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Abstract

This work includes the study of various nuclear processes relevant to inertial confinement fusion

(ICF) plasmas and big bang nucleosynthesis via experiments performed at the OMEGA laser

facility. Neutron and gamma time-of-flight detectors were used to determine various quantities

of interest in cryogenic and room temperature implosions.

In particular, xylene neutron time-of-flight (nTOF) detectors were used to determine areal

densities from backscattered neutrons for OMEGA cryogenic experiments using a forward fit

analysis. This analysis was extended to a recently deployed second nTOF line of sight (LOS) on

OMEGA. The presence of two nTOF LOS enables a comparison of two measurements to study

implosion symmetry, however, these two measurements still leave a lack of coverage around the

target chamber which makes it difficult to infer the 3D shape of the areal density. This analysis

can easily be extended to additional nTOF lines of sight in the future.

The original xylene nTOF detector was also used to infer properties of the 5He ground state

and first excited state via a simple wave-function amplitude analysis of neutron spectra from

warm TT implosions. These quantities are particularly interesting because of their relationship

to the gamma spectrum produced by DT fusion and additionally because the TT neutron spec-

trum is a background observed in the neutron spectra produced on cryogenic implosions. The

ground state mass inferred via forward fit agrees with the accepted value [Audi et al., Nucl.

Phys. A, vol. 729, 2003], but the lifetime inferred here is about 70% longer than the accepted

value [Wong, Anderson, & McClure, Nucl. Phys., vol. 71, 1965]. The mass and width of the

first excited state were also inferred and compared to previously reported values, though there
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is a wide spread in the previously reported values.

Cherenkov detectors were used to study gamma rays from the reactions D(T,5He)γ,

H(D,3He)γ, and H(T,4He)γ at low energies. The measurements detailed in this work result

in a DT gamma-to-neutron branching ratio of (8.42 ± 2.84) × 10−5 measured at a center-of-

mass (CM) energy of 19 ± 2 keV. This branching ratio is a factor of 2 larger than the branching

ratio previously inferred on an ICF platform [Kim et al., Phys. Rev. C, vol. 85, 2012], however,

the error bars on the two measurements overlap. Considering a recent measurement of the DT

gamma spectrum [Horsfield et al., Phys. Rev. C., vol. 104, 2021], the branching ratio mea-

surement detailed in this work also appears to be in agreement with accelerator measurements

[Cecil & Wilkinson, Phys. Rev. Lett., vol. 53, 1984; Morgan et al., Phys. Rev. C., vol. 33,

1986] that isolated the ground state DT gamma.

S factors for H(D,3He)γ and H(T,4He)γ were determined at low energies (ECM=16-37

keV). The inferred H(D,3He)γ S factor appears to agree with accelerator data. The H(T,4He)γ

S factor inferred from one detector with a relatively high gamma energy threshold appears to be

25-70% larger than an evaluated S factor determined by including accelerator data at higher CM

energies [Canon et al., Phys. Rev. C, vol. 65, 2002], however, only two accelerator data points

currently exist for comparison at these low energies and these two accelerator data points are in

reasonable agreement with the S factors inferred using the high threshold detector as detailed

in this work. Another detector with a very low minimum gamma energy threshold was also

used to study the H(T,4He)γ S factor. This detector inferred significantly higher values for the

H(T,4He)γ S factor, but this particular measurement is thought to be contaminated by detection

of neutron-induced gammas from remaining shell material.

These time-of-flight gamma measurements require some assumptions concerning the

gamma spectrum from each reaction in order to infer branching ratios or S factors. This is

not ideal, however, traditional pulse height gamma detection cannot be used for detection of

fusion gammas in ICF experiments due to the short time scales involved. Two potential designs

are discussed for a true gamma spectrometer intended for operation at ICF facilities.
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Chapter 1

Introduction

1.1 Thermonuclear fusion in nature: big bang and stellar nucle-

osynthesis

The history of fusion science began in 1905 with Albert Einstein and his famous mass-energy

equivalence relation E = mc2. [1] The implications of this equation were, however, not im-

mediately understood. Until 1920, it was believed that stars generated energy only through

contraction that occurs due to gravitational forces. In 1920, Aston observed that the mass of

4He was measurably less than the mass of two neutrons and two protons, i.e., he discovered

that nuclei have some binding energy. [2] Shortly afterwards, Eddington postulated that a mass

deficit of this nature might be responsible for the production of energy in stellar processes. [3]

Later on, Gamow explained how this could occur despite repulsive forces between ions when

he introduced the concept and formalism for quantum mechanical tunneling. [4]

Fusion is perhaps best known today as the process that powers stars, which produce energy

via stellar nucleosynthesis. Fusion reactions and nucleosynthesis are, however, also responsible

for the generation of all matter that is present within the universe, including the matter that

constitutes stars. The light nuclei that began the universe are thought to have formed in the hot,

dense environment produced by the big bang.
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It is now generally accepted that the universe began from an infinitely small point which

quickly expanded outwards (i.e., ”the big bang”), cooling and decreasing in density as its size

increased. Very shortly after the big bang, the strong nuclear force, the weak nuclear force, the

gravitational force, and the electromagnetic force decoupled from one another and the universe

reached the necessary temperature for formation of quark-gluon plasma. These quarks eventu-

ally combined to form nucleons (i.e., protons and neutrons). From these nucleons, primordial

hydrogen nuclei formed.

With additional expansion/cooling, light nuclei began to cluster together, attracting addi-

tional matter via the gravitational force. This influx of matter resulted in compression and

heating in these clusters as the proton-proton (or pp- ) chain of fusion began with the fusion of

protons to create deuterons. These protons and deuterons fused to create primordial nuclei such

as helium and lithium. The process which created these primordial nuclei is referred to as big

bang nucleosynthesis (BBN). It is from a plasma of these primordial nuclei that all matter in the

current universe was generated, though heavier nuclei could only be produced after the passage

of ∼1 billion years, when stellar nucleosynthesis began.

The nuclear reactions relevant to BBN are studied today in order to further understand

the evolution of the early universe. While deuterium-tritium (DT) and deuterium-deuterium

(DD) fusion are the most commonly studied fusion reactions today due to their relatively high

cross sections, reactions relevant to the early stages of BBN are of scientific interest both to

the fusion community at large as well as within the context of long-standing nuclear physics

and astrophysics problems such as charge-symmetry breaking and “the lithium problem.” The

lithium problem, in particular, remains a major source of confusion, as Li/H measurements are

a factor of 2-4 too small to agree with D/H and cosmic microwave background measurements,

which are consistent with one another and with current theoretical calculations based on the

standard model of BBN. [5–7]

Several reactions relevant to the early stages of BBN have been studied through accelerator

experiments. While still of some interest, these experiments cannot reproduce the temperature,

pressure, and electron screening effects that are present when fusion occurs in nature. Inertial
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confinement fusion (ICF) is one method that can be used to construct an experiment with more

appropriate physical conditions, as ICF implosions are able to reach astrophysically-relevant

temperatures while producing reactions from a population of hot reactants instead of using a

beam of particles directed onto a cold, static target. [8] ICF implosions also generate a large

flux of particles within a short time scale. This allows for a more efficient experiment than

those that are performed on accelerators and eliminates the issue of background from cosmic-

ray muons, which is often a limiting factor on accelerator-based experiments for low energy,

low cross-section reactions like H(D,3He)γ.

1.1.1 Nuclear physics concepts

In order to study fusion reactions such as those that occurred during BBN, it is necessary to

understand several elements of nuclear physics. According to Einstein’s famous equation, the

energy released by a fusion reaction can be calculated as

(1.1) Q = (
∑
r

mr −
∑
p

mp)c
2

where mr denotes the mass of reactants and mp denotes the mass of products. This energy Q is

released as energy that is partitioned between the products. The kinematics of a fusion reaction

A + B −→ C + D with arbitrary reactants A and B and arbitrary products C and D are

most simply evaluated in the center-of-mass (CM) frame. The CM energy of the reaction can

be described in relation to the reactants such that

(1.2) ECM =
mA mB

mA + mB
|v⃗A − v⃗B|2

where m represents a mass and v represents a velocity. Through conservation of energy and

momentum, the energy of one of the products can be calculated to be

(1.3) EC =
1

2
mCv

2
CM +

mD

mC +mD
(Q+ ECM ) + vCM cos(θ)

√
2mCmD

mC +mD
(Q+ ECM )
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where vCM = mA vA+mBvB
mA + mB

is the CM velocity, ECM is the CM energy as shown in Eq. 1.2,

and θ is the angle between the CM velocity and the particle C in the CM frame. [9] Data

from fusion experiments generally comes in the form of particle energy spectra. As there is a

distribution of ion velocities in any fusing plasma, there is typically a distribution of product

energy spectra that can be analyzed to obtain information on various properties of the plasma.

Fusion can only occur once the Coulomb force between positively charged nuclei is over-

come. The Coulomb barrier between two nuclei can generally be described as

(1.4) V (r) =
Z1 Z2 e

2

r

where Z1 and Z2 represent the nuclear charges (or atomic numbers) of the two nuclei, e rep-

resents the charge of an electron, and r represents the distance between the two nuclei. The

Coulomb potential clearly reaches infinity at r=0. Classical mechanics would therefore assume

that an incident ion would have to have infinite kinetic energy for fusion to occur. This issue

is addressed by quantum mechanics, which states that the Coulomb potential in Eq. 1.4 is only

valid far from the nucleus. At distances less than

(1.5) r0 ∼
[
(1.44× 10−13)× (A

1/3
1 + A

1/3
2 )

]
cm ,

the attractive strong nuclear strong force dominates. A diagram of the overall potential is shown

in Fig. 1.1. This form of r0 clearly suggests that fusion reactions between light (i.e., low-Z)

nuclei are much more likely to occur than fusion reactions between heavier nuclei, though there

is some probability for a reaction between any two nuclei to occur via quantum tunneling.

The likelihood of a given fusion reaction occurring can be described by its cross section,

σ(E). This cross section generally has a geometric factor (σg), a factor representing the barrier

transparency (T ), and a factor representing a probability that the nuclei will fuse (R) such that

the total cross section can be described as

(1.6) σ = σg × T ×R .
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Figure 1.1: Illustration of the potential around a nucleus. The Coulomb potential dominates at
large distances between nuclei while the strong force dominates at distances r < r0.

σg is generally related to the deBroglie wavelength such that

(1.7) σg ∼ λ2
D = (

h̄

µv
)2 ∝ 1

ECM

where h̄ is the reduced Planck constant and µ is the reduced mass µ = m1m2
m1 + m2

. Provided ECM

is much smaller than the Gamow energy EG and assuming a partial wave analysis in which only

the S-wave factor is dependent on energy [10], T can be approximated as

(1.8) T ∝ exp(−
√

EG

ECM
)

where the Gamow energy EG [4] is

(1.9) EG = (παZAZB)
2 × (2µc2) .

The remaining factor R contains the nuclear information concerning a specific reaction and

generally has a different functional form for different reactions. Large values for R correspond

to reactions that occur due to the strong nuclear force. Reactions that occur due to electromag-

netic interactions have R values that are several orders of magnitude smaller while reactions

that occur due to weak interactions have R values up to ∼ 20 orders of magnitude smaller. [10]
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Combining the three factors in Eq. 1.6, the total cross section is often written as a function

of energy such that

(1.10) σ(ECM ) =
S(ECM )

ECM
exp(−

√
EG

ECM
)

where S(E) is the astrophysical S factor. The astrophysical S factor describes the probability

of a given nuclear reaction occurring and is generally a weakly-varying function of energy. [10]

Depending on the reaction in question, the S factor may be determined using experimental data,

theoretical calculations, or a combination of both. Several parametrizations of the S factor also

exist, such as those enumerated in Ref. 11, which includes a parametrization of these S factors

based on experimental data as well as R-matrix analysis.

The cross section is used to determine the number of fusion reactions via the reaction rate,

which is defined such that

(1.11) R12 =
n1n2

1 + δ12
σ(v)v

where the subscript ”12” denotes a reaction involving reactants 1 and 2, n1 and n2 represent

densities of the reactants, and v represents the relative velocity between the reactants. The factor

of 1+ δ12 (where δ is the Kronecker delta) prevents double counting in case the reactants are of

the same species.

1.1.2 Thermonuclear fusion

The term “thermonuclear fusion” describes fusion of a population of Maxwellian ions, i.e., a

population of ions with a velocity distribution of

(1.12) f(v)dv = (
m

2πkT
)3/2 exp(−mv2

2kT
)4πv2dv

where m and v represent the mass and velocity of a single ion species, k represents Boltzmann’s

constant, and T represents ion temperature. With two ion species of such a velocity distribution,
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the reaction rate must be expressed as a function of the velocity-averaged cross section such that

(1.13) R12 =
n1n2

1 + δ12
⟨σv⟩ = f1f2

1 + δ12
n2⟨σv⟩ .

where n represents the total number density of nuclei and f1 and f2 represent atomic fuel

fractions for two different species. The quantity ⟨σv⟩ is known as the reactivity and involves an

integral over the velocities of both species such that

(1.14) ⟨σv⟩ =
∫ ∞

0

∫ ∞

0
σ12vf1(v1)f2(v2)dv1dv2

where v represents relative velocity while v1 and v2 represent the velocities of individual ions

of species 1 or 2. Using the Maxwellian velocity distributions given in Eq. 1.12, the center-of-

mass velocity

(1.15) vCM =
m1v1 +m2v2
m1 +m2

and reduced mass µ = m1m2
m1+m2

, this equation becomes

⟨σv⟩ = (

√
m1m2

2πkT
)3/2

∫
σ(v)v exp(−

(m1 +m2)v
2
CM

2kT
− µv2

2kT
)dv1dv2

=
[
(
m1 +m2

2πkT
)3/2

∫
exp(−

(m1 +m2)v
2
CM

2kT
)dvCM

]
×
[
(

µ

2πkT
)3/2

∫
σ(v)v exp(− µv2

2kT
)dv

]

(1.16)

where the first term (i.e., the integral over vCM ) is equal to 1. This equation can then be written

as a function of CM energy such that

(1.17) ⟨σv⟩ =

√
8π

µ(kT )3

∫
σ(ECM )ECM exp (

−ECM

kT
)dECM .



8

With this equation and a known cross section, the reactivity can easily be calculated as a function

of energy.

1.2 Thermonuclear fusion in the lab: direct-drive inertial confine-

ment fusion

At the Laboratory for Laser Energetics (LLE), direct-drive ICF experiments are performed using

the OMEGA laser system. In general, these experiments involve the use of several high-power

laser beams that are symmetrically incident on a small target. The target is usually a spherical

capsule of gas contained within a shell made of plastic, glass, and/or cryogenically cooled DT.

The incident beams cause the target to implode rapidly, increasing the temperature and pressure

of the gas to levels that allow fusion to occur. Products of the fusion reactions, such as x rays,

charged particles, neutrons, and gamma rays, can be detected and used to evaluate the parame-

ters of the experiment and the physical conditions present during the implosion. It is most com-

mon to analyze data concerning the x-ray and neutron products of ICF experiments. Gamma-ray

reactions are not often studied, but nonetheless contain valuable information and are particularly

relevant to the study of BBN. This work discusses several studies of both neutron and gamma

ray products of fusion experiments performed on an ICF platform. The specific reactions of

interest that will be discussed in this work include D(T,n)4He, D(D,n)3He, T(T,n)5He (along

with several complementary branches of the TT neutron spectrum), D(T,4He)γ, H(D,3He)γ,

and H(T,4He)γ

1.2.1 Cryogenic implosions

One major goal of the LLE is to perform ICF experiments so as to contribute to the production

of a sustainable source of energy. The idea of a fusion-powered energy resource is particularly

attractive in that it avoids the nuclear waste issues and the possibilities of dangerous chain re-

actions that are often associated with today’s nuclear energy resources that rely upon fission, as
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fusion reactions produce only energetic particles which can be handled with appropriate shield-

ing and cannot continue outside of an extremely high temperature, high density environment.

Though the experiments performed at LLE focus on direct-drive inertial confinement fusion

using the OMEGA laser, other facilities seek to address this issue using different approaches

such as indirect-drive ICF (LLNL/NIF), Z-pinch (Sandia/Z-machine), magnetic confinement

(ITER), and stellerator (Wendelstein 7-X) designs.

Direct-drive ICF experiments that are meant to address this goal generally seek to achieve

ignition. “Ignition” refers to the point at which the energy released by the fusion reactions ex-

ceeds the energy needed to initiate the implosion. This can only occur when the fusion reactions

become self-sustaining such that the burn can propagate through the target without any addi-

tional energy input from the lasers that initiated the reactions. Burn propagation occurs when

products of the reaction (such as α particles in the case of the D + T −→ α + n reaction)

redeposit their energy in the plasma. If ignition is to be achieved, implosions must reach tem-

peratures and densities sufficient for thermonuclear fusion. Furthermore, the plasma must be

confined for a long enough period of time for the fusion reactions to generate more energy than

was necessary to initiate the process. Confinement time is the main difficulty that persists in the

pursuit of ignition. In a cryogenic ICF implosion, it is generally the cold fuel shell that provides

confinement.

Ignition cannot actually be achieved at OMEGA due to the size and power of the OMEGA-

60 laser. Various implosion parameters and experimental designs relevant to ignition can, how-

ever, be investigated at OMEGA and hydrodynamically scaled to evaluate their impact in true ig-

nition experiments using facilities such as the National Ignition Facility (NIF). Ignition-relevant

experiments at OMEGA typically involve targets that consist of a carbon-deuterium (CD) layer

which is filled with DT fuel. These targets are cryogenically cooled, creating a layer of DT

ice near the CD shell. Experiments that use these targets are therefore known as cryogenic

implosions.

In a cryogenic ICF implosion, the 60 beams of OMEGA are used to illuminate the cryogenic

target in a nominally symmetric pattern. This causes sudden pressure on the outside of the shell.
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The following process [12] occurs once the laser is incident on the target:

(1) Radiation is absorbed by the shell’s outer surface. Heat and pressure are generated,

causing ablation of some of the shell material.

(2) An equal and opposite reactive force (sometimes referred to as ”the spherical rocket

effect”) drives the DT ice shell inwards along with any unablated material from the shell. A

shock wave begins to propagate through the cold fuel shell.

(3) As the laser pulse continues to deposit energy, a second shock is launched through the

cold fuel. The two shock waves meet at the fuel-gas interface, where they form a single, stronger

shock. [13]

(4) The shell continues inwards at a constant velocity until pressure begins to increase near

the center of the target.

(3) The spherical shock wave rebounds at the center of the target. This results in a spherical

piston effect, creating a hot spot in the low-pressure, gas-filled center of the target. The cold

fuel shell slows down when the rebounding shock wave reaches the shell’s inner surface.

(4) The temperature and pressure in the hot spot rise as kinetic energy from the shell is

converted to thermal energy through compression (i.e., P dV work). Mass from the shell enters

the hot spot, increasing the total mass of the hot spot. High temperatures in the hot-spot allow

nuclei to overcome the Coulomb barrier so that fusion can occur.

(5) The shell reaches stagnation. At this point, the target is nominally isobaric (i.e., the hot

pot and the cold fuel shell eventually reach the same pressure). If the implosion is sufficiently

confined, a burn wave will propagate through the target as the α particles produced by DT fusion

will redeposit energy into the system.

Fig. 1.2 shows a schematic illustrating this process.

Cryogenic targets are typically used in ignition-relevant experiments because they are able

to provide increased compression in comparison to warm targets with only glass or plastic

shells.
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Figure 1.2: Schematic illustrating the process of a direct-drive cryogenic implosion on
OMEGA.

The conditions necessary to reach ignition (i.e., propagation of a burn wave throughout the

target) can be summarized through the Lawson criterion. [14] For a DT implosion with equal

particle densities of D and T nuclei n, the power generated per unit volume will be

(1.18) P =
n2

4
⟨σv⟩DTEDT

where ⟨σv⟩DT is the DT reactivity which is a function of energy as outlined in Sec. 1.1.1 and

EDT is the energy released by the DT fusion reaction. After fusion reactions between the D

and T nuclei occur, energy is released mainly in the form of neutrons and α particles. While the

neutrons leave the plasma, the α particles can instead deposit kinetic energy within the plasma

to assist in maintaining high temperatures. The power per unit volume deposited in the plasma

by these α particles can be described similarly as

(1.19) Pα =
n2

4
⟨σv⟩DTEα .

Above ∼ 1 keV, energy loss generally occurs as heat loss from the plasma. [10] If ions and

electrons are assumed to have the same temperature T (i.e., they are assumed to be in thermal

equilibrium), this can be described as

(1.20) Ploss =
3

2

nk

τ
(Te + Ti) =

3nkT

τ
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where k represents the Boltzmann constant and τ represents confinement time. Ignition can

occur only when Pα > Ploss. From this condition, the Lawson criterion is derived to be

(1.21)
n2

4
⟨σv⟩Eα >

3nkT

τ
−→ nτ >

12kT

⟨σv⟩Eα

where the arrow denotes mathematical simplification of the terms on both sides of the inequality.

However, it is not simple to directly infer the quantities n and τ experimentally. These

equations can instead be rewritten to determine ignition criteria in terms of measurable quanti-

ties such as the ion temperature Ti and areal density ρR. [10] For example, the power deposited

by the alpha particle per unit volume can also be written as

(1.22) Pα =
fQ

20µ2
ρ2⟨σv⟩(Ti)

where f is the fraction of the alpha particle’s energy that is redeposited, Q is the total energy

released by the fusion reaction, ρ is the density, and Ti is the ion temperature. Power losses can

be attributed to bremsstrahlung emission such that

(1.23) Pb = Cbρ
2
√
Ti

where Cb = 3.05 ×1023 erg cm3 per g2 per second per
√
keV is a constant and to conduction

such that

(1.24) Pc =
3AeT

7/2
i

logΛR2

where Ae = 9.5 ×1019 erg per second per cm per keV−7/2 is a constant. [10] The condition for

energy gain can then be framed as Pα > Pb + Pc. Plugging in Eq. 1.22, 1.23, and 1.24, this

condition can be written as

(1.25) [(
fQ

20µ2
⟨σv⟩(Ti)− Cb

√
Ti)(ρR)2]−

3AeT
7/2
i

log Λ
> 0
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which is a function of only known constants and measurable quantities. Ignition conditions are

generally considered to be at ion temperatures near 5 keV and areal densities near 200 mg/cm2.

[10, 12]

1.2.2 Implosion symmetry in cryogenic experiments

As discussed in the previous section, cryogenic ICF implosions involve a spherical target of

gas surrounded by a DT ice layer which is spherically imploded using the OMEGA laser. This

compresses and heats the DT gas and additionally compresses the cold fuel layer to high areal

densities so as to achieve inertial confinement of the hot-spot plasma. A spherically symmetric

implosion is desired so as to achieve maximum efficiency in the conversion of input laser energy

to output fusion energy. It is, however, very difficult to achieve a perfectly spherical implosion.

In general, implosion asymmetries are associated with hydrodynamic instabilities. When

ablated material near the outside of the target moves away from the inner surface of the shell,

a higher pressure/lower density coronal region is generated and the unablated material is thus

accelerated inwards. The difference in density across this interface between the corona and

the cold-fuel layer generates perturbations that are amplified exponentially as the cold fuel is

compressed. This is known as the Rayleigh-Taylor instability. As a result of this instability, the

cold fuel layer may mix with the hot spot, reducing the total size of the hot spot and as well

as its temperature. This leads to degradation of target performance in the form of lower total

fusion yields.

Hydrodynamic instabilities may be seeded by several different sources. Non-uniformities

in the DT ice layer may occur during the target fabrication process. Alternatively, perturbations

in laser illumination such as beam pointing errors or differences in power balance between indi-

vidual beams can cause similarly asymmetric implosions. [15] These asymmetries are typically

characterized by Legendre-mode numbers l = 2πR/λ such that the wavelength of the pertur-

bation is measured relative to the target’s initial radius. Low-mode asymmetries (l < 10) are

often generated by power imbalance in the laser drive, errors in beam pointing, and relatively
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large defects in the DT ice layer. Signatures of these asymmetries have recently been measured

at OMEGA using nuclear and x-ray diagnostics, and it has been shown that these asymmetries

can be reduced with strategic changes in beam pointing. [16] Higher mode asymmetries may

be caused by smaller scale target defects (such as ice roughness) as well as by laser imprint

or vibrations in the mounting stalk that holds the target. It is not currently possible to resolve

higher mode asymmetries with the current suite of diagnostics at OMEGA, as this would require

many detectors arranged around the target chamber in a manner similar to the nuclear activation

diagnostics (NAD’s) used at NIF. [17]

Total neutron yield, average ion temperature, average areal density, and flow velocities are

all important quantities for diagnosing the performance of cryogenic ICF experiments. Each

of these quantities as well as imaging techniques can be used to diagnose implosion symme-

try, though multiple detectors are needed in order to evaluate implosion symmetry. This work

includes an improved method of analyzing neutron spectra from two identical neutron time-of-

flight (nTOF) detectors so as to assist in diagnosing low-mode asymmetries using neutrons that

are scattered in the hot spot and/or the cold-fuel layer. This measurement of areal density can

be shown to be consistent with the direction of the asymmetry as suggested by ion temperature

and flow velocity measurements. [16]

1.2.3 Warm implosions

In addition to the cryogenic implosions described in the previous sections, OMEGA can also

be used in warm implosions (i.e., implosions in which targets are not cryogenically cooled and

there is no ice layer). Warm implosions typically involve a thin glass or plastic shell filled

with gas. As there is no cold-fuel ice layer, their convergence ratio is typically smaller than

that of cryogenic targets. Warm implosions are typically shock-driven and may alternatively

be known as “exploding pushers.” The outer shell is generally thought to be ablated away

completely. The spherical rocket effect still occurs, but there is no compression wave analogous

to the compression wave in cryogenic targets. The implosion is driven entirely by a shock
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wave which propagates to the center of the target and rebounds, creating a pressure front which

accelerates ions towards each other.

