1075 | 2.8008 x 10~ | 1.886 x 1076
DD-n | 5.2414 x 1076 | 2.2796 x 10~! | 1.535 x 1076
DD-p | 5.2446 x 1076 | 2.5291 x 10~! | 1.703 x 106
DD-T | 5.2334 x 1076 | 1.4694 x 10! | 9.892 x 1077
DD-%He | 5.2323 x 1076 | 1.3264 x 107! | 8.929 x 107

Table K.4. Parameterization coefficients for the Doppler velocity broadening (o)

dq dsy Residual
DT-n | 2.1142 x 107° | 3.1323 x 10! | 1.453 x 1072
DT-a | 2.7536 x 1076 | 1.5806 x 10~ | 1.960 x 1073
D3He-p | 2.1661 x 107> | 3.2027 x 10~! | 1.488 x 1072
D3He-a | 2.8180 x 1076 | 1.6154 x 10~ | 1.983 x 1073
DD-n | 7.2490 x 1076 | 1.3118 x 10~! | 5.072 x 1073
DD-p | 7.9835 x 1076 | 1.4555 x 10~! | 5.521 x 1073
DD-T | 1.5914 x 1075 | 8.4740 x 1072 | 1.114 x 1073
DD-3He | 1.4437 x 1075 | 7.6492 x 1072 | 1.010 x 1073
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DT-n kinematics
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Figure K.1. DT-n kinematics: birth energy, thermal width, Doppler shift, and velocity Doppler broadening.
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DT-a kinematics
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Figure K.2. DT-« kinematics: birth energy, thermal width, Doppler shift, and velocity Doppler broadening.
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D3He-p kinematics
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Figure K.3. D3He-p kinematics: birth energy, thermal width, Doppler shift, and velocity Doppler broad-
ening.
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D3He-a kinematics
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Figure K.4. D3He-« kinematics: birth energy, thermal width, Doppler shift, and velocity Doppler broad-
ening.
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DD-n kinematics
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Figure K.5. DD-n kinematics: birth energy, thermal width, Doppler shift, and velocity Doppler broadening.
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DD-p kinematics
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Figure K.6. DD-p kinematics: birth energy, thermal width, Doppler shift, and velocity Doppler broadening.
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DD-T kinematics
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Figure K.7. DD-T kinematics: birth energy, thermal width, Doppler shift, and velocity Doppler broadening.
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