Warm implosions cannot achieve ignition, as there is no remaining medium in which parti-

cles can deposit energy or in which a burn wave can propagate. Warm implosions are generally

used for experiments that instead seek to optimize yield, such as diagnostic development exper-

iments or S-factor/cross-section measurement experiments. DT gas is often used, but other gas

fills may also be employed in order to study other fusion reactions. Some such experiments will

be discussed in Chapter 3, which includes measurements of DT gamma rays as well as gamma

rays produced by HD fusion and HT fusion, two reactions that are relevant to BBN.
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Chapter 2

Neutron measurements

2.1 Neutron energy spectra in DT ICF implosions

In implosions of targets with a DT gas fill, several reactions can occur. The main DT fusion

reaction that produces neutrons with a mean energy around 14.03 MeV via the reaction is

(2.1) D + T −→ 4He + n .

In addition to the DT fusion, DD and TT fusion will also occur. DD fusion produces neutrons

with a mean energy near 2.45 MeV via the reaction

(2.2) D + D −→ 3He + n .

TT fusion produces neutrons via several different branches including

(2.3) T + T −→ 5He + n −→ 4He + n + n ,

(2.4) T + T −→ 5He∗ + n −→ 4He + n + n ,
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where 5He∗ denotes the first excited state of 5He,

(2.5) T + T −→ 4He + n + n ,

and

(2.6) T + T −→ 4He + (2n) ,

where (2n) denotes the dineutron state in which the two neutrons are barely bound. [18, 19]

As previously mentioned, a fusing plasma contains a distribution of reactant ions, so product

neutrons are also produced into a distribution of energies. The primary neutrons from the DT

and DD reactions are produced as approximately Gaussian distributions. [9, 20] The mean

value (or the first moment) of the Gaussian distribution corresponds to approximately the Q-

value of the reaction, though the exact mean value may be slightly different than the Q-value

if bulk flows are present. [15] The width (or the second moment) of the Gaussian distribution

corresponds to the ion temperature of the implosion such that

(2.7) σ =
2mnTiE0

mn +mHe

where mHe represents the mass of 3He for the DD reaction or 4He for the DT reaction and E0

represents the mean energy of the reaction (∼ 2.45 MeV for DD or ∼ 14.03 MeV for DT). [9]

The TT primary neutrons have a more complicated spectral shape [19, 21, 22] due to the many

contributing reaction branches, which will be discussed in further detail in Sec. 2.5.

Additional distributions of neutrons are produced when primary neutrons interact with D

or T ions in either the low density hot spot or the higher density cold fuel shell of a cryogenic

target. Primary neutrons may scatter elastically on T in these regions such that

(2.8) n + T −→ n′ + T ′



18

where n and T represent an unscattered neutron and triton while n′ and T ′ represent a scattered

neutron and a scattered triton. This phenomenon is typically referred to as “nT” scattering while

the analogous reaction for neutrons scattering elastically on D is referred to as “nD” scattering.

As the DT fusion reaction has a much higher reactivity (i.e., a higher primary neutron yield) than

either the DD or TT reactions, the spectrum of scattered neutrons is dominated by scattered DT

neutrons. Assuming a point source of neutrons, conservation of energy and momentum can be

used to show that the elastically scattered neutrons exit the scattering event with an energy

(2.9) En =
1 +A2 + 2Acos(θ)

(1 +A)2
E0

where E0 represents the energy of the incident neutron before the scattering event, A represents

the mass number of the ion on which the neutron scatters (i.e., A=2 for nD scatters or A=3 for

nT scatters), and θ represents the CM angle of the scattering event. Using E0=14.03 MeV and

θ=180 degrees, it is evident that the low-energy kinematic endpoint for detected nT neutrons

is around 3.5 MeV while the analogous endpoint for detected nD neutrons is around 1.5 MeV.

These kinematic endpoints typically correspond to sharp cutoffs in the neutron energy spectra

and are therefore referred to as the “nD edge” and the “nT edge.” As the energy of scattered

neutrons corresponds to a given scattering angle, the yield of scattered neutrons within a given

range can be used to infer areal density within a certain region of the target.

Inelastic interactions may also occur. The most significant of these interactions is thought

to be

(2.10) n + D −→ p + n + n

which is known to have a broad spectrum spanning 0 to 12 MeV. Inelastic interactions between

DT neutrons and T may also occur. The cross sections for these reactions are not currently

known and these reactions are therefore not included in models of neutron spectra produced in

DT cryogenic implosions, as their cross sections are thought to be significantly smaller than the

n(D,2n)p cross section. [23]
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Neutron time-of-flight (nTOF) detectors are often used to diagnose the conditions present

in ICF experiments and basic laboratory physics experiments performed on an ICF platform.

The relativistic kinetic energy of any particle with mass m can be calculated such that

(2.11) E(t) = mc2

 1√
1− ( d

ct)
2
− 1


where d represents the detector’s distance from the center of the target chamber, t represents the

time-of-flight of the particle to the detector, and c represents the speed of light. nTOF detectors

rely on this relationship to determine the energy of detected neutrons. Solving Eq. 2.11 for t,

the arrival of detected neutrons of energy E can be determined as a function of the detector’s

distance from the center of the target chamber (where the neutrons originated) such that

(2.12) t(E) =
d

c

[
1− 1

( E
mnc2

+ 1)2

]−1/2

.

Note that detection of a time-of-flight spectrum dN
dt is related to the energy spectrum dN

dE via the

Jacobian dE
dt such that

(2.13)
dN

dt
=

dN

dE
× dE

dt

The Jacobian is

(2.14)
dE

dt
=

md2

t3
(1− (

d

ct
)2)−3/2

which can be obtained by taking the derivative of Eq. 2.11. Realistically, the signal detected by

an nTOF detector contains additional corrections to the time-of-flight spectrum dN
dt to account

for detector effects such as instrument response and light output as well as line-of-sight effects

such as beamline attenuation. Inclusion of these factors will be detailed in Sec. 2.2.2.
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2.2 Xylene neutron time-of-flight (nTOF) detectors at OMEGA

2.2.1 Scintillation detectors

The detectors that are used to infer areal density from backscattered neutrons on OMEGA are

liquid xylene detectors. Xylene is used as a scintillator while photomultiplier tubes (PMT’s) are

used as photodetectors.

In general, scintillators may be organic or inorganic crystals, plastics, or liquids. The use

of scintillators to detect ionizing radiation is one of the oldest methods of particle detection.

[24] Scintillators convert the kinetic energy of incident particles into light. This occurs as the

incident neutrons impart kinetic energy to electrons, protons, alpha particles, and carbon within

the scintillator material, which emit scintillation light in various amounts according to the type

of particle. [25, 26] Some of the incident energy is, however, lost as heat.

Light output in a scintillator is generally accomplished through the emission of visible light

via the processes of fluorescence and phosphorescence. Fluorescence occurs when the electrons

associated with molecules within the scintillator enter a singlet excited state, then emit photons

upon decay to the ground state. The intensity of this light can be described as an exponential

decay such that I = I0 exp (−t/τ). Fluorescence occurs quickly such that τ is typically

on the order of nanoseconds. In addition to the different energy levels, there are also different

vibrational states for the scintillator molecules. Some excitation energy may be dissipated in

the form of vibrational energy, so the photons emitted via fluorescence may be of a wavelength

longer than that associated with the difference between the main electron energy levels. This

means that the wavelengths of photons produced by fluorescence are essentially decoupled from

the original excitation energies.

Phosphorescence occurs due to changes in spin of electrons (whereas the spin of electrons

does not change in the process of fluorescence). Molecules in organic scintillators generally

exhibit π-electronic energy levels [24] such that electrons that have entered an excited state

may enter a triplet state (which is distinct from the singlet excited states that are associated with
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Figure 2.1: Simple diagram illustrating a singlet excited state that is associated with fluores-
cence and a triplet excited state that is associated with phosphorescence. Note that the singlet
energy levels (S) and the triplet energy levels (T ) are distinct and that the first triplet state (T1)
is lower than the first singlet excited state (S1).

fluorescence). This transition to a triplet state is associated with a change in spin, as illustrated

in Fig. 2.1. Triplet excited states are metastable and consist of electrons with parallel spins.

Relaxation of an electron from a triplet state results in a second change in spin (such that the

electron returns to its original spin) as well as emission of a photon. The emission of photons

via phosphorescence takes several orders of magnitude longer than emission via fluorescence

such that the time decay constant for phosphorescence is on the order of milliseconds to several

seconds.

The liquid xylene in the two OMEGA xylene detectors is purged with oxygen. This oxygen

acts as a quenching agent, increasing the contribution of the fluorescence component to total

light output while decreasing the contribution of the phosphorescence component. Suppressing

the component with the longer time decay reduces the observed afterglow, which is advanta-

geous for a detector that is meant to measure signals with a timing resolution of 0.1 ns. As the

xylene is known to degrade over time, [27] the fluid in the OMEGA detectors is replaced with

new, freshly oxygenated xylene approximately every three months.



22

2.2.2 Detector design and calibration for xylene nTOF detectors

Within the field of ICF, it is common to field a single, large nTOF detector that is operated in

current mode as previously described. As detailed in Refs. 28 and 29, these nTOF detectors

often involve several gated PMT’s which all receive light from the same scintillator volume.

This approach increases the dynamic range of the measurement. Each PMT can be operated at

a different bias voltage or gain so as to accurately measure different parts of the total signal,

which may span several orders of magnitude. The “start time” of the signal (i.e., the time of

the implosion) is typically determined using the known detector distance in conjunction with

measured delays related to laser timing, neutron/x-ray bang times, and cables. [30]

With the recent development of a second xylene neutron time-of-flight (nTOF) line of sight

(LOS) on OMEGA that uses the same detector design as an existing OMEGA nTOF, [29, 31, 32]

an additional measurement of backscatter areal density is now available, enabling the study of

implosion symmetry via variations in areal density. The two detectors that are used to measure

backscatter areal density have an identical design that is detailed in Ref. 29 and Ref. 32. Each

of the detectors is located along a shielded collimated LOS. The two LOS are shown in Fig. 2.2.

The original xylene detector is located 13.4 m from the target chamber center (TCC), below the

OMEGA target bay. Collimation is provided by a thick plastic block which is situated between

the target chamber and the target bay floor. A hole in the plastic is aligned with a hole that has

been bored diagonally through the concrete floor between the target bay and the detector. The

concrete floor reduces background by preventing some neutrons from reaching the detector. The

second nTOF LOS is located 22.1 m from TCC, above the level of the OMEGA target chamber.

Collimation is provided by a thick concrete wall as well as a plastic shield wall monolith. The

13-m LOS is positioned at (θ = 117◦, ϕ = 162◦), while the 22-m LOS is positioned at (θ = 79◦,

ϕ = 306◦). Because of the positions of these two LOS in relation to the target chamber, the two

detectors measure areal density from two distinct regions of the target as illustrated in Fig. 2.3.

The 13-m detector measures backscattered neutrons from a section of the upper hemisphere

of the target, while the 22-m detector measures neutrons backscattered from a section of the
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Figure 2.2: Schematic showing the 13-m (P7) and 22-m (H10) xylene nTOF LOS in relation to
the OMEGA target chamber. The panels show magnified views of each detector at the end of
each LOS. The green cones show each detector’s LOS to TCC. Each detector is used to measure
the backscatter areal density via the 3-4 MeV region of the nTOF signal, so the portion of the
target measured by each detector is opposite to the physical location of the detector. This is
illustrated in Fig. 2.3.

target’s lower hemisphere.

Each detector consists of a 20-cm-diam. × 10-cm-thick cylindrical volume of xylene that

is contained within a stainless-steel housing. They are therefore known as the OMEGA “8x4”

detectors after their dimensions, or the “P7” (i.e. 13-m) and “H10” (i.e., 22-m) nTOF detectors

after the OMEGA ports through which they view the target chamber. Each detector has four

windows along the edges of its housing, located equidistant from one another. A gated PMT is

placed on each of these windows for detection of the scintillation light that is produced when

energy is deposited in the xylene. The use of four gated PMT’s allows for measurement of the

signal over a large dynamic range. [31, 32] This large dynamic range enables measurement

of the high-energy (14.03-MeV), high-yield (∼ 1 × 1014) DT neutrons in addition to the low-

energy DD (2.45-MeV) and backscattered DT (3- to 4-MeV) neutrons, which typically have a

yield in the 1×1010 to 1×1011 range during cryogenic DT implosions. Further information on

the electronic setup for these detectors is detailed in Appendix A. The areal density measure-
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Figure 2.3: Illustration demonstrating the relative areas of the target from which the two detec-
tors sample the backscatter areal density. In order to allow for simultaneous viewing of both
areas of interest, this diagram shows a rotated view with respect to the diagram of the target
chamber shown in Fig. 2.2. The area surveyed by the magnetic resonance spectrometer at
OMEGA is also shown for reference. Note that the relative solid angles of the detectors are not
to scale.

ment depends upon measurement of the backscattered DT neutrons as well as the primary DT

yield, although primary DT yield is also measured by several other detectors on OMEGA.

Since it is known that the light output of xylene changes as the liquid ages and its oxygen

level decreases, [27] the xylene used in both detectors is replaced with freshly oxygenated

xylene every three months on OMEGA. Detector calibration is performed on each cryogenic

shot day using two DD implosions that precede cryogenic DT implosions. Calibration is carried

out by calculating the charge detected by a given PMT in response to DD neutrons. This charge

along with a standard measurement of DD neutron yield can then be used to calculate a charge

per neutron at ∼2.45 MeV (i.e., a calibration constant). [29]

The output signal from one of the PMT’s is a voltage as a function of time that can be

represented as

(2.15) V (t) =

{[
50 Ω

k
× s(E)× a(E)× dN

dE4π

dE
dt

]
⊗ IRF

}
+B(t)

where V (t) represents voltage in units of volts, k represents a charge calibration constant in

units of nC/neutron, 50 Ω represents digitizer impedance, s(E) represents detector sensitivity,
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Figure 2.4: Detector sensitivity (also known as “light output”) (left) and beamline attenuation
(right) for the two 8x4 detectors as calculated by MCNP simulations conducted by collabora-
tor Chad Forrest (LLE). [29] Both are normalized to 2.45 MeV (i.e., the energy at which the
detectors are calibrated). The detector sensitivity is the same for both detectors. Since the two
beamlines leading to the detectors are very different, beamline attenuation requires a separate
calculation for each detector.

a(E) represents beamline attenuation of neutrons from the center of the OMEGA target cham-

ber to the detector, dN
dE4π

represents the total neutron spectrum exiting the ICF target into 4π, dE
dt

represents the relativistic Jacobian, IRF represents the energy-dependent instrument response

function (IRF), ⊗ represents convolution, and B(t) is a background model. The functions s(E)

and a(E) are calculated using particle transport code MCNP. [33] Detector sensitivity s(E)

can be calculated using simulations of monoenergetic neutrons incident on a volume of xylene

along with the use of a model such as that found in Ref. 25, which gives the contributions of

light output from individual protons, carbon nuclei, and alpha particles in xylene. Calculation

of beamline attenuation a(E) requires modeling of items along the LOS including the target

chamber, port holes, and collimators. [29] The calculated curves for s(E) and a(E) are shown

in Fig. 2.4.

The standard practice for calibration of these detectors is to use two sets of DD data at two

different yields. For data representing DD neutrons only, there is no apparent background and

the DD neutron signal spans a relatively small range of energies, so the background and IRF
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terms can be neglected. Both sides of the equation can then be integrated such that

(2.16)
∫

V dt =

∫ [
50 Ω

k
× s(E)× a(E)× dN

dE4π

dE
dt

]
dt

or, equivalently,

(2.17) Q =

∫
V dt

50 Ω
=

1

k
× s(EDD)× a(EDD)× YDD

where YDD is the standard measurement of DD neutron yield and Q is a charge. The standard

DD yield for this calibration currently comes from a separate detector which has been cross-

calibrated to indium activation measurements and consists of a 40-mm-diam × 20-mm-thick

plastic scintillator coupled to a two-stage microchannel plate (MCP) PMT. [34]

It is standard to fit a Gaussian shape [9] to the observed voltage and to integrate this best-

fit Gaussian to determine the charge Q instead of directly integrating the data, which includes

digitization noise. To incorporate both charge measurements, k
s(EDD)a(EDD) is typically deter-

mined by performing a linear fit to YDD vs. Q for the two DD shots. Figure 2.5 illustrates this

process. Once the calibration constant at 2.45 MeV has been calculated, it can be scaled by the

detector sensitivity and beamline attenuation — both functions of incident neutron energy — to

determine the charge per neutron at other neutron energies, as represented in Eq. 2.15. [28]

2.3 Forward fit procedure with energy-dependent IRF

As previously mentioned, the signal from a particular PMT on one of the xylene detectors is

a voltage as a function of time which can be modeled according to Eq. 2.15. This should

be valid for data concerning any neutron spectrum so long as the MCP PMT has not been

depleted of charge (i.e., so long as the total signal charge remains sufficiently low). A forward

fitting procedure is used to determine the neutron energy spectrum dN
dE4π

that best fits measured

nTOF data. This is typically done by assuming some parameterized form of the neutron energy

spectrum in which the parameters are varied until the sum of weighted residuals is minimized.
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(a)

(b)

(c)

Figure 2.5: Illustration showing the calibration procedure for each xylene nTOF detector. A
Gaussian is fit to each DD signal and the best-fit Gaussian is integrated to determine a charge
(a-b). A weighted linear fit to Q as a function of YDD (c) is used to determine the calibration
constant k.
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The measured nTOF signal includes effects from the detector’s instrument response func-

tion (IRF) such that the relationship between the neutron energy spectrum and the measured

signal is not immediately obvious. One method of interpreting an nTOF signal is the forward-

fit technique, [28] which involves the convolution of a model neutron energy spectrum with the

detector IRF. In the absence of bright, pulsed monoenergetic neutron sources, the total neutron

IRF cannot be directly measured. The total neutron IRF is instead constructed by convolving

a measured x-ray response with an energy-dependent neutron interaction response. This is a

common approach for nTOF’s used for ICF experiments. [28, 29, 35] The measured x-ray re-

sponse accounts for the detector’s response to a short pulse of incident energy (i.e., the impulse

response) while the energy-dependent neutron interaction response accounts for energy deposi-

tion and transit time as a neutron travels through the detector. The neutron interaction response

can be calculated using a particle transport code such as MCNP. Note the distinction between

“the total neutron IRF” and “the neutron interaction response.” To emphasize this distinction,

“the total neutron IRF” will subsequently be referred to as “the total IRF.”

To date, most analyses of neutron time-of-flight data from inertial confinement fusion ex-

periments have focused on the relatively small range of energies corresponding to the primary

neutrons from DD and DT fusion, and have therefore employed instrument response functions

(IRF’s) corresponding to monoenergetic 2.45-MeV or 14.03-MeV neutrons. For the purposes

of calculating DT and DD fusion neutron yields, burn-averaged ion temperatures, and hot spot

motion in ICF experiments, it is sufficient to restrict the analysis to a relatively small energy

range (width σ of <200 keV for typical cryogenic DT ICF experiments) and a single neutron

interaction response at the relevant energy can be used. An example of a neutron energy spec-

trum that is relevant to cryogenic DT experiments is shown below in Fig. 2.6. Both 2.45-MeV

DD and 14.03-MeV DT neutrons are generated in a DT implosion. It is common to use the

14.03-MeV IRF to model the nTOF signal for DT primary neutrons and to use the 2.45-MeV

IRF to model the nTOF signal for DD primary neutrons.

This approach should not, however, be used for analyses that span large energy ranges since

the energy dependence of the neutron interaction response is not negligible in such cases. In or-
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Figure 2.6: Example energy spectrum representing the products of direct-drive DT cryogenic
experiment with an ion temperature of 2 keV and an areal density of 100 mg/cm2. Several
neutrons undergo scattering in the cold DT fuel or are involved in the breakup reaction n(D,p)2n,
both in proportion to the areal density. This energy spectrum was produced by using the neutron
transport code IRIS3D [36] to generate the neutron spectrum for a spherical and symmetrically-
distributed cold fuel layer surrounding a spherical, volume-distributed neutron source.

der to accurately analyze nTOF signals that span a broad energy domain, a generalized forward

fit that can incorporate the energy-dependence of the neutron interaction response must be con-

structed. Similar issues have been addressed for gamma-ray energy spectra that include energy-

dependent features, [37] although the issue is slightly different in Ref. 37 since the full-energy

peaks associated with these gamma rays are known to appear at discrete energies. Addition-

ally, Ref. 37 involves direct measurements of energy spectra, while the neutron measurements

that will be discussed here are time-of-flight signals that include the effect of energy-dependent

signal broadening, introducing an additional relationship between energy and time of flight.

2.3.1 Formulation with arbitrary IRF

Below the saturation point of the scintillator and within the linear region of PMT gain, the

digitizer-recorded nTOF signal m(t) can be understood as the superposition of the detector’s

response to a neutron of incident energy E, weighted by the number of neutrons incident on the
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detector at that energy. The variable t represents the time scale recorded on the oscilloscope.

If the number of neutrons detected per unit energy is given by dN
dE (E), the detector’s temporal

response for a given incident neutron energy is given by R(E, t), the Jacobian describing the

conversion from neutron energy to neutron time-of-flight is dE
dt , and the detector’s calibration

constant is C, then the measured signal can be written as a Fredholm integral of the first kind

given by

(2.18) m(t) = C

∫ t

0

dN
dE

[E(t)]
dE
dt

R(E, t)dt .

Many models for nTOF signals also include components related to detector sensitivity and

beamline attenuation of neutrons along a detector’s line of sight, both of which are functions

of only the incident neutron energy. These can be included in the term dN
dE (E).The conversion

from time to energy can be accomplished relativistically as E = mnc
2( 1√

1−( d
ct
)
2
− 1) where

mn is the neutron mass, c is the speed of light, d is the detector’s distance from target chamber

center (TCC), and t is the neutron’s time-of-flight from TCC to the detector. The Jacobian dE
dt

is determined by taking the derivative of this equation with respect to t.

The total IRF R(E, t) describes the measured signal produced by an instantaneous flux of

monoenergetic neutrons of energy E. It is usually constructed by convolving a measured x-

ray response function with a calculated neutron interaction response. The shape of the neutron

interaction response changes with incident neutron energy. Examples of neutron interaction

responses are shown in Fig. 2.7(b). An example total IRF is shown in Fig. 2.8 for a 6-MeV

neutron. Details concerning the construction of R(E, t) will be discussed in Sec. 2.3.4.

In working with experimental time-of-flight data, it is useful to exchange the incident neu-

tron energy variable E(t) in Eq. (2.18) for E(t′), the energy as a function of the neutron’s time

of arrival at the detector t′. It is also convenient to rewrite the detector response function in a

new temporal variable t − t′, which translates each individual response function to the origin.

This is useful for the purpose of aligning the response functions in time and will be used to

show that this formulation reduces to previous results. [28]
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With these changes, Eq. (2.18) then becomes

(2.19) m(t) = C

∫ t

0

dN
dE

[E(t′)]
dE
dt′

[E(t′)]R[E(t′), t− t′]dt′ .

This is the general form of Eq. 2.15 which was previously given for the xylene detectors, though

Eq. 2.15 explicitly includes detector-specific factors such as the calibration constant, sensitivity,

beamline attenuation, and a background component. Note that dN
dE in Eq. (2.19) represents

the number of neutrons detected per unit energy, which is equivalent to s(E)a(E) dN
dE4π

in Eq.

(2.15). Additionally, C in Eq. (2.19) is represented as 50 Ω
k in Eq. (2.15). [29]

2.3.2 Formulation with a monoenergetic IRF which can be represented as a

Toeplitz matrix

Previous work [28] has focused on analysis of the neutron energy spectrum in a narrow energy

domain (<200 keV for nominal ICF cryogenic experiments). In such an analysis, it is valid

to assume that the shape of the neutron response function varies slowly with incident neutron

energy. The response function can therefore be approximated as R(E, t− t′) ≈ R(E = E0, t−

t′) ≡ R0(t− t′). Under this assumption, Eq. (2.19) becomes

(2.20) m(t) = C

∫ t

0

dN
dE

[E(t′)]
dE
dt′

[E(t′)]R0(t− t′)dt′,

which is the convolution of the source spectrum with a monoenergetic detector response func-

tion. This agrees with previous formulations for the modeling of nTOF signals [28].

In discrete form, Eq. (2.20) can be represented as

(2.21) m(tk) =

k∑
i=0

P [E(t′i)]R0(tk − t′i),

where P [E(t′i)] is the vector of prediction and the substitution P [E(t′i)] ≡

C dN
dE [E(t′)]dE

dt′ [E(t′)]∆t′i has been made for simplification. Note that both P [E(t′i)] and
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R0(tk − t′i) must have the same sampling rate ∆t′i for this formulation to hold. The sum in Eq.

(2.21) can be written as a matrix multiplication given by

(2.22) m⃗ = TP⃗ ,

where P⃗ is the vector of prediction of length Np, m⃗ is the vector of measured values of length

Nm = Np+Nr−1, and T is a Toeplitz matrix of the response vector [35] with shape Np×Nm

given by

(2.23) T =



r0 0 ... 0 0

r1 r0 ... ... ...

r2 r1 ... 0 0

... r2 ... r0 0

rNr−1 ... ... r1 r0

rNr rNr−1 ... ... r1

0 rNr ... rNr−2 ...

0 0 ... rNr−1 rNr−2

... ... ... rNr rNr−1

0 0 0 ... rNr



.

r⃗ is the response vector of length Nr. This reduces to the formulation given in Ref. 28.

2.3.3 Formulation with an energy-dependent IRF

For an analysis over a large energy domain, the use of a single monoenergetic response function

is insufficient. In these cases, Eq. (2.19) must be used. In discrete form, Eq. (2.19) can be

written as

(2.24) m(tk) =
k∑

i=0

P [E(t′i)]R[E(t′i), tk − t′i] .
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Again, both P (E(t′i)) and R(E(t′i), tk − t′i) must have the same sampling rate ∆t′i for this

formulation to hold.

Equation (2.24) can also be written as a matrix multiplication. In this formulation, Eq.

(2.22) still applies, but T must represent a generalized Toeplitz matrix that uses response func-

tions of varying energies. T has dimensions Np ×Nm and is given by

(2.25) T =



r0,0 0 ... 0 0

r0,1 r1,0 ... ... ...

r0,2 r1,1 ... 0 0

... r1,2 ... rNp−1,0 0

r0,Nr−1 ... ... rNp−1,1 rNp,0

r0,Nr r1,Nr−1 ... ... rNp,1

0 r1,Nr ... rNp−1,Nr−2 ...

0 0 ... rNp−1,Nr−1 rNp,Nr−2

... ... ... rNp−1,Nr rNp,Nr−1

0 0 0 ... rNp,Nr



.

Note that the first index of each matrix element corresponds to energy Et′i
, while the second

index corresponds to time tk−t′i (or the index of a specific entry within the array of R[E(t′i), tk−

t′i)]. It is clear that, in this case, R must be generated at many energies in order to construct the

Toeplitz matrix since each column of the matrix represents a response function of a different

energy.

2.3.4 Calculation of the neutron interaction response and interpolation of the

total neutron IRF

As previously described, the total IRF should describe the measured signal produced by an

instantaneous flux of neutrons. Implementation of the forward fit therefore requires knowledge

of both the x-ray response and the neutron interaction response. The x-ray response describes
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the detector’s response to a short pulse of incident energy (i.e., the impulse response) while the

neutron interaction response describes the transit time and energy deposition of a neutron of

energy E as it travels through the scintillator. The total IRF is the convolution of the neutron

interaction response and the x-ray response. For ICF applications at Omega, the x-ray response

is obtained in situ on x-ray calibration experiments using a 20-ps or 100-ps laser pulse that is

incident on a Au-coated sphere or Au foil. [30] The resulting x-ray pulse has a width of about

70 to 100 ps, which is approximately considered to be a delta function in time. Once a single

x-ray response of acceptable quality is obtained, this response can be used for every forward fit

for a given detector, although it is desirable to collect a series of x-ray responses and average

them.

For a scintillator, the quantity corresponding to the neutron interaction response is the en-

ergy deposited in the detector material as a function of time. Each incident neutron energy

will produce a different interaction response function due to scattering within the detector and

changing neutron velocities. Since the shape of the neutron interaction response depends on

incident neutron energy, the most efficient approach is to set up a series of simulations in which

monoenergetic neutrons are directed toward the relevant detector. The neutron interaction re-

sponse is therefore generated using a Monte Carlo code such as MCNP [33] or Geant4 [38].

There are three main features of the neutron interaction response: (1) the initial scattering

edge that represents neutron interactions near the front of the detector, (2) the approximately

linear decay that represents attenuation of neutron energy due to single scatter events and in-

teractions that occur deeper within the detector material, and (3) the nonlinear decay tail that

represents multiple scatters and residual energy deposition by scattered particles. These fea-

tures are illustrated in Fig. 2.7(a), which shows the energy deposition for 6-MeV neutrons in

the 20-cm-diam. × 10-cm-thick xylene detector at the Omega Laser Facility as simulated in

MCNP. While the time of the initial scattering edge is approximately equal to a given neutron’s

time of flight to the detector and the width of the single scatter decay is approximately equal

to the transit time of the particle through the detector, the slopes and curvatures involved in the

three features must be calculated by Monte Carlo. In particular, it would be extremely difficult
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(a) (b)

Figure 2.7: Features of the neutron interaction response from an MCNP simulation of 109 6-
MeV neutrons incident on a 20-cm-diam. × 10-cm-thick xylene detector (a) and comparison
of area-normalized neutron interaction responses from similar simulations at different neutron
energies (b).

to attempt to calculate the multiple-scatter decay tail analytically since this requires knowledge

of the energies of every scattered particle after each scattering event as well as knowledge of

the relevant scattering cross sections at all of these energies. For comparison, Fig. 2.7(b) also

shows the neutron interaction response at several incident neutron energies. These were calcu-

lated in MCNP using the same simulation setup that was used to produce the 6-MeV neutron

interaction response shown in Fig. 2.7(a).

Figure 2.8 shows the x-ray response, the 6-MeV neutron interaction response from MCNP,

and the convolution of these two functions in the time domain for the aforementioned xylene

detector at Omega. The x-ray response that is shown is the average of several signals obtained

by the 20-cm-diam. × 10-cm-thick cylindrical xylene detector during OMEGA EP shots in

which planar Au foils were shot with 70-ps laser pulses and OMEGA-60 shots in which Au

spheres were shot with 100-ps laser pulses. In order to conserve correct timing in the forward

fit, the rise of the neutron interaction response must be set to t = 0, while the rise of the x-ray IRF

must be consistent with the x-ray IRF that is used in the relevant timing calibration. [30] Both

the x-ray IRF and the neutron interaction response must be area normalized before convolution

in order to create an area-normalized total IRF.
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While the total IRF at each desired energy (i.e., each time of flight in a measured nTOF

signal) could be generated by running a Monte Carlo simulation for each individual neutron

interaction response and convolving each of these with the measured x-ray response, this ap-

proach would be very computationally expensive. Thousands of simulations would be required

for the analysis of each data set since each xylene nTOF has a resolution of 100 ps. It is more

efficient to run a representative set of Monte Carlo simulations at discrete incident neutron en-

ergies and then interpolate the resulting response functions to arbitrary neutron energies. It is,

however, difficult to directly interpolate the neutron interaction response without introducing

artifacts. Changes in the width of the neutron interaction response and the presence of sharp

features make it very challenging to accurately interpolate the neutron interaction response us-

ing direct linear interpolation. It is possible to split the function into different regions based on

the three main features and then attempt interpolate each of the three main features of the neu-

tron interaction response using the method shown in Ref. 37, but in this case, such an approach

does a poor job of estimating the relative amplitudes of the three main features.

A more accurate interpolation can be achieved by interpolating the total IRF instead of the

neutron interaction response. This involves first convolving the x-ray response with each of

the neutron interaction responses to generate the total IRF. The total IRF is a relatively smooth

function that can be interpolated with high accuracy using simple linear interpolation. Convolv-

ing the two responses before interpolating eliminates the difficult task of interpolating across

the sharp features of the neutron interaction response. Figures 2.9 and 2.10 illustrate interpo-

lation of the 6-MeV IRF and compare the interpolated IRF to the IRF that is obtained through

directly modeling the 6-MeV neutron interaction response in MCNP. The set of MCNP simula-

tions generated for this interpolation spanned 1 through 15 MeV in increments of 1 MeV. The

total IRF’s for 1 MeV through 5 MeV and 7 MeV through 16 MeV were used to interpolate the

6-MeV IRF, although only the even energies are plotted in Figs. 2.7 and 2.9. The interpolated

6-MeV IRF is in good agreement with the 6-MeV IRF that was constructed using the neutron

interaction response that was generated by MCNP. Note that while the total IRF’s are shown on

the t − t′ time axis, it is mainly the shape of the IRF that is relevant to the convolution of IRF
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Figure 2.8: Area normalized average x-ray IRF from Omega EP shots, area-normalized 6-MeV
neutron interaction response, and the convolution of the two (total IRF), which is also area-
normalized.

and model function as shown in Eq. 2.15 or Eq. 2.19. The time axis of the relevant forward fit

is defined by the energy axis of the model energy spectrum dN
dE .

2.3.5 Sources of uncertainty in the total neutron IRF

The x-ray response is the main source of uncertainty in the total IRF. The total IRF also contains

some Poisson uncertainty from the simulations that produce the neutron interaction IRF, but this

contribution is very small so long as simulations have been run with high statistics.

Uncertainty in the x-ray response arises because a single measured x-ray response is only

one measurement from an ensemble of possible measured x-ray responses, i.e., each data point

in the measured x-ray response includes some noise, so the “true x-ray response” is not known.

Realistically, there are two sources of uncertainty in the x-ray response: (1) Gaussian distributed

uncertainties from digitization, and (2) Poisson uncertainties related to the number of x rays

detected. As it is not currently possible to determine the number of x rays detected for an

x-ray-producing experiment at the Omega Laser Facility, contributions from the second term

will be neglected. Omission of this term is equivalent to assuming that the measured x-ray
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Figure 2.9: The 6-MeV total IRF can be accurately interpolated using linear interpolation. The
percentage difference between the interpolated 6-MeV IRF and the directly calculated 6-MeV
IRF can be significant at t <1 ns due to the very small amplitude at these times, but is reduced
to <5% for t >2 ns and <1% for t >3.5 ns.
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Figure 2.10: Additional views of the comparison between the interpolated 6-MeV IRF and the
6-MeV IRF calculated from the direct convolution of the x-ray response with the MCNP neutron
interaction response. The percentage difference between the interpolated 6-MeV IRF and the
directly calculated 6-MeV IRF can be significant at t <1 ns due to the very small amplitude at
these times, but is reduced to <5% for t >2 ns and <1% for t >3.5 ns.
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IRF represents a large number of x rays so that σnxray/nxray is very small. A high signal-to-

noise ratio in the measured x-ray response suggests that this assumption is appropriate. The

uncertainty introduced by the measured x-ray response can be reduced by measuring several

x-ray responses and averaging them.

To determine a realistic uncertainty in the relevant forward fit and the fit parameters of inter-

est, uncertainties in the measured x-ray IRF that result in uncertainties in the model forward-fit

function must somehow be included. The traditional χ2 fit metric that is used in least-squares

minimization contains uncertainties related to each data point in the nTOF signal, but does not

include uncertainties in the model fit function. While some algorithms do exist [39] for the

purpose of incorporating model uncertainties in minimization, they tend to be very complicated

and very computationally expensive.

2.3.6 Generalized χ2 minimization with correlation between time bins

For a forward fit involving matrix multiplication, it is clear that the model introduces correlation

between the predicted values in individual bins. This correlation can be represented as a mul-

tivariate normal probability distribution. The likelihood of the multivariate normal distribution

can be written as

(2.26) L =
1√
2π|Σ|

exp(−r⃗TΣr⃗/2),

where r⃗ represents the residual (i.e., the difference between the measured signal and the pre-

diction that is based on the model function) and Σ represents the covariance matrix of the total

IRF (not the parameter covariance matrix).

Σ is a square matrix with dimensions of x × x, where x is the number of data points in

the forward fit. The individual components of the IRF covariance matrix can be represented as

Σij =
ρij
σiσj

, where ρij is the correlation matrix and σi represents the uncertainty on a measured

data point Vi. The individual components of ρij can be calculated formally using expectation
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values (where E [X] =
∫
Xf(X)dX where f(X) is a probability distribution) such that

ρij =
E {[Ti − E(Ti)][Tj − E(Tj)]}√

E{[Ti − E(Ti)]2}E{[Tj − E(Tj)]2}

=
E {[Ti − E(Ti)][Tj − E(Tj)]}

σTiσTj

(2.27)

where T is the Toeplitz matrix that represents the matrix IRF and Ti represents a specific column

in T, i.e., a specific monoenergetic IRF that includes a time shift that preserves the appropriate

energy-based weighting of the model neutron spectrum. σTi represents the variance associated

with a specific monoenergetic IRF. Each σTi can be determined from the noise that appears

before the rise time of the relevant monoenergetic total IRF.

Based on the assumption of Gaussian noise on the measured x-ray IRF, the total IRF is also

assumed to have Gaussian noise on each individual data point. This means that each individual

entry in T (or each data point in a given monoenergetic total IRF) has its own associated prob-

ability distribution since each entry is considered to represent a random number drawn from a

Gaussian distribution with a mean equal to the calculated value and a standard deviation equal to

σTi . The probability distributions for data points within a given column of T therefore share the

same variance but may not have the same mean value. In practice, it may therefore be necessary

to calculate the correlation between two monoenergetic IRF’s via a Monte Carlo procedure in

which each data point Tim and Tjm is drawn from the relevant Gaussian distribution, producing

perturbed arrays Ti′ and Tj′ . For a set of k pairs of Ti′ and Tj′ , and recalling that x is the length

of the relevant forward-fit signal, ρij can then be calculated such that

(2.28) ρij =
1
k

∑x
m=1(Ti′m − Tim)(Tj′m − Tjm)

σTiσTj

,

where Tim and Tjm are the unperturbed arrays. ρij can range from –1 to 1. In general, even

though T is a lower triangle Toeplitz matrix and therefore is populated by zeros in the upper-

right corner of the matrix, ρij is symmetric such that ρij = ρji.

Once the covariance matrix has been constructed, the best-fit parameters can be determined
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by maximizing the log-likelihood. For a data set with x data points, the log-likelihood associ-

ated with Eq. (2.25) is

(2.29) ln(L) = −x

2
ln(2π)− 1

2
ln(|Σ|)− r⃗TΣr⃗ .

Since the first two terms in the log likelihood are constants, the log-likelihood can be maximized

by minimizing the quantity χ2 = r⃗TΣr⃗.

2.3.7 Monte Carlo procedure for determining statistical uncertainties from the

energy-dependent IRF without direct calculation of the covariance matrix

If there is no correlation between data points, the covariance matrix Σ is diagonal and the

multivariate normal distribution in Eq. (2.26) reduces to a product of univariate Gaussians such

that

(2.30) ln(L) = −x

2
ln(2π)−

x∑
i=1

ln(σi)−
1

2

x∑
i=1

r2i
σ2
i

.

This log likelihood can then be maximized by minimizing the quantity χ2 =
∑x

i=1
r2i
σ2
i

and parameter errors can be determined from the Hessian (H) of the minimization such that

σparams =
√

diag(inv(H)).

At first glance, it would appear that the most accurate and straightforward method of mini-

mization for a forward fit with an energy-dependent IRF would involve calculating Σ directly.

Assuming a Gaussian distribution on each individual element in the matrix T, the integration

to calculate each ρij as specified in Eq. (2.27) could be carried our analytically. In practice, this

may be difficult and time consuming, especially if T is a large matrix.

An alternative way to address this integration over possible IRF’s is to set up a Monte

Carlo calculation. This involves resampling each data point in the measured x-ray response

from a Gaussian distribution with a mean equal to the measured value and a variance equal to

the baseline digitizer noise in the measured x-ray response so as to obtain a perturbed x-ray
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response. This perturbed x-ray response can then be convolved with the neutron interaction

responses to calculate a perturbed total IRF that can be used in a forward fit. The process can

be repeated many times to build an ensemble of perturbed total IRF’s that can be applied to the

forward fit. Since the perturbed IRF will now directly affect the inferred best-fit parameters in

each Monte Carlo trial, the forward fit can be carried out by minimization of the uncorrelated

version of the χ2 metric (i.e., χ2 =
∑x

i=1
r2i
σ2
i

), so direct calculation of the correlation matrix is

no longer necessary.

The outcomes from these forward fits that use the perturbed total IRF’s can then be used to

determine the mean and variance of the best-fit parameters with uncertainties from the energy-

dependent IRF already included. This may, for example, be accomplished by creating a his-

togram of parameter values from the Monte Carlo trials and fitting a Gaussian distribution to

this histogram. The variance of the set of parameter values is equal to the statistical uncertainty

introduced by the IRF. The magnitude of this value relative to the statistical uncertainty inferred

from the Hessian of a single fit using the known IRF will depend on (1) the width of the signal

being analyzed relative to the width of the IRF at the relevant neutron energy, (2) the level of

noise present in the data relative to the level of noise measured in the measured x-ray response,

and (3) the Poisson contribution to the uncertainty on each data point. The roles of the noise on

the measured data as well as the Poisson contributions to the data are detailed in the following

subsection.

A similar Monte Carlo procedure can also be used to incorporate uncertainties from compo-

nents like detector sensitivity or beamline attenuation, which introduce additional uncertainties

in the model used in the forward fit, although these specific components introduce systematic

uncertainties rather than statistical uncertainties.

2.3.8 Uncertainties in the measured nTOF signal

In applying χ2 =
∑x

i=1
r2i
σ2
i

, σi must contain uncertainty from Gaussian-distributed digitiza-

tion noise as well as uncertainties related to the measured voltage. The total uncertainty on
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each data point can be written as σ2
i = σ2

scope + σ2
Vi

. The digitization noise on the nTOF

signal σscope is assumed to be Gaussian-distributed, while σVi contains calibration uncertainty

and Poisson-distributed uncertainties related to particle detection. Specifically, σVi contains

Poisson-distributed uncertainties from the number of detected neutrons per time bin as well as

the number of scintillation photons and the number of electrons that are generated in the PMT.

In practice, it is often sufficient to consider only the number of detected neutrons since the frac-

tional uncertainties associated with the scintillation photons and the photoelectrons are small if

it is known that a large number of scintillation photons are produced for each incident neutron

and a large number of electrons are generated within the PMT.

If the measured signal can be described according to Eq. (2.15), then the Poisson-distributed

number of detected neutrons per time bin is n(t) = a(E) dN
dE4π

dN
dt = a(E) dN

dt4π
. Equation (2.15)

can therefore also be written as V (t) = 50 Ω
k ×{[s(E)×n]⊗IRF}. Because of the convolution,

it is not simple or straightforward to directly extract the quantity n from the measured voltage.

While the equation for V (t) could be balanced by multiplying each side by the inverse of the

IRF matrix, it is well known that this simple attempt at deconvolution introduces high-frequency

noise. The quantity n should therefore be estimated according to the current iteration in the

forward fit. This means that the denominator of the χ2 fit metric will change based on each

iteration of the forward fit.

Error propagation through the equation V (t) = 50 Ω
k × {[s(E)× n]⊗ IRF} can be demon-

strated by closely examining the construction of a single element of the model function V (t).

A data set with only three measured values, for example, can be written as

(2.31)


V0

V1

V2

 =
50 Ω

k
×


R0,0 0 0

R0,1 R1,0 0

R0,2 R1,1 R2,0



s0n0

s1n1

s2n2

 dt .

Consider the second component of V (t), V1 =
50 Ω
k × [R0,1s0n0+R1,0s1n1]×dt = 50 Ω

k ×Y1.

Using the derivative method of error propagation, it is clear that the uncertainty on V1 can be
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calculated such that (σV1
V1

)2 = (σk
k )2 + (

σY1
Y1

)2. The same method can be used to show that

σ2
Y1

= σ2
n0
s20R

2
0,1dt

2 + σ2
n1
s21R

2
1,0dt

2, or σ2
Y =

[
(σn × s)2 ⊗ IRF2

]
× dt where ⊗ represents

convolution (which is equivalent to matrix multiplication) and the standard convolution oper-

ation is considered to contain one factor of dt . For Poisson statistics where σn =
√
n, this

clearly reduces to σ2
Y = (n × s2 × dt) ⊗ IRF2. Error propagation for subsequent Vi and for

larger data sets can be handled according to the same principles.

Combining the individual components from the calibration and the number of detected neu-

trons, it is clear that, for a signal described by V (t) = 50 Ω
k ×{[s(E)×n]⊗ IRF}, uncertainties

from the calibration and the number of detected neutrons can be propagated such that

(2.32) σ2
Vi

= V 2
i ×

[
σ2
k

k2
+

(n× s2 × dt)⊗ IRF2

Y 2
i

]
,

where Vi is the predicted voltage in a given time bin and Yi is the corresponding term from the

convolution term of the model. This can also be written as

σ2
Vi

= V 2
i × {

σ2
k

k2
+

(n× s2 × dt)⊗ IRF2

[(n× s)⊗ IRF]2
}

= (Vi ×
σk
k
)2 + {(50 Ω

k
)2 × [(n× s2 × dt)⊗ IRF2]} .

(2.33)

Including the Gaussian-distributed digitization noise, the uncertainty on each data point (i.e.,

the denominator in the χ2 minimization) can therefore be calculated such that

σ2
i = σ2

scope + V 2
i × {σk

k

2
+

(n× s2 × dt)⊗ IRF2

[(n× s)⊗ IRF]2
}

= σ2
scope + (Vi ×

σk
k
)2 + {(50 Ω

k
)2 × [(n× s2 × dt)⊗ IRF2]} .

(2.34)

This representation of σi corresponds to the standard deviation of a random variable that

is drawn from a composite probability distribution function (PDF) which includes both the

Poisson- and Gaussian-distributed PDF’s. As shown in Refs. 40 and 41, the composite PDF

is the convolution of the Gaussian-distributed PDF (which has µ = 0 and σ = σscope) and the

Poisson-distributed PDF (which has µ = n and σ =
√
n). This means that the uncertainty
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of each data point is a random number drawn from a Gaussian distribution that has a mean of

µ = n and a variance described by Eq. (2.34). It is clear that the digitizer noise becomes a

significant component of the total uncertainty for digitizer traces representing low numbers of

neutrons and/or a low signal-to-noise ratio.

Note that the Gaussian-distributed digitization noise associated with the data that are being

fitted is not the same as the Gaussian-distributed digitization noise associated with the measured

x-ray response since these two measurements are separate data sets that are obtained from differ-

ent experiments (i.e., the data being fitted and the x-ray response data may have been collected

at different sensitivities). As previously described in Sec. 2.3.7, the Gaussian-distributed noise

on the x-ray response contributes to an uncertainty on the total IRF, which can be incorporated

by Monte Carlo. This Monte Carlo also incorporates the temporal response of the scintillator

and the PMT, which are contained within the total IRF.

Implementation of the Monte Carlo described in Sec. 2.3.7 with the χ2 fit metric contain-

ing the calculated uncertainties described in this section results in a distribution of parameters

that contains the Gaussian-distributed digitization noise on the measured voltage, the Poisson-

distributed uncertainties in the measured voltage, calibration uncertainty, and the Gaussian-

distributed uncertainty in the calculated total IRF due to the digitization noise on the measured

x-ray response. Modifications to the described calculation may be necessary if the number of

photons generated in the scintillator, the number of photoelectrons generated in the PMT, or

the number of detected x rays in the measured x-ray response are not large quantities, or if the

simulated neutron interaction responses do not have a large number of neutrons per bin.

2.4 Inferring areal densities from nTOF data collected during

cryogenic ICF experiments

Areal density is a quantity that is used to diagnose the compressive performance of cryogenic

DT ICF experiments. The forward fit procedure detailed in the previous section can be used

along with a model neutron spectrum to infer areal densities from nTOF data. Recent develop-
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ments on the analysis of nTOF data at OMEGA include analysis over a larger range of energies

(1.5 to 4 MeV) in order to properly characterize the background as well as the spectrum of

backscattered neutrons. Accurate analysis over this extended range of energies requires the use

of an energy-dependent instrument response function.

The fit function for this analysis is as specified in Eq. 2.15. In general, the energy spectrum

dN/dE contains contributions from the DD primary, TT primary, and n(D,p)2n reactions as well

as the neutrons that scatter on D and T within either the hot spot or the cold fuel shell (nD

and nT), as shown in Fig. 2.6. Since areal densities on OMEGA are relatively low (< 350

mg/cm2), a spectrum for multiple scatters is not currently included in the fit function. The DD

spectrum includes parameters for an ion temperature (i.e., width), magnitude, and mean energy.

[9] The TT model comes from the zero-temperature shape inferred in Ref. 42. The magnitude

(or total yield) of the TT spectrum is determined using the DD:TT reactivity ratio at the inferred

DD ion temperature. The TT, n(D,2n)p, nD single elastic scatter, and nT single elastic scatter

shapes are convolved with a DT spectrum modeled at the inferred DD ion temperature in order

to incorporate thermal broadening.

The model spectra for nD and nT elastic single scatters can be built such that

(2.35)
dN
dE nT+nD

= ρL× YDT ×
fT

dσnT
dE + fD

dσnD
dE dE

fTmT + fDmD
.

Note that use of this equation assumes a point source of neutrons and an infinitesmally thin

shell. A similar equation can be written for n(D,2n)p using the cross sections inferred in Ref.

43 such that

(2.36)
dN
dE n(D,2n)p

= ρL× YDT ×
fD

dσn(D,2n)p
dE dE

fTmT + fDmD
.

Once the forward fit has been conducted and the best-fit neutron spectrum has been obtained,
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the final backscatter areal density can be calculated by inverting Eq. 2.35 such that

(2.37) ρL =
YnT+nD

YDT

fTmT + fDmD∫ 4 MeV
3.3 MeV[fT

dσnT
dE + fD

dσnD
dE ]dE

where YnT+nD =
∫ 4 MeV

3.3 MeV
dN
dE nT + nDdE and the integrated energy spectra are the best-fit spectra

for the elastically scattered nD and nT neutrons. Note that the components corresponding to

elastic nD and nT single scatters must be isolated from the rest of the energy spectrum in order

to infer this quantity.

Because the signal from nD neutrons is poorly resolved in the experimental data as shown

in Fig. 2.11, this analysis of experimental data focuses on inferring the areal density from the

nT spectrum instead of the combination of nD and nT as shown in Eq. 2.37. Furthermore, the

exact range of integration in Eq. 2.37 can affect the final inferred areal density, so this analysis

does not directly integrate the best-fit nT energy spectrum to determine the ρL. Instead, the nT

energy spectrum is constructed such that

(2.38)
dN
dE nT

= ρL× YDT ×
fT

dσnT
dE

fTmT + fDmD
.

where ρL is directly inferred as a fit parameter indicating the scaling of the nT edge. An

analogous spectrum is constructed for the nD scatters, however, its only purpose is to separate

the nD component of the signal from the nT component of the signal.

This forward fit analysis of the areal density has been benchmarked using synthetic data

representing symmetric, isobaric implosions that were generated using the particle tracking

code IRIS3D. [36] This method has been applied to a set of experimental data dating back to

early 2019, when the second xylene nTOF LOS came online. With the recent development of

a second xylene neutron time-of-flight line of sight on OMEGA that uses the same detector

design as an existing OMEGA nTOF, [29, 31, 32] an additional measurement of backscatter

areal density is now available, enabling the study of implosion symmetry via variations in areal

density.
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Figure 2.11: Signal from the 13-m detector on shot 99919, shown with various fit components
as a function of time. The normalized time axis as well as the fit that is used to infer the various
components will be discussed in detail in Sec. 2.4.4. Note that the nD edge is very poorly
resolved in the data. This effect is due to the detector sensitivity, as shown in Fig. 2.4.

2.4.1 ρR vs. ρL as descriptions of areal density

Areal density is often referred to as “ρR,” which denotes the product of the density and the

thickness of the cold fuel shell in a cryogenic ICF target. It is, however, difficult to directly

infer the quantity ρR from nTOF measurements because (1) the hot-spot areal density cannot

immediately be separated from areal density of the cold fuel, and (2) scattered neutrons rarely

travel directly through the radial thickness of the shell.

The quantity directly inferred by the backscatter nTOF measurements discussed in this work

can more accurately be referred to as “ρL” (as used in Eqs. 2.36-2.37), where L describes the

total path length traveled by a scattered neutron. ρL describes the total (hot spot + shell) areal

density as encountered by a neutron that may originate at any point within the hot spot and may

scatter at any point within either the hot spot or the shell, traversing a distance that is unlikely

to be equal to the shell’s thickness (R). [44] Figure 2.12 illustrates the difference between these

two quantities.

The analysis of nTOF data discussed here can only infer the total areal density (ρL). Sim-

ilarly, the IRIS3D models that will be discussed in the following section represent the realistic

paths that neutrons may take as they scatter in a target of given hot-spot and shell densities and
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Figure 2.12: Graphical representation of the difference between the quantities ρR and ρL. ρR
represents the areal density relevant to a neutron that travels radially through the thickness of
the cold fuel shell alone. ρL represents the areal density encountered by a neutron that may
originate anywhere within the hot spot and traverses a distance that may not be equal to the
thickness of the shell.

dimensions. The energy spectra produced by these simulations also represent the ρL instead

of the ρR. ρR quantities were used only to determine the appropriate input densities of the

shell and hot spot in the ice block model such that the IRIS3D simulations represent isobaric

implosions. When benchmarking the analysis using synthetic data, it is most valid to compare

inferred ρL values from the forward fit to the ρL values that can be calculated using the en-

ergy spectra that were used to build the synthetic data. Details concerning synthetic data are

discussed in the following section.

2.4.2 Symmetric synthetic data

“Synthetic data” refers to the use of a known input to build test data that resembles measured

experimental data and can therefore be used to test various analysis methods. A neutron energy

spectrum calculated using a Monte Carlo particle transport code, for example, can be propagated

through Eq. 2.15 with a calibration constant, detector sensitivity, and beamline attenuation

model relevant to a given detector in order to build synthetic time-resolved voltage data that

resembles experimental nTOF data. A given analysis can then be run on the synthetic data
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in order to infer quantities of interest. Synthetic data is a powerful tool for benchmarking

fitting procedures because inferred quantities can be directly compared to the quantities that are

known from the input neutron spectrum that was used to construct the synthetic data. Use of an

identical calibration constant and identical models for detector sensitivity, beamline attenuation,

and backgrounds in the forward fit and in the construction of the synthetic data also allow for a

comparison that eliminates uncertainties related to these quantities. This allows for more direct

evaluation of any deficiencies in the model used for the neutron spectrum.

The areal density analysis discussed in the previous section was first evaluated using syn-

thetic data that represents symmetric, isobaric implosions. The neutron energy spectra were

generated using an ice block model in IRIS3D [36], i.e., the cold fuel shell and the hot spot were

set up to have discrete, constant densities. Synthetic data were then generated by propagating

the simulated neutron energy spectrum through Eq. (2.15) with a calibration and attenuation

relevant to the original xylene detector, which is located beneath the target bay at 13.4 m from

TCC. The data set involved here represents isobaric 2-keV implosions with shell ρR’s from

50 to 250 mg/cm2. The isobaric assumption was represented in that the product ρT was held

constant between the shell and the hot spot.

The forward fit to the synthetic data was carried out as detailed in the previous section, using

the region of the time-resolved synthetic data corresponding to 1.5 to 4 MeV. The nD elastic

scatter, nT elastic scatter, and n(D,2n)p components are all assumed to scale by the same areal

density parameter. The final fit therefore has six parameters. There are four parameters related

to the neutron energy spectrum: DD ion temperature, DD mean energy, DD yield, and areal

density. The background is modeled as an exponential decay. The remaining 2 parameters in

the forward fit are the magnitude and time decay constant for the background.

As expected, the inferred ρL from the forward fit is different than the input shell ρR used

to set up the ice block model because scattered neutrons generally traverse a distance that is

not equal to the radial thickness of the shell. [44] When the energy-dependent IRF is used, the

ρL inferred from the forward fit agrees with the ρL calculated directly from the IRIS3D energy

spectra almost exactly. The relationship can be quantified using a linear fit as shown in Fig.
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Figure 2.13: Linear fit to inferred ρL from the forward fit using the energy-dependent IRF vs.
ρL calculated from the raw IRIS3D energy spectra along with Eq. 2.37. Best-fit parameters
from this linear fit are detailed in Table 2.1.

2.13. The linear fit to the ρL inferred by the forward fit to synthetic data vs. the ρL calculated

directly from the IRIS3D energy spectra gives a slope of 1 and an intercept < 1 mg/cm2.

If either the 2.45-MeV or 3.5-MeV monoenergetic IRFs is used, ∼2% inaccuracy is intro-

duced. The comparison between the forward fit with the energy-dependent IRF and the forward

fits with the two monoenergetic IRFs is summarized in Table 2.1. This is a relatively small inac-

curacy with the current analysis spanning 1.5 to 4 MeV because the only sharp features within

this region are the DD signal (2.45 MeV) and the nT edge (3.5 MeV), which are relatively close

in energy. For these detectors, the difference in the width of the IRF is relatively small between

these two energies (∼0.7-ns difference in FWHM). The inaccuracy introduced with the use of a

monoenergetic IRF is expected to grow substantially if the range of the fit is extended to 9 MeV,

although the exact magnitude of the effect has not yet been predicted because a more advanced

energy spectrum model and a different method of determining the background will likely be

required to reach this goal. Further complications that arise within an extended energy domain

will be discussed in reference to the experimental data in Sec. 2.4.4.
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IRF Slope Intercept
Energy-dependent 1.000 ±0.001 0.713 ±0.174

2.45-MeV monoenergetic 0.983 ±0.001 0.395 ±0.141

3.5-MeV monoenergetic 0.981 ±0.001 1.777 ±0.251

Table 2.1: Best-fit parameters for a linear fit to inferred ρL from the forward fit to synthetic
nTOF data vs. ρL calculated directly from the IRIS3D energy spectra. Three different IRF’s
were used in the forward fit: the energy-dependent IRF, the 2.45-MeV monoenergetic IRF, and
the 3.5-MeV monoenergetic IRF. For this particular detector, the 2.45-MeV monoenergetic IRF
is ∼0.7 ns larger in FWHM than the 3.5-MeV monoenergetic IRF.

2.4.3 Asymmetric synthetic data

The forward fit described above is designed to be applicable for approximately symmetric im-

plosions. Asymmetric implosions, however, can be more complicated. Since the n(D,p)2n

spectrum is known to be forward-peaked while this analysis focuses on the elastically backscat-

tered nD and nT neutrons, these spectra would not realistically scale by the same areal densities

as this analysis assumes if the implosion is asymmetric. [45] Similarly, the region beneath the

backscatter nT edge corresponds to forward-scattered nD neutrons, so the scaling of the nT and

nD contributions at ∼3.5 MeV may change with symmetry.

It is assumed that the differences between the realistic asymmetric spectrum and the mod-

eled symmetric spectrum will go into the “background” component of the forward fit model.

It is for this reason that the background is not fixed. Changes in the “background” (i.e., a to-

tal background that originates from environmental scattering + any asymmetric contributions)

have been observed in experimental data. The most obvious signature of a change in the total

background is a change in the magnitude of the yield- and calibration-normalized signal in be-

tween the nT backscatter edge (3.5 MeV) and the DD primary neutrons (2.45 MeV). This area

of the signal is dominated by the background from environmental scattering and the n(D,2n)p

spectrum, TT primary neutrons, and forward-scattered nD neutrons. Examples of changes in

background are shown in Fig. 2.14. It is clear that the change in background from environ-

mental scattering has an effect similar to a change due to asymmetry. These two effects cannot

necessarily be distinguished unless the setup of surrounding diagnostics is held constant so as
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(a) (b)

Figure 2.14: Experimental data illustrating changes in background on the 13-m xylene detector
from a change in environmental scattering (a) and from a change in symmetry during cryogenic
implosions (b). The data shown in (a) is from DT exploding pushers, so the targets had near-
zero areal density. The data shown in (b) is from two consecutive cryogenic shots with the same
setup of surrounding diagnostics, so the two data sets have the same environmental scattering
background. The change in background from environmental scattering has an effect similar to
a change due to asymmetry.

to eliminate changes in environmental scattering. Fitting for a background and limiting the fit

to 1.5-4 MeV with a focus on the nT edge (i.e., integration over 3.3-4 MeV to infer the nT

backscatter yield) limits the effect on the inferred backscatter areal density.

The energy spectra used to build synthetic data representing asymmetric implosions were

calculated analytically using the approach detailed in Ref. 45, which discusses the effects of

mode-1 asymmetries on scattered neutron spectra. This calculation was performed by Aidan

Crilly, a collaborator at Imperial College London, in order to provide a blind data set that could

be converted to synthetic data and analyzed using the forward fit method outlined here. This

data set included 50 neutron spectra with randomly selected mean areal densities between 100

and 350 mg/cm2 and randomly selected mode-1 amplitudes between -50 and 50 percent (where

the sign indicates the direction of the mode-1 asymmetry in relation to the detector).

Considering the observed background effects observed in Fig. 2.14, four different forward

fit methods with four different background models were attempted:

(1) An exponential decay model with two background fit parameters (amplitude and time



55

decay constant),

(2) An exponential decay model with two background fit parameters plus an additional

parameter for nT edge shape

(3) An exponential decay model with one background fit parameter (amplitude), with the

time decay/shape of the background fixed to the known value that was used to construct the

synthetic data, and

(4) An exponential decay model with one background fit parameter (amplitude), with the

time decay/shape of the background fixed to the known value that was used to construct the

synthetic data, plus an additional parameter for nT edge shape.

Note that fit (2) is the same as fit (1) with an additional parameter for the nT edge shape.

Similarly, fit (4) is the same as fit (3) with an additional parameter for the nT edge shape. Fixing

the background time decay parameter (i.e., the shape of the background) in fits (3) and (4) is

meant to mimic a fit to experimental data in which the background shape for cryogenic data is

assumed to be equivalent to the background shape inferred on warm DT shots.

The results from the four fits to this data set are shown below in Fig. 2.15 and Table 2.2.

It is clear that fit (2) performs the best. The fluctuations from the linear trend that are seen in

the other fits and from fit (1) in particular suggest that the edge shape is an important part of

the forward fit. As shown in Fig. 2.16, failure to include the edge shape parameter may result

in a very poor fit as there are cases in which the fitting algorithm must prioritize either the nT

edge or the region between the nT edge and the DD primary signal but cannot simultaneously

obtain a good fit for both of these features. The fact that fits (3) and (4) (which both use a fixed

background shape) also result in poorer fits suggests that the shape of the total background must

compensate for the changes in the spectrum due to asymmetry in order to achieve a reasonable

fit for this data set.
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Figure 2.15: Linear fit to inferred ρL from the forward fit to synthetic data from simulations of
asymmetric implosions vs. ρL calculated directly from the energy spectra provided by Aidan
Crilly (Imperial College), which were used to build the synthetic data.

Forward fit type Slope Intercept
Fit 1 1.015 ±0.278 58.980 ±55.357

Fit 2 0.996 ±0.024 8.301 ±4.670

Fit 3 0.820 ±0.125 65.142 ±24.880

Fit 4 0.809 ±0.135 70.109 ±26.641

Table 2.2: Best-fit parameters for a linear fit to inferred ρL from the forward fit to synthetic
nTOF data vs. ρL calculated directly from the energy spectra used to build the synthetic data. It
is clear that fit 2, which fits the entire background and includes two parameters for the nT edge
shape, does the best job at inferring the input ρL.
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Figure 2.16: Example of a fit in which the background shape was fixed and no edge shape
parameters were included (“fit 3”). This fit is associated with one of the data points that is
well above the y=x line in Fig. 2.15. It is evident that this fit could not simultaneously obtain
a good fit for the nT edge height, the region of the signal between the nT edge and the DD
primaries, and the region of the signal after the DD primaries. This fit preferentially fits to
the region between the nT edge and the DD primaries and the region after the DD primaries
because there are far more data points in this region than there are at the top of the nT edge, so
this configuration produces a minimized χ2.

2.4.4 Analysis of experimental data

While the tests carried out with symmetric and asymmetric synthetic data were revealing for

the purpose of benchmarking this areal density analysis, synthetic data may not be completely

equivalent to experimental data. The synthetic data discussed in the previous two sections

were constructed with a known background and known spectral models, several components of

which were exactly identical to those used in the forward fit. The study of asymmetric synthetic

data in Sec. 2.4.3 was meant to test the sensitivity of this analysis to changes in the nT, nD,

and n(D,2n)p neutron spectral models that occur when mode-1 asymmetries are present. There

may, however, be additional physics or background effects present in experiments which are

not yet fully understood, such as the presence of a tritium breakup spectrum. Such effects are

not included in the forward fit and are also not represented in synthetic data. There may also

be additional detector-related effects that are not represented in synthetic data, such as charge

depletion effects that may occur in the late time regions of the measured signal or slight changes

in the measured background due to aging of the xylene fluid.
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Recently, attempts have been made to isolate the environmental scattering background on

the nTOF signals using warm implosions in an environment similar to that which is present

during cryogenic implosion. These “DT readiness” implosions have been taking place on most

cryogenic shot days since late 2019. They generally consist of a warm CH or CD-shelled target

filled with DT gas, which is shot with a laser pulse and target chamber setup that is similar to

what is planned for subsequent cryogenic shots. Nonetheless, target positioning and the exact

items present in the target chamber may cause differences from the exact setup on a cryogenic

shot. Most notably, only true cryogenic shots include the cart and shroud assembly that is used

to bring cryogenic targets to TCC while maintaining low temperatures until shortly before a

shot. It is possible that the presence of this equipment may have an impact on the environmental

scattering background seen on nTOF’s, however, these recent DT readiness shots are currently

the most feasible method of determining the environmental scattering background with a low

areal density target. While thin-shelled glass targets are often shot at OMEGA, they typically

have lower convergence ratios (i.e., they are strongly shock-driven whereas cryogenic targets

are convergence-driven) and produce higher temperatures than cryogenic DT targets, which

alters the amount of TT neutrons produced and may additionally alter the TT spectral shape.

[46] Glass targets are therefore not considered to be viable options for DT readiness shots even

though they are known to have low areal density.

Several total (TT + environmental scattering) backgrounds from DT readiness shots are

shown in Fig. 2.17. To date (fall 2021), the set of DT readiness shots includes data from 14

CD shots and 4 CH shots. Both the 13-m and 22-m detectors collect separate data for these

shots, which can then be analyzed to determine the environmental scattering background. It

is assumed that these shots produce nearly zero nT or nD elastics scatters as well as nearly

zero n(D,2n)p neutrons. The environmental scattering background can generally be represented

as an exponential decay. The exponential decay includes all parts of the signal that are not

determined to be primary DD or primary TT (where TT yield is fully determined by the fuel

fractions, DD yield, and ion temperature).

In examining the set of DT readiness backgrounds shown in Fig. 2.17, it is immediately
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Figure 2.17: Time-resolved total backgrounds inferred from several CD and CH DT readiness
shots. All data sets have been normalized such that they intersect at a normalized time of 21.5.
CH shots generally include a region with high curvature due to the high cross section for nH
scattering. These backgrounds include environmental scattering as well as TT primary neutrons.
TT primary neutrons must be removed using the appropriate fuel fractions, yields, and reactivity
ratios to isolate the environmental scattering background as shown in Fig. 2.18

evident that the backgrounds from CH shots have a much different slope than those from CD

shots. This is a result of neutrons scattering on H. This reaction is known to have a large

cross section of ∼ 0.7 barns and an approximately constant energy spectrum. A similar effect

can be shown using LILAC (the LLE 1D radiation-hydrodynamic simulation code) [47] and

IRIS3D to model implosions using targets with CH shells, however, these methods are known

to overestimate areal densities, so these codes can only give an idea of the general shape of the

nH neutron spectrum. The shape of the time-resolved backgrounds from CH shots is consistent

with the fact that the nH spectrum is known to be a nearly constant function of energy within

the 2-6 MeV energy range, so the shape of the time-resolved spectrum follows the shape of the

Jacobian dE/dt. Despite the larger cross section for nH scatters in comparison to CD scatters,

the CH background is preferred due to the relatively simple spectral shape associated with the

nH scatters. Effects on the final inferred areal density as a result of any nH scatters should be

minimized with proper normalization of the environmental scattering background. Future DT

readiness shots will therefore use CH targets instead of CD targets.

It is, however, important to remove the TT primary spectrum from the total background
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shown in Fig. 2.18 in order to isolate the environmental scattering background. It should be

noted that the time-resolved background shown in Fig. 2.17 is not directly representative of the

time-resolved background in corresponding cryogenic shots because the warm DT readiness

shots typically have different fuel fractions than the cryogenic shots that they precede. This

means that the warm DT readiness shots contain different amounts of primary TT neutrons than

their companion cryogenic shots. Using the equation for nuclear yield Y12 = R12V t with the

equation for the reaction rate R12 as shown in Eq. 1.13, the ratio of the DT primary yield to the

DD primary yield can easily be written as

(2.39)
YDT

YDD
= 2

fT
fD

⟨σv⟩DT

⟨σv⟩DD
.

Using the DD yield and ion temperature inferred from the forward fit to the DT readiness data

along with the average of the DT yields reported by other detectors at OMEGA and a functional

form for the reactivities from a source such as Ref. 11, the fuel fraction fT
fD

can be calculated

such that

(2.40)
fT
fD

=
1

2

YDT

YDD

⟨σv⟩DD

⟨σv⟩DT
.

The TT primary yield can then be calculated using this fuel fraction and the DT yield such that

(2.41) YTT = 2YDD
fT
fD

⟨σv⟩TT

⟨σv⟩DD
= YDT

⟨σv⟩TT

⟨σv⟩DT
.

The environmental scattering background is therefore determined by fitting the DT readiness

data with an energy spectrum including a DD primary spectrum, a TT primary spectrum that

is determined using the DT yield as described above, and a double exponential decay (y(t) =

A1 exp(
−t
B1

) + A2 exp(
−t
B2

)) which represents the environmental scattering background and is

distinct from the TT primary spectrum. This fit has 7 parameters:

(1-3) Yield, ion temperature (i.e., width), and mean energy for the DD spectrum,

(4-5) amplitude and decay constant for first exponential decay, and
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Figure 2.18: Example of fit to determine environmental scattering background on the 13-m
detector for CH DT readiness shot 100968. TT primary neutrons must be removed using the
appropriate fuel fractions, yields, and reactivity ratios to isolate the environmental scattering
background.

(6-7) amplitude and decay constant for the second exponential decay.

The reactivities involved in the calculation of the fuel fractions and the TT yield are generally

functions of ion temperature. Within the fit, values for these reactivities are all calculated at the

inferred best-fit DD ion temperature. An example fit for shot 100968 is shown in Fig. 2.18.

Fitting for the entire background shape and height in the analysis of cryogenic data as out-

lined in Sec. 2.4.2 and Sec. 2.4.3 was observed to result in a 20-40 mg/cm2 decrease in the

inferred areal density in analysis of experimental data from cryogenic shots. This suggests

overfitting of the experimental data when the forward fit employs the exact same setup that was

used in the previously discussed synthetic data studies. This difference is likely an artifact of

exact background that was used to construct the synthetic data, which is based on data from

shock-driven glass-shelled implosions and uses approximate fuel fractions instead of using the

detailed calculation for fuel fractions as outlined above. For these reasons, the decision was

made to fix the shape of the background according to the DT readiness data. The background

from shot 100968 was chosen as the standard for this forward fit analysis since data was col-
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lected on both detectors and the environmental scattering background from this shot appears

to result in the best fits to the cryogenic data (i.e., use of this background in the forward fit

generally results in the smallest residuals).

It was additionally observed that a large amount of charge is extracted from the PMT, es-

pecially in the region after the DD neutron signal and especially on the 13-m detector. The

relevant PMT on the 13-m detector has been bench tested and was determined to be stable for

charges up to 10 nC. On high yield shots, however, the charge after the DD signal does approach

10 nC. The nD part of the signal may therefore be distorted by charge depletion effects in some

cases. For these reasons, the standard fit for experimental data was implemented such that:

(1) the shape of the environmental scattering component is held constant (according to the

shape inferred via analysis of shot 100968) while the background amplitude is a fit parameter,

(2) parameters for a slight shift and a broadening of the nT edge are included to improve the

fit and to separate the height of the nT spectrum from the shape of the edge as discussed in the

previous section, and

(3) the nT elastic scatter, nD elastic scatter, and n(D,2n)p components are allowed to have

different areal density scaling parameters in case of either asymmetry or charge depletion in the

nD region of the signal.

The final forward fitting of cryogenic data is performed in several steps in order to avoid

overfitting. The final forward fit involves the following steps:

(1) Fit in a localized region around the DD signal using a spectrum of DD primaries, TT

primaries, and an arbitrary exponential decay. The TT component is fully determined by the

DT yield (as reported by other detectors), the DD yield, and the DD ion temperature. This

step involves 5 fit parameters: 3 for DD yield, ion temperature, and mean energy, and 2 for the

arbitrary exponential decay.

(2) Subtract only the best-fit DD and TT components from the total signal. The remaining

signal is assumed to contain only nT elastic scatters, nD elastic scatters, and n(D,2n)p, which

are all proportional to areal density.
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(3) Fit the subtracted data at late times using the environmental scattering spectrum from

shot 100968. This fit is limited to late times because the environmental scattering is known to be

the dominant component in this region of the signal. This step involves only one fit parameter

for the amplitude of the environmental scattering background.

(4) Subtract the environmental scattering background from the remaining signal.

(5) Fit the nT, nD, and n(D,2n)p spectra to the remaining signal. This step involves 5 fit

parameters: (1) nT ρL, (2-3) width and energy shift for nT edge spectrum, (4) nD ρL, and (5)

n(D,2n)p ρL.

Using this process instead of fitting the entire spectrum with these components simultaneously

is meant to separate different components of the fit so as to prevent degeneracy of parameters

from affecting the final inferred areal densities.

After implementing this procedure for each of the two detectors separately, the choice was

made to unite the two by performing the fits on a normalized time axis. The normalized time

axis is set up such that

(2.42) τ =
t

tγ
with tγ =

d

c

where t represents the observed signal time with any corrections for bang time and digitizer

timing delays, tγ represents the time it takes for a gamma to reach a given detector, d represents

detector distance, and c represents the speed of light. This is merely a convenient transformation

of the independent variable which allows for data from both detectors to be represented as func-

tions of the same independent variable. No change was made to the content of the analysis in the

conversion from two separate time-of-flight analyses to a single analysis in the normalized time

domain. For both detectors, the two analyses (i.e., the analysis of time-of-flight data represented

as voltage as a function of time and the analysis of time-of-flight data represented as voltage as

a function of normalized time) do indeed infer the same areal densities with fluctuations up to a

couple mg/cm2.

An example fit in the normalized time domain is shown in Fig. 2.19. This figure also
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illustrates the various steps involved in the fitting process as described above. With the imple-

mentation of the analysis in the normalized time domain, the only differences in the analysis of

the two 8x4 detectors are the beamline attenuation models and the background functions used

for each detector. These differences are logical due to the known physical differences between

the two collimated beamlines as well as the very different locations of the detectors which are

known to cause differences in the amount of scattering that occurs as neutrons travel from TCC

to the detector. Figure 2.20 shows that the 22-m detector has a visibly larger background than

the 13-m detector. Subtracting the background and TT primary components from the total data

after fitting, dividing by beamline attenuation, and comparing these subtracted and corrected

data on the normalized time domain can be used as a crude method by which to determine

whether the areal densities were similar on a given shot. Fig. 2.21 shows an example for an

approximately symmetric shot.

Systematic and statistical uncertainties on the areal density measurement can be determined

separately. Contributions to the systematic uncertainty include calibration uncertainty (which is

determined by the linear fit used in the calibration as shown in Fig. 2.5), systematic uncertainty

on the DT yield (5%), uncertainty from the background (13 mg/cm2 on the 13-m detector or 20

mg/cm2 on the 22-m for conservative estimates based on fits using backgrounds from different

DT readiness shots), and uncertainty from the light output curve that is used in the forward

fit. The light output curve that is used for the 8x4 detectors was generated by providing the

Verbinski light output for individual protons, carbon nuclei, and alpha particles in xylene [25]

to MCNP, which calculates the total light output in the scintillator volume using a Monte Carlo

simulation. [29] Uncertainties from the light output curve can therefore be estimated by prop-

agating the percentage uncertainties provided in Ref. 25 through the final results of the MCNP

simulations for light output. Fitting with the maximum and minimum light output curves gives

the final contribution of the light output to the systematic uncertainty. The minimum and maxi-

mum light output curves used in the error analysis are shown in Fig. 2.22.

Statistical uncertainties include 1.5% from the statistical uncertainty on the DT yield, the

uncertainty on the areal density scaling parameter that is produced by the minimization algo-
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Figure 2.19: Example of the forward fitting process in the normalized time domain for the 13-m
detector on shot 99919
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Figure 2.20: Comparison of 13-m and 22-m signals for shot 99919. The red and blue curves
show the data for each detector, normalized to remove the calibration, sensitivity, and attenua-
tion components to enable direct comparison between the signals. The yellow curve shows the
22-m signal with an additional normalization such that the two signals have the same maximum
at the DD peak (τ ∼ 14). It is clear that the 22-m signal has a higher background than the 13-m
detector and that the backgrounds for the two detectors have different shapes/slopes. As shown
in Fig. 2.21, however, the signals are similar for this shot once the background is subtracted.
This only occurs for shots that are nearly symmetric.

Figure 2.21: Background- and TT-subtracted signal for both detectors for shot 99919. The data
have also been divided by the relevant beamline attenuation for each detector. The remaining
components (nT, nD, and n(D,2n)p) are all proportional to the areal density. Comparing these
data on the normalized time axis allows for direct comparison of the relative areal densities on
the two detectors. As the nT edges on both detectors are of similar height and area, the data
suggest approximate symmetry.
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Figure 2.22: Unnormalized (left) and normalized (right) minimum and maximum light output
curves used in error analysis for the areal density measurement. These bounds are calculated via
propagation of the percentage uncertainties on the light output for carbon, hydrogen, and alpha
particles in the ratios found in xylene as reported in Ref. 25. This is considered a systematic
uncertainty rather than a statisical uncertainty because light output must increase with increasing
energy of incident neutrons.

rithm, and uncertainty from perturbations in the measured x-ray IRF. Uncertainties from the

IRF turn out to be negligible, as perturbations to the x-ray IRF as outlined in Sec. 2.3.7 gener-

ally produce ∼1 mg/cm2 variation in final areal density at most. The total uncertainty on any

given measurement is unique to the specific measurement and cannot be reduced to a constant

percentage. This is both because of the 13 or 20 mg/cm2 contribution to the systematic uncer-

tainty due to uncertainty on the measured backgrounds as well as because of the effect of the

light output, as the effect of the minimum and maximum light output on the final inferred areal

density is somewhat dependent on the exact shapes of the spectra present in a given data set.

An example of the uncertainties calculated for shot 99919 is shown in Table 2.3.

Using this unified forward fit analysis with the previously outlined elements, data for the

13-m detector has been retroactively analyzed dating back to September 2017 (shot 87016).

The data for the 22-m detector has been analyzed dating back to February 2019 (shot 92664),

when this detector came online. This data is archived on the OMEGA database. The analysis

outlined here can easily be extended to any future nTOF detector, provided that its x-ray instru-

ment response function can be measured and its light output and beamline attenuation can be

modeled.
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Type of un-
certainty

13-m areal
density
(mg/cm2)

22-m areal
density
(mg/cm2)

Areal density from
forward fit

101 113

DT yield Statistical 2 (1.5%) 2 (1.5%)
Minimization Statistical 2 (1.9%) 0.3 (0.2%)
DT yield Systematic 5 (5.0%) 6 (5.0%)
Background Systematic 13 (12.9%) 20 (17.7%)
NLO Systematic 10 (9.9%) 15 (13.3%)
Calibration Systematic 3 (2.5 %) 3 (2.8 %)
Total statistical 2 (2.4%) 2 (1.5%)
Total systematic 17 (16.6%) 27 (23.8%)
Total uncertainty 19 (18.8%) 29 (25.3%)

Table 2.3: Table of uncertainties for shot 99919 associated with the fits shown in Fig. 2.19. The
final inferred areal densities are 101 ± 19 mg/cm2 on the 13-m detector and 113 ± 29 mg/cm2

on 22-m, so it appears that this shot was approximately symmetric.

2.4.5 Experimentally-measured variations in areal density

Symmetric implosions are sometimes observed without any target offset, but mode-1 asymme-

tries are often seeded by errors in beam pointing. [16] Without any corrections for observed

asymmetries, the 22-m detector typically sees ∼20 mg/cm2 lower areal density than the 13-m

detector. Shots with strategic target offsets based on measured hot-spot flow velocities have

successfully minimized the difference in areal densities between the two detectors. [16] In the

case of incorrectly implemented target offsets which overcorrected in the direction opposite the

original asymmetry, the direction of the asymmetry changes as expected such that the 22-m

detector shows a larger inferred ρL than the 13-m detector. The areal densities for a selection

of these shots is shown in Fig. 2.23. This effect is in agreement with other observables on these

shots with strategic target offsets, as shots with strategic target offsets which resulted in similar

areal densities between the two nTOF measurements show additional signatures of symmetry

such as low flow velocities and low asymmetries in ion temperatures as measured around the

target chamber. This response to target offsets and overcorrections in a given direction shows

that the nTOF measurements are generally sensitive to mode-1 variations in areal density.
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Figure 2.23: Sample of inferred areal densities from 2020 cryogenic campaigns. Symmetric
implosions are sometimes observed without any target offset, but mode-1 asymmetries are often
seeded by errors in beam pointing. In some cases, intentional target offsets were implemented
based on the measured flow velocities with the goal of mitigating mode-1 asymmetries. [16]
These shots were associated with a minimization of the difference between the two areal density
measurements, or in some cases of incorrectly implemented target offsets, the typical direction
of the areal density asymmetry was reversed. Without any intentional target offset, the 22-m
detector often sees ∼ 20 mg/cm2 lower than the 13-m detector. It is clear that these nTOF
measurements are generally sensitive to mode-1 variations in areal density.
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Quantifying the degree of asymmetry based on these two areal density measurements alone

is, however, not straightforward. Despite the previously mentioned observations, neither the

difference in the two measurements nor the ratio of the two show any apparent trend in rela-

tion to the magnitude of the flow velocity. Further assessment of the relative areal densities is

complicated by the facts that (1) there are relatively few areal density measurements, covering

a relatively small total area around the target and (2) inferred backscattered areal densities must

be corrected for attenuation of the backscattered neutrons through the opposite side of the target

as they travel to the detector. This attenuation is known to be proportional to exp(−ρLσ), how-

ever, as discussed in Sec. 2.4.1, the path length of a given neutron is not necessarily equal to the

radius of the compressed target. The issue is further complicated by the fact that, in the event of

an asymmetric implosion, backscattered neutrons may be attenuated by a portion of shell that

represents a very different thickness than the side where the backscattered neutron originated.

Implosion reconstruction and nTOF analysis groups at LLE are continuing to actively address

the interpretation of relative areal densities, as the 3D shape of an implosion is vital to further

interpretation of the areal densities in relation to other observables. A third collimated LOS for

another xylene nTOF is also planned.

Finally, some modifications can be made to the PMT’s and the gating scheme on the current

detectors in order to obtain measurements of the forward-scattered neutrons (10-12 MeV). The

forward scatter measurement would provide vital information about the part of the target oppo-

site to the backscatter measurements. This would greatly aid in determining the 3D shape of

the areal density distribution by doubling the number of measurements as well as by providing

information that can be used to determine the level to which backscattered neutrons are atten-

uated as they exit the target on their way to detector. The forward scatter measurement is also

thought to be relatively simpler than the backscatter measurement because the overall signal

will not contain components such as the TT and n(D,2n)p spectra.
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2.5 Simple wave-function amplitude analysis of the 5He states pro-

duced via TT implosions

As previously outlined in Sec. 2.5 (Eq. 2.3-2.6), the TT neutron spectrum is rather complicated

due to the many potential reaction branches that constitute the total spectrum. It is unknown

whether the TT reaction directly proceeds to the reactions detailed in Eq. 2.3-2.6 or whether 6He

is formed first and then decays to the branches detailed in Eq. 2.3-2.6. The reactions associated

with the TT neutron spectrum include T(T,5He)n and T(T,5He*)n as well as T(T,4He)2n and

T(T,4He)(2n) where (2n) denotes the dineutron state. [18, 21] The isotope 5He is very short-

lived, so it quickly decays into an α particle plus a neutron. Each of these reaction branches

therefore produces an α and two neutrons as final products, though the neutron spectrum is

different for each branch.

The TT reaction is interesting within the context of stellar nucleosynthesis, as it is a mirror

reaction for the reaction 3He(3He,2p)4He, which produces a majority of the total energy output

in the stellar proton-proton chain. [48] The 3He3He reaction has been studied in several ac-

celerator experiments [49–53] and at ECM = 165 keV via ICF experiments. [54] As a mirror

reaction, the nuclear physics relevant to the 3He3He reaction is also expected to apply to the TT

reaction. The cross section of the TT reaction is such that it can be studied at lower energies

than the 3He3He reaction via ICF implosions.

The TT neutron spectrum is also interesting within the context of pure nuclear physics, as

it produces 5He. The 5He nucleus consists of two protons and two neutrons which are tightly

bound at the innermost part of the nucleus along with a single loosely-bound neutron which is

located in an outer “shell,” and it is one of the simplest nuclei with a nuclear shell structure.

Although the nuclear shell model offers effective techniques by which to calculate the 5He

ground state energy, its excited states remain poorly understood. While the mean energy and

width of 5He are considered to be well-known and have accepted values from experiment [21,

55, 56] as well as via the nuclear shell model, this is not at all the case for the first excited state.

Different studies have determined very different values for the first excited state including a
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mean energy ranging from 1.3 to 5.2 MeV [19, 42, 56, 57] above the ground state and a width

ranging from 2.4 to 5.6 MeV [19, 21, 42, 56–59].

Similar discrepancies arise concerning the overall shape of the TT neutron spectrum. Re-

view of previous TT experiments at single center-of-mass energies suggests that the shape of

the total spectrum changes as a function of ion temperature (or CM energy) and that the ratio

between the 5He ground state and the 5He first excited state changes is as a function of ion tem-

perature or center-of-mass energy. [8] ICF experiments performed at OMEGA in 2015 confirm

this observation, as they spanned 3.7 to 18.3 keV ion temperatures (or 16-50 keV CM energy)

and showed an obvious change in the shape of the neutron spectrum. [22] It is, however, notable

that the analyses in Refs. 19, 42, and 22 as well as several of the experimental analyses reported

in Ref. 56 report branching ratios and/or 5He ground state and excited state parameters that are

determined via R-matrix analysis. R-matrix analysis models different reaction branches based

on the assumption that the final state of the emitted particles always arises through sequential

decay. R-matrix analysis therefore cannot truly account for 3-body decay such as that which

occurs in the T(T,4He)2n branch of the TT neutron spectrum. An alternative analysis of the TT

neutron spectrum is therefore desirable.

This work takes a simple approach to the shape of the TT neutron spectrum by assuming

some parameterized spectral shapes which can be fitted to the nTOF data using the forward

fit model discussed in Sec. 2.3. The four reaction branches that contribute to the TT neutron

spectrum are summarized in Eq. 2.3-2.6. This simplified analysis models the 5He resonances

using relativistic Breit-Wigner energy distributions such that

(2.43) BW (E) =
k

(E2 −M2)2 +M2Γ2
with k =

2M2Γ
√
2(M2 + Γ2)

πM
√
1 +M2 + Γ2

where M represents the energy-equivalent mass of the resonance particle and Γ represents the

width of the resonance such that the average lifetime of the resonance particle is τ = h̄
Γ . Simple

conservation of energy and momentum can be used to determine the energy of the neutron that

is produced with the 5He from the mass distribution of the 5He ground state or first excited state.
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Conservation of energy and momentum can also be used to determine the spectra of neutrons

that are produced when a given 5He nucleus decays to produce 4He and a second neutron. The

branches of the reaction that directly produce 4He and two neutrons (as shown in Eq. 2.5 and

2.6) are represented by Lacina’s calculated spectrum, which determines the modification present

from the dineutron state through a model for interference between two bound neutrons. [18]

The analyzed data is the same as that shown in Ref. 22 and includes data collected with the

13-m 8x4 detector during three TT implosions at ion temperatures of 3.7, 11.1, and 18.3 keV.

Normalized representations of the time-of-flight signals as well as approximate energy spectra

for the data are shown in Fig. 2.24. A forward fit using the previously described calibration,

light output, attenuation, and energy-dependent IRF was used to analyze these data. In this

simple analysis, interference effects were not included. All three data sets were analyzed simul-

taneously by performing the minimization across the entire data set with the requirement that

the inferred mass and width of the 5He states be the same for all three data sets. Each data set

did, however, have different fit parameters for the magnitude of the 5He ground state and first

excited state as well as the 4He + n states. In this manner, the properties of the 5He were held

constant across the entire data set. The final fit included 13 parameters:

(1-3) Magnitude of 4He + 2n branches for each shot represented by the Lacina spectrum

(4) Mass of the 5He ground state (parameter shared between all 3 shots)

(5) Width of the 5He ground state (parameter shared between all 3 shots)

(6-8) Magnitude of the 5He ground state for each shot

(9) Mass of the 5He first excited state (parameter shared between all 3 shots)

(10) Width of the 5He first excited state (parameter shared between all 3 shots, and

(11-13) Magnitude of the 5He first excited state for each shot.

The mass and width of each of the two 5He states were directly inferred as best-fit parame-

ters.

Uncertainties on this measurement come from the light output (systematic), the timing cor-

rection (systematic), the IRF (statistical), and the uncertainties produced by the minimization
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Figure 2.24: The original time-of-flight data (left) shown with an energy-resolved representation
for reference (right). Both plots show the three data sets normalized at 4 MeV (484 ns). The
energy-resolved representation was constructed such that y(E) = y(t)

s(E) ×
dt
dE × k

50Ω . Note that
the energy-resolved representation still contains the detector IRF, so it is not representative of
the true width of the neutron spectrum associated with the 5He ground state resonance near 8.5
MeV.

(statistical). Each of these, with the exception of the uncertainties produced directly by the

minimization, were addressed by Monte Carlo as outlined in Sec. 2.3.7. The two systematic

uncertainties were added in quadrature to produce one final systematic uncertainty. The two sta-

tistical uncertainties were similarly added in quadrature to produce a final statistical uncertainty,

though the uncertainty from the IRF was very small compared to the uncertainty produced by

the minimization. This is expected since the x-ray IRF from this detector well-measured (i.e.,

the signal-to-noise ratio on the average x-ray IRF is large). [60]

The timing correction directly introduces uncertainties because the mass of the 5He is di-

rectly related to the mean neutron energy for each of the resonance features in the signal. Note

that these data were collected before a timing fiducial signal was installed on the 13-m 8x4

detector, so absolute timing in relation to a measured bang time was not possible. The timing

correction was instead determined by setting the DT gamma feature collected on a different

PMT on the 13-m 8x4 detector (PMT A) to 14.028 MeV and then applying a timing correlation

algorithm to relate the shift on PMT A to the shift on PMT D (which collected the data from

the TT neutron spectrum). The uncertainty from potentially incorrect timing corrections was
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addressed by perturbing the data with a timing shift of ± 550 ps, which is associated with the

flow velocity of ∼ 100 km/s that is typically observed on exploding pushers. [30] Although

this perturbation represents a direct shifting of the time-resolved nTOF data, the effect on the

inferred ground state and first excited state masses is small because of the relationship between

the 5He mass and the neutron energy, i.e., a small change in neutron energy represents a much

smaller change in 5He mass. There are additional uncertainties on the calibration and DT neu-

tron yield for these shots, however, they only contribute an overall multiplicative scaling to the

forward fit, and therefore do not contribute any uncertainties to the inferred masses or widths of

the 5He states.

An example of the best-fit for the 11.1 keV data is shown in Fig. 2.25. The common 5He

ground state and first excited state masses and widths inferred by the simultaneous forward

fit are shown in Table 2.4. The inferred ground state mass, at 5.0119 ± 3.9 × 10−5 amu, is

in agreement with the accepted ground state mass of 5.01221 ± 1 × 10−6 amu [61] within its

error bar. Several decimal places are given here for the purpose of comparison with the accepted

value, as both the accepted value and the value measured here have very small error bars. The

inferred ground state half-life is about 1.7 times the accepted value for the ground state half-life

of 616 × 10−24 ns. [21] Table 2.5 shows the first excited state mass and width inferred from

the forward fit to the nTOF TT data in comparison with various published values. It is apparent

that there is little agreement on the properties of the first excited state within the literature.
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Value Statistical
uncertainty

Systematic
uncertainty

Total uncertainty

Ground state
mass (MeV)

4668.51 9.6×10−4 0.04 0.04 (8×10−4 %)

Ground state
mass (amu)

5.0119 1.0×10−6 3.80×10−5 3.9×10−5

(8×10−4 %)
Ground state
width (MeV)

0.44 0.01 0.02 0.03 (8%)

Ground state
half-life
(10−22 ns)

10.43 0.3 0.56 0.86 (8%)

First excited
state mass
(MeV)

4670.51 0.03 0.06 0.09 (2×10−3 %)

First excited
state mass
(amu)

5.014 2.8×10−5 5.9×10−5 8.7×10−4

(2×10−3 %)

First excited
state width
(MeV)

2.75 0.06 0.2 0.25 (9%)

First excited
state half-life
(10−22 ns)

1.65 0.03 0.12 0.15 (9%)

Table 2.4: Inferred 5He ground state and first excited state masses and widths from the forward
fit to TT nTOF data. Several decimal places are given for the mass values for the purpose of
comparison with the accepted value, as these masses tend to have very small error bars.

Source 5He first excited state en-
ergy (MeV above ground
state)

5He first excited state
width (MeV)

Wong (1965) [21] 2 2.4
Fessenden (1964)
[58]

2.6 4

Arena (1991) [59] 3.8 3.1
Tilley (2002) [56] 1.3 3.2
Sayre (2013) [42] 3.2 ?
This work (2021) 2.00 ± 0.03stat± 0.07 sys 2.76 ± 0.06stat± 0.20 sys

Table 2.5: Comparison of the 5He first excited state energy level and width inferred from the
nTOF forward fit to TT data with various values for these quantities found in the literature. It is
apparent that there is little agreement in the literature concerning these values.
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Figure 2.25: Example fit including neutrons associated with the 5He ground state and first
excited state as well as the 4He + 2n branches, which are modeled using Lacina’s function. [18]
Neutrons from the decay of the ground state and first excited state are also included, though the
ground state decay neutrons are outside of the range of the fit and the first excited state decay
neutrons are barely included within this fit range. A background from exploding pusher shots
was included, but it is small compared to the TT data. The forward fit was performed to the
time-of-flight data (left), but an energy-resolved version of this data (right) is also shown for
reference, as in Fig. 2.24.
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Chapter 3

Gamma-ray measurements

3.1 Gamma detectors at OMEGA

3.1.1 Cherenkov detectors

All of the gamma detectors available for use at OMEGA are currently time-of-flight detectors

which detect all incident fusion gammas above some threshold at the same time (since all gam-

mas travel at the speed of light). More specifically, all of the available detectors are Cherenkov

detectors.

In general, Cherenkov detectors consist of a crystal, glass, or reservoir of gas coupled to

a photomultiplier tube. Incident gamma rays Compton scatter on electrons inside the chosen

material, accelerating the electrons. These electrons produce electromagnetic radiation in the

form of photons which are emitted in spherical wavefronts. If the speed of a given electron is

greater than c/n where c is the speed of light and n is the index of refraction in the material,

there is constructive interference over the wavefronts, producing a conical flux of photons. This

is known as Cherenkov radiation.

Conservation of momentum dictates that these photons travel outwards from the electron in
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a cone of angle

(3.1) cosθ =
2(P 2

e c
2 +m2

ec
4)

1
2 + (n2 − 1)Ep

2Pecn

where θ is the angle relative to the electron’s direction of motion, Pe and me are the momentum

and mass of the electron, n is the speed of light in the given medium, and Ep is the energy of the

Cherenkov photon. These photons are detected when they strike the photocathode of the PMT.

The number of Cherenkov photons within a given range of wavelengths can be calculated as

(3.2) Nγ = 2παx(1− 1

β2n2
)(

1

λ1
− 1

λ2
)

where α = 1
137 is the fine structure constant, β = v

c represents the speed of the scattered

electron relative to the speed of light in vacuum, and λ1 and λ2 bound the range of photon

wavelengths of interest.

3.1.2 Detector design and calibration

The three Cherenkov detectors that are available at OMEGA are the Diagnostic for Areal Den-

sity (DAD) [62] and the two Gas Cherenkov Detectors (GCD’s) GCD-1 [63, 64] and GCD-3

[65]. The DAD relies on Cherenkov radiation in quartz. It was originally deployed in 2014 to

measure the remaining shell areal densities on cryogenic implosions via measurement of 4.4

MeV gammas from the first excited state of carbon [62], but is capable of measuring any gam-

mas above ∼ 0.34 MeV (assuming the standard index of refraction n = 1.46 for quartz). The

DAD consists of 6 mm of tungsten shielding in front of a 6.39 cm diameter, 5 cm thick piece of

fused silica (i.e., quartz), which sits in front of a PMT. This setup is situated directly on the wall

of the target chamber at port H11A. The face of the detector is located ∼172.3 cm from TCC

while the PMT and electronics are located outside the target chamber wall. Further information

on the electronic setup for these detectors is detailed in Appendix A.

GCD-1 and GCD-3 both use pressurized gases as a Cherenkov medium. They are capable of
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Figure 3.1: Schematic showing design of GCD-1 and GCD-3. These detectors use Cherenkov
radiation in high pressure gases to detect incident gamma rays. The threshold can be adjusted by
changing the pressure of the gas. GCD-1 can also use other materials such as quartz or aerogel
radiators. These diagnostics are re-entrant diagnostics on OMEGA and are generally fielded
at 20 cm from TCC to maximize solid angle. Image provided by Yongho Kim (Los Alamos
National Laboratory).

utilizing a variety of gas fills for various purposes, and additional gas fills are being investigated.

The type of gas and the gas pressure can be adjusted to change the threshold energy for detection

via a change in the refractive index of the gas. It is also possible to use other materials such

as quartz or aerogel in GCD-1. Both GCD’s are re-entrant diagnostics. This means that they

are fielded by placement in one of OMEGA’s ten inch manipulators (TIM’s). The TIM’s allow

the detectors to enter the vacuum inside of the target chamber, reaching close to TCC, and also

provide precise positioning capabilities for diagnostics. GCD-3 is an updated version of GCD-

1 which includes additional shielding, improved seals, and a different snout design. Fig. 3.1

shows a schematic for the two GCD’s and points out differences between their designs.

As DAD, GCD-1, and GCD-3 are all time-of-flight detectors, they cannot be calibrated

using the standard procedures that are employed for pulse-height gamma detectors. They are

instead calibrated using the relatively well-known (n,γ) cross section for 14-MeV DT neutrons

on carbon. For the GCD’s, this can be accomplished by running either detector with a carbon

puck attachment on warm DT shots, as discussed in Ref. 66. The carbon puck is attached

directly in front of the detector’s snout. When DT neutrons impinge upon the carbon, 4.4 MeV

carbon gammas (from the first excited state of carbon) are produced with some time delay
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Figure 3.2: Schematic showing design of the DAD and illustrating its response to gamma rays
of different energies. This detector uses Cherenkov radiation in quartz to detect incident gamma
rays. It can detect gamma rays above ∼ 0.4 MeV. It is a fixed diagnostic that is always located
on the OMEGA target chamber wall, about 1.7 cm from TCC. Its solid angle is therefore rela-
tively low. Image provided by Michael Rubery (Lawrence Livermore National Laboratory) and
originally published in Ref. 62.

relative to the prompt DT gammas. The signal from the carbon gammas can be isolated by

subtracting a yield-normalized signal from a baseline shot taken without the carbon puck. The

baseline shot must include the puck holder apparatus (without the carbon puck) to accurately

isolate the carbon gamma signal. Temporal alignment of the signals may also be necessary

before subtraction. This can be accomplished by aligning the DT gamma signals on the two

shots.

Once the carbon gamma signal has been isolated, the calibration constant χ can be calcu-

lated as detailed in Ref. 66 such that

(3.3) χ =
A

YDTn Ω R e QE G Cph(4.4 MeV )

mC

f1 σ

4πD2

Mpuck

where A represents the area of the carbon gamma, YDTn represents the DT neutron yield, Ω

represents the detector solid angle, R represents digitizer impedance (i.e., 50 Ω), e represents

electron charge, QE represents the PMT’s quantum efficiency, G represents the PMT’s gain,

Cph(4.4 MeV ) represents the detector response (i.e., Cherenkov photons produced per incident

gamma) to 4.4 MeV gammas as simulated by Monte Carlo, mC represents the mass of one

carbon atom, f1 is a geometric efficiency factor which accounts for different scattering angles,
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[67] σ represents the total cross section for the inelastic scattering of DT neutrons on carbon, D

represents the carbon puck’s distance from TCC, and Mpuck represents the mass of the carbon

puck. The DAD does not have a carbon puck attachment, but can be calibrated similarly using

the GCD carbon puck. Carbon gammas are emitted from the puck in all directions, so DAD can

also detect gammas that are produced when one of the GCD’s is set up with the carbon puck

attachment in place.

This procedure is illustrated for the DAD in Fig. 3.3 and Fig. 3.4. The carbon calibration

constants are 0.56 ± 0.07 for GCD-3 [66] and 3.10 ± 0.46 for the DAD. The uncertainty on

the DAD calibration constant is comprised of 9.3% systematic uncertainty and 5.6% statistical

uncertainty. Systematic uncertainties are from the DT neutron yield (5%), the mass of the

puck (2%), and the total carbon cross section (2.5%). These quantities are added in quadrature

to calculate the total systematic uncertainty. Statistical uncertainties are from the DT neutron

yield (1.5%), the area calculation shown in Fig. 3.4, the angularly-resolved carbon cross section

(6%), and Cherenkov statistics (2%). These quantities are added in quadrature to calculate the

total statistical uncertainty. The total uncertainty on the calibration is the sum of the systematic

and statistical uncertainties. Although these two quantities could be propagated through the

gamma measurements in the following sections separately, the choice was made to combine

these uncertainties to maintain a quantity that is analogous to the GCD-3 calibration in Ref. 66,

where only the total uncertainty is provided and used as a contributor of systematic uncertainty

on subsequent measurements like that shown in Ref. 68.

Once these calibration constants are known, they can be used to calculate the gamma yield

for other reactions such that

(3.4) Yγ =
Aγ

Ω R e QE G

1

Cph(Eγ)χ
.

Note that the detector response Cph(Eγ) must be calculated at the relevant gamma energy. As

all three of the relevant Cherenkov detectors are time-of-flight detectors and not true gamma

spectrometers, the relevant gamma energy for a given implosion may be assumed based on
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Figure 3.3: Sample of DAD data used for carbon calibration. The 9.92 g carbon puck was
placed 20 cm away from TCC using the GCD-1 carbon puck holder. Carbon gammas from this
puck were detected by DAD at an average scattering angle of 143◦. Data was collected with
and without the carbon puck in position. Background data without the carbon puck included the
presence of the aluminum puck holder. All signals shown here are normalized to the relevant
DT neutron yield.

kinematic considerations.

3.1.3 Calculating the S factor and average CM energy

Once the gamma yield is calculated as detailed in Eq. 3.4, the S factor can be calculated such

that

(3.5) Sr = Sref
Yr
Yref

f1,reff2,ref
f1,rf2,r

[
Ar

Aref

ξ2refe
−3ξref

ξ2re
−3ξr

]

where the subscript r represents the reaction of interest, the subscript ref represents a refer-

ence reaction that produces particles simultaneously, fi represents fuel fractions for a given

implosion, and the factor

(3.6) ξ = 6.2696(Z1Z2)
2/3A1/3

aveT
−1/3

is used as shown in Ref. 68.
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Figure 3.4: Average DAD calibration data with and without the carbon puck in place (top) and
the carbon gamma data resulting from their subtraction (bottom). Background data without the
carbon puck included the presence of the aluminum puck holder. The area of the subtracted
signal is used in Eq. 3.3 to calculate the carbon calibration. The dashed vertical lines in the plot
represent the times over which the area was calculated. Uncertainty on this area was calculated
such that σA =

√
Nσndt where N is the number of data points in the region of interest, σn is

the standard deviation of the noise on the subtracted signal, and dt is the bin size.

Sr and Sref are generally calculated as functions of CM energy. For ICF experiments, CM

energy is not directly measured, as these experiments produce reactions from a population of

ions with a distribution of velocities as detailed in Sec. 1.1.2. The analogous quantity that is

directly measured in ICF experiments is the ion temperature. The average CM energy can be

calculated from the ion temperature using the equation for the reactivity as shown in Eq. 1.17

as well as the equations for the cross section and barrier transparency as shown in Eq. 1.6 and

Eq. 1.8. In general, the integral in the reactivity calculation is of the form

(3.7) I =

∫ ∞

0
σ(ECM )ECM exp (

−ECM

kT
)dECM

With a cross section of the form σ(ECM ) = S(ECM )
ECM

exp(−
√

EG
ECM

), the integrand becomes

(3.8) S(ECM )× exp(−ECM

kT
−
√

EG

ECM
) = S(ECM )× f(ECM ) .
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Figure 3.5: Graphical representation of the calculation of average CM energy for a DT reaction
with a measured DT ion temperature of 4 keV. The decreasing exponential distribution on the
left (blue) comes from the Maxwellian distribution of ions at 4 keV while the increasing expo-
nential distribution on the right (red) comes from the barrier transparency factor. The average
CM energy is calculated as the numerical average of the product of these two distributions (yel-
low).

As illustrated in Fig. 3.5, the energy-dependent part of this function is the product of an in-

creasing exponential (which comes from the barrier transparency) and a decreasing exponential

(which comes from the Maxwellian distribution at a given ion temperature). [10] This function

has a maximum at the Gamow peak energy EG = ξkT with ξ as shown in Eq. 3.6. Because the

function is not quite Gaussian, the average CM energy is not exactly equal to the CM energy

at which it reaches a maximum. The average CM energy can instead be calculated numerically

such that

(3.9) ECMave =

∫∞
0 ECMS(ECM )f(ECM )∫∞

0 S(ECM )f(ECM )
.

This calculation is simple to perform for reactions such as DD and DT, which have cross

sections/S factors that are considered to be known to within a few percent. [11] It is not as

straightforward to perform this calculation for reactions like HD and HT, which do not have

well-known S factors. This dilemma leaves 3 potential options to determine the CM energy for

reactions that do not have well-known S factors:
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(1) Assume that the average CM energy is equal to the Gamow peak energy,

(2) Perform the numerical calculation shown in Eq. 3.9 using either the DD or DT S factor

along with the DD/DT ion temperature, or

(3) Perform the numerical calculation shown in Eq. 3.9 with the assumption that S(ECM )

is constant.

The second approach relies on the assumption that the HD/HT S factor has a shape that

is similar to the DD/DT S factor. This may not be the case. Using approaches (1) and (3) at

various ion temperatures for the DD and DT reactions, it is apparent that approach (1) slightly

underestimates the CM energy while approach (3) slightly overestimates the CM energy. In

general, however, it appears that the average of the values obtained via approaches (1) and (3)

is close to the value obtained by using Eq. 3.9 for the DD and DT reactions. This approach was

therefore adopted for the HD and HT reactions, i. e., the CM energies for these reactions were

calculated as the average of the values obtained using approaches (1) and (3) for HD and HT.

This eliminates any assumption concerning the shape of the S factor for these reactions.

For the DD and DT reactions, the discrepancy between the “true” average CM energy (i.e.,

the value calculated using Eq. 3.9) and the average CM energy calculated using this approach

generally increases with increasing ion temperatures. For example, for the DT reaction, the

difference is only 31 eV at an ion temperature of 4 keV, but increases to 2 keV at an ion temper-

ature of 12 keV. These differences can be incorporated into the total uncertainty in the calculated

CM energy for the HD and HT reactions. For example, for the reaction H(D,3He)γ, a DD ion

temperature is measured from the neutrons produced in the reaction D(D,4He)n. The DD ion

temperature typically has an uncertainty of 0.5 keV. If the uncertainty between the average CM

energy values calculated using the different approaches outlined above is σcalc while the uncer-

tainty in average CM energy values obtained at T0 and T0± 0.5 keV is σT , the total uncertainty

in the average CM energy can be calculated such that

(3.10) σECM
=

√
σ2
calc + σ2

T .
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The following sections will discuss studies of the reactions D(T,5He)γ (“DT”), H(D,3He)γ

(“HD”), and H(T,4He)γ (“HT”) in which fusion gammas were measured by GCD-1, GCD-3,

and DAD and branching ratios and/or S factors were calculated using the methods outlined in

this section. Gammas from the HD and HT reactions were studied over a wide range of ion

temperatures (or CM energies) to calculate an S factor as a function of CM energy. Gammas

from these reactions were measured with DAD as well as the GCD’s. The DT gamma study

that is discussed here involves measurement of the DT gamma only by DAD, as previous mea-

surements have already been made with GCD-1. [69]

3.2 DT gamma measurement

3.2.1 Relevance and previous measurements

DT fusion gammas are produced via the reactions

(3.11) D + T −→ 5He+ γ

and

(3.12) D + T −→ 5He∗ + γ .

Measurements of DT fusion gamma rays are complementary to measurements of DT fusion

neutrons. While the yield of DT gamma rays is several orders of magnitude lower than the DT

neutron yield, DT gammas are relatively unaffected by target physics and do not undergo the

many scattering reactions to which DT neutrons are subject (as discussed in Sec. 2.4). Measure-

ment of DT gammas can therefore be used to understand reaction history in ICF experiments as

well as to evaluate the performance of cryogenic experiments, though an accurate neutron yield

measurement or a precise gamma-to-neutron branching ratio is necessary. [69] Such reaction

history measurements are often used in experiments to evaluate mixing of shell material into
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the hot spot in ICF experiments.

To date, the most well-constrained measurement of the DT gamma comes from an ICF-

based measurement that was made using GCD in 2012. This measurement was made using

the same GCD-1 detector that was discussed in the previous section. At the time, however,

the calibration for GCD-1 was not very precise, resulting in a measured DT gamma-to-neutron

branching ratio of (4.2 ±2)×10−5, which has a 48% error bar. [69] Nonetheless, this ICF-

based measurement represented a significant improvement over previous accelerator-based re-

sults, which have inferred DT gamma-to-neutron branching ratios spanning over an entire order

of magnitude. In Ref. 69, Kim et al. hypothesize that this is likely due to neutron-induced

background on the gamma measurements, as nuclei in accelerator targets can enter an excited

state when impinged upon by 14 MeV DT neutrons and will then emit gammas as they return to

their ground states. The configuration of ICF experiments minimizes this issue since DT targets

typically consist of a thin outer layer surrounding a volume of gaseous DT. As discussed in the

introduction (Sec. 1.2.3), the ablator material is typically ablated off before neutrons can be

produced.

3.2.2 New OMEGA measurement

The new branching ratio measurement was obtained through the use of the DAD detector with

its carbon calibration, which was detailed in Sec. 3.1.2. No GCD-1 or GCD-3 measurement

was taken, as such data already exists for GCD-1. Colleagues at Lawrence Livermore National

Laboratory are currently working on improving the previous GCD-1 measurement [69] with the

existing data and the new GCD carbon calibration, [66] as the large uncertainty on the previous

GCD-1 measurement was largely due to the D3He calibration.

The DAD measurement was based on a series of 52 measurements collected in ride-along

mode on cryogenic experiments. Although data also exists for many glass-shelled, shock-driven

(i.e., exploding pusher) experiments such as those used to obtain carbon calibration data, it is

known that the collision of DT neutrons with unablated shell material can cause emission of
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Figure 3.6: DAD gamma signal area vs. DT neutron yield for cryogenic (left) and glass-shelled
(right) implosions. There is a factor of ∼2.3x more signal in glass implosions due to gammas
that are produced when DT neutrons interact with silicon and oxygen in the remaining shell.
The cryogenic data is used for the DT gamma-to-neutron branching ratio measurement, as it
is representative of measured signal related to the DT fusion gammas only. The data from
the glass-shelled implosions can, however, still be useful for background subtraction in other
gamma measurements, such as the H(T,4He)γ S-factor measurement detailed in Sec. 3.4.

secondary gammas. This generally occurs because the kinetic energy imparted to the silicon

and oxygen in the remaining shell cause these nuclei to enter excited states. Several gammas

of various energies are emitted upon decay to their ground states. As oxygen has many excited

states and the DAD was designed to be sensitive to low energy gammas, gammas from a glass

shell can constitute a significant contribution to the total gamma signal observed by the DAD

even if the glass shell’s areal density is as low as only 1 mg/cm2. [62, 70] In contrast, cryogenic

experiments use an outer shell of CD which is thought to be completely ablated during the

implosion. [62] As shown in Fig. 3.6, plotting the DAD gamma signal area vs. DT neutron

yield for both cryogenic and glass-shelled implosions shows that there is indeed ∼2.3x more

signal in glass-shelled implosions.

The relevant cryogenic data set used for the DT branching ratio measurement spans DT

neutron yields of 9.5 ×1013 to 1.6 ×1014 and ion temperatures of 2.7 to 6.4 keV. The signal

area was calculated for the DT gamma signal for each of these shots. The DT gamma signal

generally has an approximately Gaussian shape and can be identified as the first distinguishable

feature in the DAD signal, as illustrated in Figs. 3.3 and 3.4. For reference, these DT ion
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temperatures of 2.7 through 6.4 keV correspond to a range of CM energies from 14 to 26 keV.

The average ion temperature for the data set was 4.5 keV. Using the process detailed in Sec.

3.1.3, this corresponds to a CM energy of 19 ± 2 keV.

A linear fit to the DAD signal area vs. DT neutron yield data was performed in order to

determine the average relationship between the signal area and the DT yield. This linear fit is

shown in Fig. 3.6 and results in a best-fit function of ADTγ = 3.72× (YDTn/10
14). The signal

area appears to be independent of ion temperature (and therefore independent of CM energy)

within this range of ion temperatures. The gamma-to-neutron branching ratio for this data set is

therefore also independent of ion temperature/CM energy.

This value for DT gamma signal area divided by the DT neutron yield can be used in Eq.

3.4 to determine the number of DT gammas per neutron. One complication in using Eq. 3.4 for

the DT gamma is that it is known that the DT gammas are produced in a wide range of energies

associated with the mass and width of the 5He ground state and first excited state. This affects

the detector response that should be used in Eq. 3.4. The recent DT gamma spectrum from

Ref. 71 was used to determine the effective response for this measurement. Ref. 71 gives a

nominal gamma spectrum with an excited state gamma to ground state gamma ratio of γ1 : γ0

= (2.1 ± 0.4):1. For reference, this spectrum is shown in Fig. 3.7. This spectrum can be used

as a weighting on the DAD response function to determine the response appropriate for this

measurement. Use of the weighted response causes a 19% decrease in the calculated gamma

yield in comparison to the monoenergetic 16.7 MeV response for DAD which would be used if

it were assumed that the DT gamma spectrum produced only ground state gammas.

Systematic and statistical uncertainties were calculated separately. Systematic uncertainties

on this measurement include contributions from relative gain (10%), relative QE (10%), DT

neutron yield (5%), calibration (15%), and the weighted response (10%). The uncertainty on

the weighted response reflects the uncertainty in the γ1 : γ0 branching ratio. Realistically,

the shape of the nominal DT gamma spectrum and the shape of the DAD response cause an

asymmetric change in the weighted response when the γ1 : γ0 branching ratio changes. There

is a 1.2% increase in the weighted response when this ratio is taken to be 2.5 instead of 2.1. In
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Figure 3.7: DT gamma spectrum used for weighting the DAD response function to determine
a DT gamma-to-neutron branching ratio. Data from Ref. 71 has been reproduced with the
permission of the corresponding author.

contrast, there is a 9.7% decrease in the weighted response when the γ1 : γ0 ratio is taken to be

1.7 instead of 2.1. The larger of the two was chosen in order to make a conservative estimate of

the total systematic uncertainty.

The statistical uncertainty on this measurement comes from the variation on the signal area

per DT neutron as well as from the statistical uncertainty on the DT neutron yield (1.5%) and

additional statistical uncertainties from the distribution of Cherenkov photons. The variation

on the signal area per DT neutron was determined by calculating the the standard deviation

on the data points shown in Fig. 3.6 such that σ =

√∑
i
(Ai−Ā)2

N where Ai is a gamma signal

area per DT neutron from an individual measurement, Ā is the average gamma signal area per

DT neutron (i.e., the slope of the linear fit), and N=52 is the number of measurements. The

calculated variation was approximately 10%.

The distribution of Cherenkov photons produced in the detector as well as the distribution of

photons that reach the PMT photocathode per electron (i.e., the “bunch size”) were determined

using Geant4 simulations conducted by collaborator Michael Rubery (Lawrence Livermore Na-

tional Laboratory). As detailed in Ref. 66, the number of detector events (i.e., the number of

photon-producing electrons) N can be calculated from the total number of Cherenkov photons
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NCh and the average bunch size µCh such that

(3.13) N =
NCh

µCh
.

The total statistical uncertainty on N can then be calculated such that

(3.14) σN = N

√
1

NCh
+

VCh

µChN
+
√
N

where VCh is the variance on the bunch size. The first term in Eq. 3.14 therefore represents sta-

tistical uncertainty from the number of Cherenkov photons in Eq. 3.13 while the second term

represents statistical uncertainty in the number of incident gammas. [66] The results of the rel-

evant Geant4 simulations can be found in Appendix B. The final contribution from Cherenkov

photons and detector events was 1%.

Adding the systematic uncertainties in quadrature with each other, the final systematic un-

certainty was 23.5%. Adding the statistical uncertainties in quadrature with each other, the final

statistical uncertainty was 10.2%. The final DT gamma-to-neutron branching ratio measure-

ment was (8.42 ×10−5) ± (0.86 ×10−5)stat ± (1.98 ×10−5)sys. This branching ratio is shown

along with previous measurements of the DT gamma-to-neutron branching ratio, including the

GCD-1 result from Ref. 69, in Fig. 3.8. The DAD branching ratio calculated here is a factor

of 2 higher than the GCD-1 branching ratio reported in Ref. 69. It is clear, however, that their

error bars overlap, so the two measurements can be said to agree with each other.

It should also be noted that the DAD measurement seems more reasonable as a measurement

of γ0 + γ1 in relation to accelerator measurements which claim to have isolated the γ0 spec-

trum. The previous GCD-1 measurement was lower than the γ0 measurements at equivalent

CM energies, which is puzzling considering the fact that DT gamma measurements conducted

with time-of-flight detectors used at ICF facilities measure the sum of the γ0 and γ1 branches.

Considering the γ1 : γ0 ratio of 2.1 reported in Ref. 71, the measurement reported here can be

divided by 3.1 to get an approximate γ0 only branching ratio of ∼ 2.72 ×10−5. This number
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Figure 3.8: Branching ratio from this work shown along with those from Refs. 69 and 72–78.
Note that even though the error bar on this measurement (i.e., (8.42 ± 2.84) ×10−5) appears
large in the plot, its fractional uncertainty is smaller than that of the branching ratio shown in
Ref. 69 (i.e., (4.2 ± 2) ×10−5 ). The CM energy for the measurement inferred in this work is
19 ± 2 keV, but the error bar is too small to be seen on the scale of the above plots.

appears to be consistent with the approximately linear trend in the accelerator data from Refs.

72 and 73.

3.3 S factor for H(D,3He)γ

3.3.1 Relevance and previous measurements

As previously discussed, deuterium burning is an important step in the pp-chain as it occurs in

both stellar nucleosynthesis and BBN. The first step in the pp-chain is

(3.15) p+ p −→ D + e+ + νe

where p represents a proton (interchangeable with “H” as in H(D,3He)γ), D represents a

deuteron, e+ represents a positron, and νe represents an electron neutrino. The cross section for

this reaction is extremely small. [10] The proton energies relevant to this reaction within the

context of stellar nucleosynthesis or BBN are also low, so no experimental cross section or S

factor measurement has been made for this reaction. The deuterons that are produced by this
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reaction can proceed to the second step in pp-chain,

(3.16) p+D −→ 3He+ γ (5.5 MeV )

where 5.5 MeV is the energy of the gamma-ray product. This reaction has a cross section that

is several orders of magnitude larger than the p(p,D)e+ reaction such that it is reasonable to

collect relevant experimental data at accelerator or ICF facilities.

H(D,3He)γ is an extremely important reaction within the context of BBN, as it consumes

deuterium and produces the 3He that is necessary to generate heavier elements. As such, the S

factor (or cross section or reaction rate) for this reaction is used in theoretical calculations of

primordial baryon density, [6, 79, 80] and uncertainties on this S factor limit theoretical pre-

dictions of this quantity. [80] This is particularly interesting within the context of “the lithium

problem,” which describes the discrepancy between observational measurements of 7Li from

high-temperature, low metallicity stars (i.e., old stars which contain mostly primordial Li) and

predictions from the current theoretical model of BBN, which is constrained by the amount of

primordial D. [80]

3.3.2 OMEGA measurements at Tion = 5-17 keV (ECM = 17-37 keV)

Similar to the Tion = 5 keV measurement presented in Ref. 68, the OMEGA experiments

conducted to study the H(D,3He)γ reaction used warm targets filled with a 50/50 mixture of

H2D2 gas for the main experiment along with warm H2- and D2-filled targets to examine back-

grounds. The experimental design was informed by the suggestions outlined in Ref. 81 along

with information gleaned from past data relevant to warm DT implosions that achieved high ion

temperatures. The targets and laser parameters were varied in order to obtain the desired range

of ion temperatures. The low temperature shot involved a target with a CH shell with a ∼ 16

atm fill and a 1-ns square pulse while the higher temperature shots used larger glass shells with

lower fill pressures along with either a 1-ns or 0.6-ns square pulse. The target parameters are

shown in Table 3.1 along with the measured DD neutron yields and ion temperatures.
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As DD neutrons are also produced in any implosion filled with a mixture of H2D2 gas, the

2.45-MeV DD neutrons were measured by various nTOF’s while the HD gammas were mea-

sured by DAD, GCD-1, and GCD-3. GCD-1 contained a quartz radiator (∼0.3 MeV gamma

energy threshold) while GCD-3 was filled with 400 psi CO2 (∼2.9 MeV MeV gamma energy

threshold). Much of the GCD-1 data contained unexpected oscillations and additionally, GCD-

1 showed an unexpectedly high signal level on the H2 shots which produced no nuclear yield,

so only the GCD-3 data were instead used for the following analysis. As previously outlined,

GCD-1 and GCD-3 are similar detectors, however, GCD-1 contains less shielding. The un-

expected signal on the H2 shots in this series is thought to be evidence that the shielding on

GCD-1 may be insufficient in its configuration that includes the quartz radiator (which has a

lower energy threshold than its configuration with a CO2 fill).

Ion temperature was measured from the DD neutron spectrum. The average ion temperature

of the two low temperature HD shots was 5.24 keV. The average ion temperature of the two

intermediate temperature HD shots was 7.57 keV. The average ion temperature of the two high

temperature shots was 16.32 keV. Using the process outlined in Sec. 3.1.3 to convert from ion

temperature to CM energy, these three ion temperatures correspond to CM energies of 17, 22,

and 37 keV, respectively. With these ion temperatures/CM energies as well as a measurement of

the the DD neutron yield, the D(D,3He)n reaction can used as the reference reaction in Eq. 3.5

to calculate the S factor. However, it should be noted that this treatment makes the assumption

that the H and the D both experience the same ion distributions (i.e., the ion temperature for the

HD reaction is the same as the ion temperature for the DD reaction). This assumption seems

reasonable for most implosions of low to moderate fill pressure and ion temperature, but may

not hold for certain combinations of low fill pressure and high ion temperature in which the

implosion may become kinetic.

Statistical and systematic uncertainties were calculated separately. The total systematic

uncertainty includes the systematic uncertainty coming from the DD neutron yield (5%), the

D(D,3He)n S factor (5%, as discussed in Refs. 11 and 68), and the calibration uncertainty

(12.5% for GCD3 [66] and 14.8% for DAD). The total statistical uncertainty includes 1.5%
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Shot
number
& gas fill

Target fill
pressure
(atm)

Target
OD (um)

Target
thickness
(um)

Pulse
shape

Total
laser
energy
on target
(J)

Tion(keV ) DD neu-
tron yield

95335
(HD)

16 860.0
(CH)

15.4 1-ns
square

25056.7 5.45 6.63×1010

95338
(HD)

10 1154.4
(SiO2)

4.2 1-ns
square

25199.4 7.42 1.42×1011

95346
(HD)

3 1102.8
(SiO2)

2.9 0.6-ns
square

14010.8 16.05 4.47×1010

95349
(HD)

3 1097.4
(SiO2)

2.7 0.6-ns
square

14570.9 16.59 2.13×1010

95351
(HD)

10 1130.2
(SiO2)

4.1 1-ns
square

25177.2 7.71 1.19×1011

95353
(HD)

16 857.6
(CH)

14.2 1-ns
square

25492.8 5.03 6.00×1010

95336
(DD)

16 855.0
(CH)

14.9 1-ns
square

25525.3 5.37 3.07×1011

95348
(DD)

3 1098.4
(SiO2)

2.7 0.6-ns
square

14485.2 18.44 7.99×1010

95350
(DD)

10 1147.6
(SiO2)

4.3 1-ns
square

25405.8 4.74 7.00×1011

95354
(DD)

10 1149.4
(SiO2)

4.2 1-ns
square

25153.8 8.07 4.36×1011

95355
(DD)

16 860.0
(SiO2)

15.4 1-ns
square

25265.6 5.06 2.92×1011

Table 3.1: Target/laser pulse parameters and DD yield/ion temperature for HD and DD shots
used for the H(D,3He)γ S factor measurement.
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statistical uncertainty from the DD neutron yield as well as uncertainties from the distribution

of Cherenkov photons and the number of detector events that produce these photons at a given

gamma yield.

The uncertainty from the number of detector of events and the distribution of Cherenkov

photons was determined as previously discussed in Eq. 3.14 using the statistical distributions

shown in Ref. 68 for GCD-3 filled with 400 psi CO2. The results of the analogous Geant4

simulations for the DAD can be found in Appendix B. Due to its small solid angle, the low yield

of HD gammas produced, and the low energy of these gammas, the statistical uncertainties from

the distribution of Cherenkov photons and detector events are quite large for DAD. In particular,

there is over 50% uncertainty on the bunch size. Combined with the an average response of

0.129 Cherenkov photons per incident gamma and an approximate 4π yield of 2×106 5.5 MeV

HD gammas, this leads to a statistical uncertainty σN (as in Eq. 3.14) that is over 100 percent

for the DAD S factor measurement. The DAD measurement is therefore not reported, as it is

not possible to make a useful comparison between this measurement with its extremely large

error bar and either the GCD-3 results or accelerator measurements. It appears that this detector

is not capable of making this specific measurement in this configuration due to its low cross

section and the low energy of the product gammas.

The GCD-3 measurement is summarized in Table 3.2. The GCD-3 measurements are shown

in comparison to existing data in Fig. 3.9 below. These results appear to be in agreement within

their error bars with previous accelerator measurements, although the mean values suggest a

trend that maybe slightly higher than that suggested by the accelerator data. The relatively

large systematic uncertainty on this measurement is due both to the calibration uncertainty on

GCD-3 as well as the statistical uncertainty introduced by the distribution of Cherenkov photons

produced in the detector.

Detailed simulations using the standard model for BBN would be needed to evaluate the

exact effect of a slightly higher mean S factor on the expected amount of primordial lithium in

the universe. Based on the data as shown in Fig. 3.2, however, the difference from the accel-

erator measurements appears to be relatively small and the mean values inferred here appear
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ECM (keV ) S factor
(eV b)

σstat (eV b) σsys (eV b) σtot (eV b)

17 ± 1 0.41 0.09 (21%) 0.09 (23%) 0.18 (43%)
22 ± 2 0.45 0.04 (9%) 0.10 (23%) 0.14 (31%)
37 ± 4 0.54 0.14 (26%) 0.12 (23%) 0.27 (49%)

Table 3.2: Summary of S factors for H(D,3He)γ reaction as inferred using GCD-3 filled with
400 psi CO2. Uncertainty in CM energies was calculated as detailed in Sec. 3.1.3.

Figure 3.9: Plot showing the GCD-3 S factor measurement for H(D,3He)γ in comparison to
accelerator measurements for this reaction. Accelerator results are from Refs. 68, 82, 85–89.
The results inferred here appear to agree with the accelerator results.

to be in very good agreement with the mean values inferred for some of the accelerator data

points such as those from Ref. 82. Overall, the agreement of this ICF-based measurement with

the accelerator measurements within the error bars suggests that the solution to the notorious

cosmological lithium problem [5–7] does not lie in the nuclear data for the important preceding

reaction H(D,3He)γ. Alternative solutions to this long-standing problem involve issues with

the observational measurements of primordial lithium or with the assumption that Maxwellian-

Boltzmann statistics are applicable big bang nucleosynthesis. [7, 83, 84]
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3.4 S factor for H(T,4He)γ

3.4.1 Relevance and previous measurements

The reaction

(3.17) p+ T −→ 4He+ γ (19.8 MeV )

or H(T,4He)γ is also a form of hydrogen burning that is relevant to BBN as a reaction that

created primordial light nuclei. This reaction is additionally interesting in relation to charge-

symmetry breaking. While some accelerator experiments concerning this reaction suggest evi-

dence of charge-symmetry breaking, [90–92] other similar experiments find no evidence of this

claim. [93, 94]

This reaction is also of direct relevance to the ICF community within the context of mix

experiments. Mix of ablator mass into the hot spot is a major source of yield and temperature

degradation in ICF experiments. Mix experiments generally use an HT-filled target in an ablator

that contains D at some recession depth within the shell to determine how much shell material

may mix into the hot spot, the location in the shell from which this material originates, and

the time scales on which mix occurs. In general, these experiments use time-resolved gamma

detectors such as the GCD’s to observe the difference in timing between the HT fusion gammas

from the hot spot and DT fusion gammas which are produced when D enters the hot spot from

the shell. Though there is some DT neutron yield from the hot spot due to impurities in the

T used in an HT fill, additional DT reactions occur as D from the shell enters the hot spot.

The ratio of DT to HT gammas can then be used as a mix metric. [54] The ratio of DT to TT

neutrons can be used as an alternative method, however, the TT neutron spectrum is complicated

(see Sec. 2.5) and it may therefore be difficult to get an accurate TT neutron yield.

Most previous measurements for this reaction, such as those detailed in Refs. 90–94, were

conducted at much higher energies than those relevant to ICF implosions. The only literature

discussing a measurement at very low energies was Ref. 95, in which two data points were
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obtained at incident proton beam energies of 40 and 80 keV (ECM=12.3 and 31.2 keV). Ref.

95 does, however, include a fit to a composite data set consisting of these two data points as

well as higher energy data points from Refs. 90 and 91. Note that these incident proton beam

energies of 40 and 80 keV are not equal to the average proton energy involved in the reaction

due to the dead layer on the surface of the target used Ref. 95. These CM energies correspond

to proton energies of Ep=16.4 and 41.8 keV. [95]

3.4.2 OMEGA measurements at Tion = 4-13 keV (ECM = 16-32 keV)

The experiments to measure the HT gamma were similar to those detailed for the HD gamma

measurement, though the exact target parameters and gas fill were different. Due to difficulties

associated with filling targets with this particular mix of gas, only 6 HT targets were available

and all targets were filled to the same pressure. The laser pulse was therefore varied in order to

achieve a range of ion temperatures (whereas the fill pressure was varied to achieve this effect in

the HD experiments). 3 different ion temperatures were achieved: ∼4.6 keV, ∼9.0 keV, and ∼

12.7 keV. All HT targets had glass shells. Note that the “HT” fill was not purely H2 gas and T2

gas, as there was some D contamination present as an impurity in the T part of the gas fill. The

final fuel fractions in the HT targets were approximately 57.1 H/41.3 T/1.6 D. The presence of

D in the gas mixture means that DT neutrons are also produced in the implosion. nTOF’s can

therefore be used to measure a DT neutron yield and to measure an ion temperature from the DT

neutron spectrum. D(T,4He)n was therefore used as the reference reaction in these experiments.

Gammas were measured by DAD, GCD-1, and GCD-3. GCD-1 was filled with 100 psi CO

(∼ 6.3 MeV gamma energy threshold) while GCD-3 was filled with 30 psi CO2 (∼12 MeV

gamma energy threshold). Much of the GCD-3 data contained unexpected oscillations which

may have been related to performance of the PMT. The GCD-1 data were instead used for the

following analysis. Like in the HD experiments, H2 targets with the same approximate target

dimensions and fill pressure were shot with the same laser pulse for each of the 3 cases in order

to examine any potential background from non-nuclear sources (e.g., bremsstrahlung associated

with the laser impinging on the shell). Neither DAD nor GCD-1 observed any significant signal



101

Shot
number

Target fill
pressure
(atm)

Target
OD (um)

Target
thickness
(um)

Pulse
shape

Total
laser
energy
on target
(J)

Tion(keV ) DT neu-
tron yield

99958 7 1021 3 0.6-ns
square

16317 12.65 1.24×1012

99960 7 1015.2 4.2 1-ns
square

13739.2 4.71 3.31×1011

99961 7 1038.4 2.7 1-ns
square

13546.1 9.85 1.08×1012

99962 7 1019.8 2.9 1-ns
square

13588.8 8.06 1.11×1012

99964 7 1006.4 4.2 1-ns
square

13458.9 4.41 1.66×1011

Table 3.3: Target/laser pulse parameters and DT yield/ion temperature for 5 HT shots. All HT
targets had glass shells. Fuel fractions on all targets was approximately 57.1 H/41.3 T/1.6 D.
Note that 99964 was meant to be a repeat of 99960 while 99962 was meant to be a repeat of
99961. A repeat of shot 99958 was attempted, but no data was obtained due to target leak.

during these shots. The target and laser parameters for the HT shots are shown in Table 3.3

along with the measured DT neutron yields and ion temperatures.

Analysis of the data for these implosions is somewhat more complicated than analysis of

the HD data that was discussed in the previous section. Overall, the S factor can be inferred

in the same way using the DT neutron branch as the reference reaction. Uncertainties can also

be calculated similarly, though different simulations are necessary to account for the relevant

gamma energies and yields. The additional complication in this analysis is related to the pres-

ence of the DT gamma, which has a branching ratio that is on the same order of magnitude as

that of the HT gamma. The total gamma signal in these HT implosions contains both the 19.8

MeV HT gamma as well as the ∼16.7 MeV DT gamma. The DT gamma signal area must be

subtracted from the total signal area in order to isolate the signal area associated with the HT

gamma.

For the GCD-1 data, the contribution from the DT gamma was estimated using the data that

were collected to infer the DT gamma-to-neutron branching ratio in Ref. 69. This analysis was
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not directly affected by the ∼48% error bar on the inferred branching ratio reported by Ref. 69

because this large error bar was due mainly to the large error bar on the old D3He calibration

for GCD-1. The DT signal area calculated from the same data set can be used along with the

more recent carbon calibration for GCD-1 [66] to isolate the total signal area due to the HT

gamma and then convert this area into HT gamma yield using Eq. 3.4. For the DAD data, the

contribution from the DT gamma was estimated using the DAD signal area as a function of DT

neutron yield from data collected on glass-shelled implosions as shown in Fig. 3.6. This signal

is representative of DT gammas plus contributions from gammas produced when DT neutrons

are incident on silicon and oxygen, as discussed in Sec. 3.2.

As shown in Table 3.3, the data set includes two shots at 4-5 keV, two shots at 8-10 keV, and

one shot at 12.65 keV. The two 4-5 keV shots and the two 8-10 keV shots were grouped together

to determine values at an average ion temperature. HT gamma S factors were therefore deter-

mined at average ion temperatures of 4.56, 8.96, and 12.65 keV. These ion temperatures corre-

spond to CM energies of approximately 16, 25, and 32 keV, respectively. The yield-normalized

total signal area for each detector was determined using a weighted sum of the yield-normalized

areas for each group of shots. The yield-normalized DT area (which appears to be temperature

independent as shown in Sec. 3.2) was subtracted from this quantity to determine the average

signal area from the HT gamma. The final HT area was then used along with the appropriate

CM energy and DT S factor in Eq. 3.5 to determine the HT S factor. The Bosch & Hale DT S

factor was used for this measurement. [11]

Uncertainties were determined as outlined in the previous section. For both measurements,

the systematic uncertainty is comprised of the individual systematic uncertainties from the DT

neutron yield (5%), the DT S factor (2%, as given in Ref. 11), the detector calibration (12.5%

for GCD-1 and 14.8% for DAD), and the subtraction of the average DT signal area (0.7% for

GCD-1 and 9.3% for DAD). Each of these percentages are added in quadrature to calculate the

total systematic uncertainty. The statistical uncertainty on both detectors includes uncertainty

from the weighted sum of detector areas (which uses the 1.5% statistical uncertainty on the DT

neutron yield) and a component related to the distribution of Cherenkov photons and the number
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Detector ECM (keV ) S factor
(eV b)

σstat (eV b) σsys (eV b) σtot (eV b)

GCD-1 16 ± 2 2.9 0.1 (3%) 0.5 (16%) 0.6 (19%)
GCD-1 25 ± 3 3.4 0.1 (3%) 0.6 (16%) 0.6 (19%)
GCD-1 32 ± 2 4.4 0.1 (3%) 0.7 (16%) 0.9 (19%)
DAD 16 ± 2 17.0 1.7 (10%) 3.1 (18%) 4.8 (28%)
DAD 25 ± 3 10.0 0.6 (6%) 1.8 (18%) 2.4 (24%)
DAD 32 ± 2 8.9 0.9 (10%) 1.6 (18%) 2.5 (28%)

Table 3.4: S factors as a function of ECM for H(T,4He)γ as inferred from the GCD-1 and DAD
measurements. Uncertainty in CM energies was calculated as detailed in Sec. 3.1.3.

Detector Ep(keV ) S factor
(eV b)

σstat (eV b) σsys (eV b) σtot (eV b)

GCD-1 21 ± 3 2.2 0.1 (3%) 0.4 (16%) 0.4 (19%)
GCD-1 34 ± 4 2.6 0.1 (3%) 0.4 (16%) 0.5 (19%)
GCD-1 43 ± 3 3.3 0.1 (3%) 0.6 (16%) 0.6 (19%)
DAD 21 ± 3 12.7 1.3 (10%) 2.3 (18%) 3.6 (28%)
DAD 34 ± 4 7.4 0.4 (6%) 1.4 (18%) 1.8 (24%)
DAD 43 ± 3 6.6 0.7 (10%) 1.2 (18%) 1.9 (28%)

Table 3.5: S factors as a function of equivalent proton kinetic energy Ep for H(T,4He)γ as
inferred from the GCD-1 and DAD measurements. These values were generated by converting
the values in Table 3.4 to proton beam energy using Eq. 3.19. The Jacobian is applied to
convert the S factor as a function of ECM to S factor as a function of Ep such that S(Ep) =
S(ECM )× ∂ECM

∂Ep
.

of detector events, which is calculated according to Eq. 3.14 with the appropriate response

and bunch size from the Geant4 simulations representing 20 MeV HT gammas incident on

DAD or GCD-1. The individual distributions obtained from these simulations can be found in

Appendix B. Note that the statistical uncertainty on the low-temperature data point for DAD

is unexpectedly large because of a relatively large difference in yield-normalized signal areas

between shots 99960 and 99964.

The results from the GCD-1 and DAD measurements are shown in Tables 3.4 and 3.5 along

with the weighted average of the two measurements.

Accelerator experiments on this reaction are generally conducted using a proton beam and

a stationary target containing tritium. Results from accelerators are therefore generally reported

as S factor or cross section as a function of proton beam energy (i.e., proton kinetic energy).
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For the HT reaction, the relationship between CM (kinetic) energy to proton (kinetic) energy

can be calculated such that

(3.18) ECM (Ep) =
√

(mp +mT )2 + (2EpmT )− (mp +mT ) .

Alternatively, the conversion from CM energy to proton energy can be calculated such that

(3.19) Ep(ECM ) =
1

2mT
(ECM +mp +mT )

2 − (mp +mT )
2 .

For reference, the CM energies from the OMEGA measurements correspond to proton beam

energies of 21, 34, and 43 keV.

A review of accelerator experiments on this reaction [90, 91, 93, 95–97] shows that pre-

vious accelerator measurements have mainly been made at higher energies than the OMEGA

measurement. Only the two data points from Ref. 95 at ECM = 12.3 and 31.2 keV are around

the same range as the new OMEGA data. Ref. 95 also provides a best-fit S factor that was

obtained using the data from Ref. 95 along with higher energy data from Refs. 90 and 91.

The best-fit curve from Ref. 95 is shown in Fig. 3.10 along with the OMEGA measurements

using DAD and GCD-1. The comparison is shown as a function of CM energy as well as pro-

ton energy. Note that the measurements as a function of CM energy must be multiplied by the

Jacobian ∂ECM
∂Ep

calculated from Eq. 3.18 to plot them as a function of equivalent proton beam

energy.

The GCD-1 measurement infers S factors that are 25-70% higher than the best-fit S factor

calculated by Ref. 95. Individually, however, the GCD-1 data points appear to be in agreement

with the two low energy data points from Ref. 95. The DAD measurements are a factor of ∼2-6

higher than the GCD-1 measurements. It is likely that this discrepancy in the GCD-1 and DAD

measurements is due to underestimation of the shell gammas (i.e., the shell areal density) in the

DAD measurement, as the DAD is known to be extremely sensitive to shell gammas due to its

quartz radiator, which was chosen for its ability to detect low-energy gammas. Most glass DT
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implosions at OMEGA are designed with a ∼ 4 µm thick, ∼ 900 µm outer diameter shell with

∼ 10 atm fill pressure, resulting in an areal density of ∼ 2 mg/cm2 from the glass shell. The total

DT + shell gamma signal area as a function of DT neutron yield for such implosions is shown

in Fig. 3.6, however, the target parameters in this series of HT implosions were somewhat

different. These results suggest that the HT implosions may have had a higher remaining shell

areal density. The DAD measurement for the H(T,4He)γ S factor could potentially be improved

in the future with the addition of dedicated DT shots that use the same target parameters as this

series of HT implosions. This approach might, however, be further complicated by diffusion

effects on the DT yield in HT implosions, which will be further discussed in Sec. 3.4.3.

In contrast, GCD-1 at 100 psi CO2 detects gammas above 6.3 MeV. This energy threshold

makes this configuration of GCD-1 much less sensitive to gammas from the glass shell than

the DAD measurement. The GCD-1 measurement is therefore considered the most reliable

measurement for these HT implosions.

Considering the uncertainties on the DAD and GCD-1 measurements, both of these mea-

surements suggest that the S factor for this reaction may be nearly constant at these low CM

energies. This is also a potential interpretation of the two data points from Ref. 95, though

the line corresponding to the best-fit to this data and higher energy accelerator data shows an

increasing trend. Overall, the discrepancies between the DAD and GCD-1 measurements as

well as the limited nature of the accelerator data available for comparison suggests that further

investigation of the H(T,4He)γ reaction is warranted.

3.4.3 ZPKZ simulations for HT implosions

Although the purpose of this series of HT shots was to measure the gammas produced to de-

termine the H(T,4He)γ S factor, the neutron measurements from this campaign were also in-

triguing. In most cases, 1D simulations overpredict neutron yield, however, in this case, the

experimentally-measured yields from the HT shots surpassed the yields predicted by LILAC

(the LLE 1D radiation-hydrodynamic simulation code). Anomalously high DT yields were also



106

Figure 3.10: S factor as a function of proton beam energy (left) and CM energy (right) from the
OMEGA experiments in comparison with the previous HT data S factor at a similar energies.
The previous data is from Ref. 95, which provides two data points at incident beam energies of
40 and 80 keV (or ECM = 12.3 and 31.2 keV) as well as a fit to these two data points along
with data from Refs. 90 and 91. Note that these incident proton beam energies of 40 and 80
keV are not equal to the average proton energy involved in the reaction due to the dead layer
on the surface of the target used Ref. 95. These CM energies correspond to proton energies of
Ep=16.4 and 41.8 keV.

recently observed by Kim et al. in experiments which also used targets filled with a DTH mix-

ture. [98] This phenomenon is thought to be due to ion diffusion effects in which the lighter H

ions move away from the center of the implosion, leading to a higher density of D and T ions

near the center of the hot spot (i.e., an inverse Rygg effect [99, 100]).

An inter-species ion diffusion code known as the Zimmerman–Paquette–Kagan–Zhdanov

(ZPKZ) model [101–103] was used to model the DTH implosions detailed in Ref. 98 with

some success. Their data set was, however, limited, including only 4 DTH capsules with DT

ion temperatures of 6-7.5 keV. The data set shown in this work provided an opportunity to test

this code against experimental measurements for a broader range of ion temperatures.

The ZPKZ code was run by collaborator Nelson Hoffman (Los Alamos National Laborato-

ries) for three cases representative of the low, intermediate, and high ion temperature HT shots

discussed in this work. The chosen shots were 99960, 99962, and 99958. Only these three

shots were simulated because the remaining HT shots (99961 and 99964) were designed to be

duplicates of two of these three shots, and the ZPKZ simulations require a significant invest-
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Shot
number

Quantity DT neutron yield Tion (keV) Bang
time
(ns)

Burn width (ns)

99960 Experimental 3.31×1011 ± 1.66×1010 4.71 ± 0.5 1.49
± 0.05

0.113 ± 0.005

99960 ZPKZ 1.98×1011+3.7×1010

−2.7×1010
4.2 +0.5

−0.9 1.54
± 0.2

0.12 +0.06
−0.05

99960 LILAC 1.57×1011 3.63 1.63 N/A
99962 Experimental 1.11×1012 ± 5.55×1010 8.06 ± 0.5 1.17

± 0.05
0.101 ± 0.005

99962 ZPKZ 7.67×1111+7.6×1010

−5.8×1010
7.57 +0.74

−1.65 1.20
± 0.2

0.09 ± 0.04

99962 LILAC 1.01×1012 7.73 1.17 N/A
99958 Experimental 1.24×1012 ± 6.2×1010 12.65 ± 0.5 0.88

± 0.12
0.108 ± 0.005

99958 ZPKZ 9.52×1011+1.14×1011

−1.42×1010
12.59 +1.92

−4.12 0.82
± 0.12

0.087 ± 0.04

99958 LILAC 1.96×1012 14.68 0.92 N/A

Table 3.6: Table of observed DT neutron yield, ion temperature, bang time, and burn width
compared to LILAC and ZPKZ predictions for these HT shots. Highlighted columns indicate
that a given prediction agrees with the experimental measurement within the error bars of the
two measurements. It is evident that ZPKZ does a better job of predicting observables from
high temperature implosions than the 1D hydrodynamic code LILAC.

ment of time to perform. The ZPKZ simulations for these three shots used the measured target

dimensions along with the on-shot laser energies.

Key results concerning the yield, ion temperature, bang time, and burn width predicted by

the ZPKZ code are shown in Table 3.6, Fig. 3.11, and Fig. 3.12 along with the experimentally

measured and LILAC predicted quantities. The ZPKZ code accurately predicted the experi-

mental ion temperature, bang time, and burn width for all three of these cases. In the low

temperature case, it was able to predict the ion temperature and bang time (within the error bars

of the ZPKZ and experimental quantities) when LILAC was not.

In all three cases, the experimental yield was higher than the yield predicted by either LILAC

or ZPKZ. The trend was, however, similar to what was observed in Ref. 98, where it was ob-

served that the ZPKZ simulation underestimated the DT neutron yield from DTH implosions,

but produced a trend that was in the correct direction. In this data set that covered a wider range
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Figure 3.11: Experimental, ZPKZ-predicted, and LILAC-predicted DT neutron yield and DT
ion temperature for HT shots 99960, 99962, and 99958

Figure 3.12: Experimental, ZPKZ-predicted, and LILAC-predicted bang times and burn widths
for HT shots 99960, 99962, and 99958
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of temperatures, it is evident that the ZPKZ predictions for DT neutron yield draw closer to

the experimentally-measured quantities as ion temperature increases. In fact, for the high tem-

perature shot 99968 (12.65 keV measured ion temperature), the ZPKZ prediction matches the

experimental observation within the error bars of the two measurements. At first glance, this

trend suggests that the D and T molecules are closer to thermal equilibrium as ion temperature

increases. This, however, seems counterintuitive since it is well known that higher temperature

implosions tend to experience kinetic effects. One alternative possibility is that this trend may

actually be caused by Knudsen-layer tail loss, in which D and T ions leak out of the burning

volume of the target due to their long mean free paths, thus decreasing the effective reaction

rates. This effect is not included in the ZPKZ code, but it is possible that this phenomenon may

compensate for the lack of thermal equilibrium in the experimental case such that the high tem-

perature observation becomes closer to the ZPKZ prediction as ion temperature increases. That

is, it is possible that this increased agreement between experiment and ZPKZ prediction is not

necessarily due to the ZPKZ code including the correct physics, as there are other possibilities

which could explain the observed trend. [104]

Although this is a limited data set and further simulations would be necessary in order to

make more definitive conclusions, it still appears that the ZPKZ code may be preferable for

predictions concerning high temperature exploding pushers. This is an especially important

consideration for the design of future experiments that seek to maximize nuclear yield in order

to study various nucleosynthesis reactions as well as for some ignition-relevant designs. [100]

3.5 Preliminary design plans for a gamma spectrometer at

OMEGA

An additional measurement of the DT gamma-to-neutron branching ratio has been detailed in

Sec. 3.2. However, as previously mentioned, the current gamma detectors at OMEGA are time-

of-flight detectors which detect all incident fusion gammas at the same time and therefore do not

directly collect spectral information. Assumptions about the gamma spectrum must therefore
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be made in order to calculate relevant branching ratios or cross sections/S factors using data

from these detectors. While this is relatively straightforward for reactions such as HT fusion,

where there is only one known reaction branch, it is more complicated for DT fusion, which

produces a spectrum of gamma rays.

DT fusion gammas are additionally interesting to ICF due to their relationship to 5He. As

previously discussed, DT gammas are produced in DT implosions via the reactions shown as

Eq. 3.11 and Eq. 3.12, which are analogous to the two TT fusion reactions that produce 5He

and a neutron as detailed in Sec. 2.5 (Eq. 2.3 and 2.4). The gamma ray associated with

the 5He ground state is expected to have an energy of ∼16.7 MeV while the energy of the

gamma ray associated with the first excited state of 5He is not well-known. As previously

discussed in Sec. 2.5, the TT neutron spectrum is a significant background to the total spectrum

of neutrons produced in DT cryogenic implosions and is involved in the forward fits that are

used to infer backscattered areal density for cryogenic experiments, however, its shape is not

well-understood due to the combination of the several reaction branches that constitute the total

neutron spectrum. In particular, as detailed in Sec. 2.5, the branching ratio of the two 5He

states, the mass of the first excited state, and the lifetime of the first excited state are not agreed

upon within the literature.

The shape of the TT neutron spectrum could be better understood via study of the DT

gamma spectrum, which includes only two branches which are related to the 5He ground state

and first excited state. If the masses and lifetimes of these two states could be determined from

the DT gamma spectrum, this information could be used along with energy and momentum

conservation to determine the 5He contribution to the total TT neutron spectrum. A recent

study has approached this problem by changing the gas pressure (and therefore the gamma

energy threshold for detection) on GCD-3 over several DT implosions. [71] However, the DT

gamma spectrum in Ref. 71 was based on properties of 5He determined by application of R-

matrix analysis to data from various n-α scattering experiments, so use of this spectrum to study

the TT neutron spectrum is somewhat circular.

Development of a true gamma spectrometer for use at OMEGA (and similar facilities such
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as the NIF) would thus contribute to improved understanding of the neutron spectrum generated

on DT ICF implosions. Additional interest in the gamma branch of DT fusion within the ICF

community stem from its utility in mix and gamma reaction history experiments as well as the

fact that gamma rays leave ICF targets relatively unperturbed (in comparison to neutrons, which

often scatter in transit to a given detector). Further understanding of the 5He level structure

would also be interesting within the context of fundamental nuclear physics, as 5He is the

smallest nucleus with a neutron present in its outer shell. Although the nuclear shell model

offers effective techniques by which to calculate the mass of the 5He ground state energy, its

excited states remain poorly understood.

There are two main difficulties in building a gamma spectrometer for use in ICF experi-

ments: 1) Traditional pulse-height gamma spectroscopy cannot be used for this application due

to the extremely short (picosecond-scale) time frames involved in these experiments, and 2)

many ICF experiments, such as direct-drive DT fusion experiments, produce a neutron flux that

is several orders of magnitude larger than the gamma flux. Brainstorming and some prelimi-

nary work towards the development of a gamma spectrometer have been performed within the

OMEGA nuclear group. Two potential technologies that could be used for this purpose include

an electron-positron pair spectrometer and a single-hit detector.

The concept for an electron-positron pair spectrometer involves a foil at the front face of the

detector, which will produce electrons and positrons via pair production and Compton scattering

when impinged upon by a gamma ray. Energies of these electrons and positrons can then be

measured by a using a permanent magnet to deflect them onto image plates arranged along the

sides of the detector. For the DT gamma measurement as well as most other applications, this

spectrometer will rely primarily on electrons and positrons from pair production rather than

Compton electrons because photons with energies greater than 5 MeV have a pair-production

cross section that is greater than the Compton scattering cross section. This design is a derivative

of the existing Electron Positron Pair Spectrometer (EPPS) designed by LLNL and fielded on

OMEGA, OMEGA EP, and NIF [105] in order to measure electrons and positrons coming

directly from a plasma. Some basic design work for the electron-positron pair spectrometer has
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already been carried out. Preliminary Monte Carlo simulations have shown that the optimal foil

to use to detect the DT gamma is 100 µm of tungsten in an entrance slit of 2 mm × 4 mm.

Assuming a DT gamma-to-neutron branching ratio of 4.2 × 10−5 [69] and a W foil located 10

cm from a DT-filled target that produces a neutron yield of 1014, this configuration would detect

∼1300 gamma rays with an energy resolution of ∼0.7 MeV. Monte Carlo simulations suggest

that this is sufficient for measurement of the gamma-ray spectra based on the 5He structure

inferred in Sec. 2.5 of this work and the R-matrix models inferred in Ref. 42. The issue with

this measurement mainly lies in the use of image plates, which have proven to be susceptible to

high levels of background from DT neutrons. It is, however, possible that microchannel plates

(MCP’s) could be used instead of image plates. MCP’s offer spatial resolution (with which to

resolve an energy spectrum) as well as the potential for temporal gating between the gamma

and neutron signals.

An alternative to this design is a single-hit detector. Such a detector could easily use tem-

poral discrimination between gamma rays and the neutrons to avoid the issue of the neutron

background completely. Individual LaBr3(Ce) detectors (i.e., LaBr3(Ce) crystals paired with

PMT’s) are readily available and are known to have decay times of ∼26 ns. They have been use

in magnetic confinement experiments and are also used at the NIF in activation measurements,

proving that they can withstand high neutron flux environments. [106, 107] The aspect of this

design that requires further investigation is the distance and necessary size of an LaBr3(Ce)

array that would be required to make the desired spectral measurements.
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Chapter 4

Summary & Conclusions

This work has examined various nuclear processes relevant to ICF plasmas and big bang nucle-

osynthesis via time-of-flight measurements of neutrons and gamma rays.

The forward fit method with an energy-dependent IRF has been detailed and applied to two

analyses: the analysis of nTOF data collected during cryogenic implosions and a simplified

wave-function amplitude analysis of the TT neutron spectrum. Cherenkov detectors have been

used to study the D(T,5He)γ, H(D,3He)γ, and H(T,4He)γ reactions on an ICF platform.

4.1 nTOF backscatter areal density measurement

The analysis of nTOF data collected during cryogenic implosions can be used to infer areal

densities for cryogenic implosions. Such an analysis has been detailed, benchmarked using

synthetic data, and applied to experimental data to determine backscatter areal densities on

the two “8x4” xylene detectors at OMEGA. The results have been archived in the OMEGA

database.

It is clear that the two measurements are sensitive to changes in implosion symmetry, as

the difference between the inferred areal densities have been minimized in several implosions

in which target offsets were applied based on measured flow velocities. [16] Other observables
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such as ion temperature variations among several detectors as well as flow velocities were also

minimized during these shots, indicating overall implosion symmetry. The measurement on the

22-m detector is usually ∼20-30 mg/cm2 lower than the 13-m measurement when no intentional

target offset is applied, but the typical direction of the observed asymmetry has been reversed

when overcorrections were applied.

The larger data set, however, shows no straightforward relationship between the flow ve-

locity and the ratio of the two areal density measurements. The same can be said concerning

the difference between the two measurements. It is thought that this difficulty in discerning

trends in relation to the flow magnitude is due to the complex 3D shape of the areal density

distribution, much of which may not be represented in a sample of only two areal density mea-

surements which infer backscattered areal densities only. The issue is further complicated by

the fact that backscattered neutrons must travel through the other side of the shell to exit the

target. It is especially complicated to determine the effect of this transmission in the event of an

asymmetric implosion.

Analysis of the forward scatter (10-12 MeV) region of the neutron spectrum can help to

address this issue by providing a measurement from the opposite side of the shell from the

backscatter measurement. The forward scatter measurement is also thought to be relatively

simpler than the backscatter measurement because the overall signal will not contain compo-

nents such as the TT and n(D,2n)p spectra. The geometry of the two measurements (forward

scatter and backscatter) for each detector would greatly assist in interpretation of the 3D shape

of the areal density distribution. The 8x4 detectors are not currently configured to measure a

forward scatter areal density. A relatively simple solution to collect forward scatter data in the

future is to change the gating on one of the four PMT’s on each detector so that this region of

the spectrum is clearly visible. Plans for an additional collimated nTOF LOS are also underway.
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4.2 Analysis of the properties of 5He via the TT neutron spectrum

The nTOF data from three TT implosions at 3.7, 11.1, and 18.3 keV were analyzed using a

simple wave-function amplitude analysis that assumes a Lorentzian form for the 5He ground

state and first excited state. Their decay neutrons are included through kinematic calculations

based on the properties of the two 5He states while the 4He + n+ n and 4He + (2n) branches

are included using Lacina’s spectrum for neutron-neutron interference. [18]

The three data sets were fitted simultaneously with a forward fit analysis that requires that

the spectra for all three data sets have the same mass and width parameters for the 5He ground

state and first excited state. The magnitude of each of the states was allowed to vary for each

set of data (i.e., each shot has a separate fit parameter for the amplitude of the various spectra,

but they share the 5He mass and width parameters in a global fit). This analysis infers a ground

state mass of 5.0119 ± 3.9×10−4 amu, a ground state width of 0.44 ± 0.03 MeV, a first excited

state mass of 5.0140 ± 9.0 ×10−4 amu, and a first excited state width of 2.75 ± 0.25 MeV.

The ground state mass is in agreement with the accepted value for the ground state mass, [61]

but the ground state width is a factor of ∼1.7 larger than the accepted ground state width. [21]

There is no accepted value for the first excited state mass and width, as the reported values in

the literature show a wide range of variation.

4.3 Gamma measurements

Gamma reactions D(T,5He)γ, H(D,3He)γ, an H(T,4He)γ were studied using various Cherenkov

detectors at OMEGA. These Cherenkov detectors were calibrated in situ using a carbon puck,

which emits 4.4 MeV gammas associated with the first excited state of carbon when impinged

upon by DT neutrons. [66]

Using the DAD detector, the DT gamma-to-neutron branching ratio was measured to be

(8.42 ± 2.84) ×10−5 at an average CM energy of 19 ± 2 keV. This about a factor of 2 higher

than the previous measurement of this quantity performed on an ICF platform. [69] However,
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assuming the γ0 : γ1 branching ratio given in Ref. 71, this measurement is in better agreement

with accelerator measurements which claim to have measured only ground state DT gamma

rays.

S factors for the HD reaction were obtained at CM energies of ∼17 to 37 keV using the

GCD-3 detector. The HD γ S factor was calculated using the DD neutron S factor as a reference.

The results of this measurement appear to be consistent with accelerator data, though the error

bar is relatively large compared to most of the accelerator measurements. This issue could easily

be addressed if the HD implosion experiments were repeated to improve statistics, as no more

than two HD shots contributed to each data point due to the need for background shots and the

goal of spanning a wide range of ion temperatures on a single shot day. The measurement was

also attempted with the DAD detector, however, the statistics were too poor to make a useful

measurement of this low cross section, low gamma energy reaction with this low solid angle

detector.

S factors for the HT reaction were obtained at CM energies of ∼16 to 32 keV using DAD

and GCD-1. The HT γ S factor was calculated using the DT neutron S factor as a reference.

These HT implosions also produced measurable DT yield due to deuterium contamination in

the tritium part of the target fill. DT γ signal must therefore be subtracted from the total signal in

order to isolate the HT γ signal. The GCD-1 measurement for the HT S factor has a reasonably

small error bar and infers an S factor that appears to be 25-70% higher than the accelerator

best-fit line calculated by Ref. 95. The individual GCD-1 measurements, however, appear to be

in agreement with the two individual data points given in Ref. 95 within their error bars.

The DAD measurement, in comparison, infers S factor values that are significantly higher

than the GCD-1 measurement and have a larger error bar due to Cherenkov statistics. It is

thought that this occurs due to gammas associated with the remaining glass shell areal density

that were not properly accounted for, as the DAD is known to be extremely sensitive to shell

gammas due to the low minimum energy threshold associated with its quartz radiator. It is possi-

ble that the DAD measurement could be improved with dedicated warm DT shots with the same

target and laser configurations as these HT shots, however, there are additional diffusion-related
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effects associated with the 3-species fill which may affect whether or not this would be a valid

approach. The GCD-1 measurement is therefore taken to be the more reliable measurement

because GCD-1 is not sensitive to the gammas associated with the remaining glass areal den-

sity. Overall, further investigation of the cross section/S factor for this reaction seems warranted

considering the fact that there are only two accelerator data points available for comparison at

such low CM energies. [95]

Unexpectedly large DT neutron yields were also observed in these HT implosions. The

experimentally measured yields on some of these shots were higher than the yields predicted

by the 1D radiation-hydrodynamic code LILAC, which is very unusual. To further examine this

phenomenon, additional simulations were obtained from a collaborator at Los Alamos National

Laboratory. [104] These simulations used the ZPKZ code, which includes an inter-species ion

diffusion model and was recently used to model the DTH implosions [98] with some success.

The ZPKZ code accurately predicted the experimental ion temperature, bang time, and burn

width for all three of the target/laser configurations relevant to these HT experiments.

Finally, the prospect of building a true gamma spectrometer for use at ICF facilities was

discussed. The current gamma detectors used at these facilities are time-of-flight detectors,

so they cannot obtain any spectral information except through series of several experiments in

which the detection threshold is varied. Furthermore, assumptions must be made about a given

gamma spectrum in order to infer gamma yields from these detectors. This is a concern for the

DT gamma spectrum in particular, as the DT gamma spectrum is known to have a distributed

energy spectrum that is not well-parameterized. A gamma spectrometer has been recognized

by the OMEGA Laser Users Group as a potentially transformative diagnostic for several years,

but this goal has yet to be realized. Brainstorming and preliminary calculations within the

OMEGA nuclear group have produced some general design ideas concerning a pair production

spectrometer and a single-hit detector, but there is much progress to be made and much R&D

work that would be necessary to test and implement these ideas.
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Appendix A

Electronic setup for time-of-flight

measurements

The purpose of this appendix is to provide a more detailed description of the electronics associ-

ated with the various neutron and gamma-ray measurements reviewed in this thesis. Technical

details concerning the digitizers used to collect data for these detectors are included.

A.1 Electronics for neutron time-of-flight measurements

The electronics associated with the xylene nTOF detectors are arranged as shown in Fig. A.1.

Details concerning the mechanisms governing the scintillation process are discussed in Sec.

2.2.1. As described in this section, there are four windows along the circumference of each

detector. A gated MCP PMT is situated over each of these windows. Each MCP PMT is used

with a separate gating unit and high voltage power supply, and the signal from each MCP PMT

is collected by a separate digitizer.

As shown in Fig. A.2, the total signal spans a large dynamic range that covers ∼4 orders

of magnitude (related to neutron yields from ∼ 1010 for scattered neutrons to ∼ 1014 for DT

primary neutrons). The use of these four PMT’s together allows for measurement of different
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Figure A.1: Diagram illustrating the setup of two OMEGA “8x4” xylene detectors (dimensions
not to scale). Each of the two xylene detectors has a similar setup in which 4 MCP PMT’s view
the xylene scintillator. The diagram illustrates the setup for one of the four PMT’s. Channels
1-3 are used to measure the signal at different sensitivities while channel 4 is used to record
an optical fiducial which is used as a timing reference. Each PMT has a separate high voltage
power supply, signal cable, and fast gate, as well as a dedicated digitizer.

regions of the signal. The PMT’s are 1- and 2-stage Photek PMT’s (i.e., PMT-140 and PMT-

240). Typical gain curves for these PMT’s are shown in Fig. A.3.

It is well-known that the gain from these PMT’s may change if too much charge is extracted

from the PMT. The PMT’s are therefore gated in order to avoid this issue. The gating unit

is used along with a trigger pulse from a signal generator and acts to turn the PMT on/off

at a predetermined time so that signal is only collected within a certain range of times. The

OMEGA xylene detectors use Photek fast-gating units. [109] These gating units can operate in

two modes: “normally on” or “normally off.” In the “normally on” mode, the PMT is on and is

turned off after a predetermined period of time. In the “normally off” mode, the PMT is off and

is turned on after a predetermined period of time. A diagram illustrating each of these modes

is shown in Fig. A.4. The “normally off” mode is used for the areal density measurements

described in Sec. 2.4, which use the data in the “PMT D” region as shown in Fig. A.2. The

PMT reaches its full gain within 20 ns of the “on” signal from the gate, however, use of these

gating units often produces a ringing feature in the measured signal, as illustrated in Fig. A.5.
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Figure A.2: Regions of signal as measured by the 13-m 8x4 detector. Corresponding neutron
energies are shown on the x-axis above the plot. It is clear that the entire signal spans 4-5 orders
of magnitude. It is for this reason that separate PMT’s are set up to view different regions of the
signal. Image provided by Chad Forrest (LLE) and originally published in Ref. 108.

Figure A.3: Example gain curves for a 2-stage Photek PMT (PMT-240, left) and a 1-stage
Photek PMT (PMT-140, right). [109]
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Figure A.4: Diagram illustrating the operation of Photek fast-gating units in the “normally
off” and “normally on” modes. [109] Image provided by Chad Forrest (LLE) and originally
published in Ref. 108.

Figure A.5: nTOF signal from shot 99919 as used for areal density analysis on the 13-m xylene
detector (PMT D). The gate for this PMT is in the “normally off” mode. The PMT is turned on
around 350 ns. Some ringing can be observed in the signal.

[108, 109]

The signal from each PMT travels from the detector to a digitizer via LMR-600 cables.

These shielded cables are used in order to minimize signal losses while avoiding distortion

from external sources such as electromagnetic pulses or the OMEGA laser beams. [108] The

x-ray instrument response function discussed in Sec. 2.3 is measured with these cables included

so as to account for any remaining loss of signal or pulse distortion.

The signal is acquired at the digitizer and is then archived in the OMEGA database. Each

digitizer generally has 4 channels. One channel is used to record an optical fiducial, which is

used as a timing reference for the remaining 3 channels. As illustrated in Fig. A.1 and Fig.
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Figure A.6: Raw nTOF signals from PMT D of the 13-m xylene detector as recorded on shot
99919. The signal from the PMT is recorded on channels 1-3 (left) while an optical fiducial is
recorded on channel 4 (right) for use in the timing calibration procedure. Note that the timing
calibration must be applied to the raw data shown in this figure before it is analyzed. The PMT
signal is recorded at 3 different vertical sensitivities. The first unclipped channel is generally
used for the areal density analysis.

A.6, the signal from the PMT is split across the 3 remaining channels, which are set at different

sensitivities so as to record the signal with different vertical resolutions and noise levels.

The 13-m (P7) detector uses Tektronix DPO7254 (2.5 GHz) and TDS7104 (1 GHz) dig-

itizers while the 22-m (H10) detector uses Keysight DSOS254A (2.5 GHz) digitizers. Each

digitizer receives external triggering from the OMEGA hardware timing system. A schematic

illustrating signal acquisition using these digitizers is shown in Fig. A.7. There is a separate

input amplifier and digitizer for each channel, as shown in Fig. A.8.

8 to 10 total bits are available for each channel on these digitizers, however, the full number

of bits can only be used when signals are acquired at low sampling frequencies. The effective

number of available bits depends on the selected horizontal and vertical sensitivities as well

as the selected sampling rate. The two OMEGA xylene detectors are generally operated at

10 GSa/s (in order to record data points at 0.1 ns intervals) with various vertical sensitivity

settings depending on the PMT and the expected yields for a given shot. Fig. A.9 shows a

table illustrating the number of effective bits on the Tektronix DPO7254 as a function of input

frequency for a given vertical sensitivity setting and sampling rate.
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Figure A.7: Schematic illustrating signal acquisition from Tektronix DPO7254 manual. Image
from Tektronix DPO7254 digitizer user manual. [110]

The Tektronix DPO7254 has a maximum of 8 total bits but is generally operated within

the range of ∼5.2-5.7 bits, giving a dynamic range of ∼37-52 on each acquired signal. The

Tektronix TDS7104 has a maximum of 8 total bits but is generally operated at ∼5.5 bits, giv-

ing a dynamic range of ∼45. The Keysight DSOS254A has a maximum of 10 total bits but is

generally operated at ∼7.4 bits, giving a dynamic range of ∼170 on each acquired signal. The

dynamic range on the measurement is further improved by recording the signal at three different

sensitivities as shown in Fig. A.6 as well as by using different PMT’s set at different bias volt-

ages for the regions of the signal shown in Fig. A.2. Table A.1 summarizes the different PMT’s

and their gain settings in the typical configuration that is used to collect data from cryogenic

implosions on the 13-m xylene detector. The 22-m detector is set up similarly.

PMT label PMT type High voltage (V) Gain Gate timing (ps)
A PMT-140 2875 10 N/A
B PMT-240 4500 10,000 1090
C PMT-140 4150 200 730
D PMT-240 4350 400 815

Table A.1: PMT settings used on the 13-m xylene detector as shown in Ref. 29. Use of this
combination of PMT’s set at these bias voltages combined with the relevant digitizers set to
record signals at 3 different sensitivities enables measurement of the signal over ∼4-5 orders of
magnitude as shown in Fig. A.2
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Figure A.8: Amplifier/digitizer configuration is separate for each channel. Image from Tek-
tronix DPO7254 digitizer user manual. [110]

Figure A.9: Number of effective bits for several different input frequencies on Tektronix
DPO7254. Image from Tektronix DPO7254 digitizer user manual. [110]
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A.2 Electronics for gamma time-of-flight measurements

The setup of the electronics and digitizers involved for measurements using the LANL GCD de-

tectors may vary slightly between shot days. The HD and HT implosions for which GCD-1 and

GCD-3 measurements are discussed in this work used the configurations shown in Fig. A.10

and Fig. A.11. The analogous diagram for the AWE DAD is shown in Fig. A.12. This configu-

ration generally remains unchanged. All three of these detectors consist of Cherenkov radiators

paired to PMT’s as shown in Figs. 3.1 and 3.2. Details concerning the mechanisms through

which Cherenkov detectors detect gamma rays are discussed in Sec. 3.1.1. As described in

this section, incident gamma rays Compton scatter in the radiator medium, scattering electrons

which may generate Cherenkov photons. Cherenkov photons are then detected by a PMT.

Figure A.10: Diagram showing setup of GCD-1 and GCD-3 for HD shots. More detailed di-
agrams of the instruments themselves can be found in Fig. 3.1. For this set of shots, GCD-1
was used with quartz while GCD-3 was used with 400 psi CO2. GCD-1 measured a signifi-
cant signal on non-nuclear (H2) background shots, indicating that its quartz configuration lacks
sufficient shielding. The GCD-3 SCD data was therefore used for analysis for this campaign
while the GCD-1 data was not. Diagram provided by Kevin Meaney, Yongho Kim, & Hermann
Geppert-Kleinrath of Los Alamos National Laboratory.

The GCD’s use pressurized gas as a radiator while the DAD uses quartz as a radiator. Both

the GCD’s and the DAD use MCP PMT’s. The GCD-1 and GCD-3 measurements detailed

in this work used Photek PMT-210s while the DAD measurements detailed in this work used
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Figure A.11: Diagram showing setup of GCD-1 and GCD-3 for HT shots. More detailed di-
agrams of the instruments themselves can be found in Fig. 3.1. For this set of shots, GCD-1
was used with 100 psi CO2 while GCD-3 was used with 30-100 psi CO2. The GCD-1 signal
showed unexpected ringing features that were suspected to be associated with the PMT, so only
the GCD-1 FTD data was used for analysis. Diagram provided by Kevin Meaney, Yongho Kim,
& Hermann Geppert-Kleinrath of Los Alamos National Laboratory.

Figure A.12: Diagram showing setup of the DAD for gamma measurements (dimensions not to
scale). A more detailed diagram of the instrument itself can be found in Fig. 3.2. The DAD
is a fixed diagnostic on OMEGA, so this configuration generally remains the same regardless
of what measurement is being made, though changes in PMT bias voltage may be made if
particularly low or high yields are expected. In order to use interleaved sampling to obtain the
maximum sampling rate on the measured signal, only digitizer channels 1 and 3 are used.
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either a Photek PMT-210 or -110. The original PMT-210 was replaced with a PMT-110 upon

failure of the PMT-210. The gain for these PMT’s follows a trend similar to that shown in Fig.

A.3. Example signals for the DT gamma signal as measured by DAD are shown in Fig. 3.3.

The signal from fusion gammas is typically the first significant feature recorded. Because of

this property as well as the fact that gamma detectors generally do not seek to resolve a signal

over many orders of magnitude, gating of the signal is typically not necessary. It is, however,

important to operate the PMT’s at a bias voltage which keeps the total charge under 1 nC so

as to maintain constant gain on the PMT (i.e., to avoid nonlinear effects that may arise due to

charge depletion).

The DAD measurements discussed in this work used a Keysight DSOS254A digitizer (2.5

GHz). This is the same digitizer used for the 22-m nTOF as discussed in Sec. A.1. The DAD

measurement, however, uses interleaved sampling to achieve an improved temporal resolution

of 50 ps/point (= sampling rate of 20 GSa/s). Interleaving describes the use of parallel analog-

to-digital converters (ADC’s) within the oscilloscope to enable sampling at a higher rate than

is possible with a single ADC. This is generally accomplished by phase-delayed sampling.

Modern oscilloscopes often consist of paired channels such that channels 1 and 2 on a 4-channel

oscilloscope share two ADC’s while channels 3 and 4 also share two ADC’s. The digitizer used

for the DAD measurement has a maximum sampling rate of 20 GSa/s, however, use of all

channels only allows 10 GSa/s per channel because the channels are paired in this way. In order

to collect data at the maximum sampling rate, only channels 1 and 3 were used for the DAD

measurement. Channel 1 was generally used to record gamma data from the implosion while

channel 3 was generally used to record an optical fiducial for use as a timing reference.

The GCD measurements used a Greenfield FTD10000 (7 GHz) for GCD-1 and a Tektronix

SCD5000 (4.5 GHz) for GCD-3. These digitizers are used primarily for their temporal resolu-

tion, as the gamma signals of interest occur within a short time frame. The FTD10000 is a fast

transient digitizer which uses an MCP, a charge coupled device (CCD), and a cathode ray tube

as shown in Fig. A.13. It has a maximum of 13 bits of vertical resolution and can collect data at

sampling rates up to 1000 GSa/s. For the HT experiments discussed in Sec. 3.4, the FTD10000
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Figure A.13: Diagram illustrating principles of operation for FTD10000. Image from
FTD10000 user manual. [111]

was used to collect data from GCD-1 at a resolution of 6-12 ps/point (83.3-166.7 GSa/s). The

SCD5000 is also a fast transient digitizer that operates according to similar principles. It has

a maximum of 11 bits of vertical resolution and can collect data at sampling rates up to 200

GSa/s. For the HD experiments discussed in Sec. 3.3, the SCD5000 was used to collect data

from GCD-3 at a resolution of 5 ps/point (200 GSa/s).
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Appendix B

Geant4 simulations for error analysis

of gammas detected by Cherenkov

detectors

The following shows the results of Geant4 simulations performed by collaborator Michael Ru-

bery (Lawrence Livermore National Laboratory) in support of the gamma measurements pre-

sented in this work. These distributions were used to determine the uncertainty produced by

Cherenkov photons and Poisson-distributed numbers of detector events in both the DAD and

GCD-1 as discussed throughout Chapter 3. In particular, the mean and variance of these distri-

butions are used to determine this uncertainty via Eq. 3.14.
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Figure B.1: Results of Geant4 simulations for carbon gammas incident on DAD. The number
of carbon gammas was calculated assuming a conservative DT neutron yield of 1013 and using
the carbon scattering cross section, approximate carbon puck solid angle, and DAD solid angle.

Figure B.2: Results of Geant4 simulations for DT gammas incident on DAD. The spectrum
used in Ref. 71 was used to sample the relevant gamma energies. The number of gammas
incident on DAD was calculated assuming a conservative yield of 1013 DT neutrons and using
the branching ratio from Ref. 69 with the DAD solid angle.
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Figure B.3: Results of Geant4 simulations for HD gammas incident on DAD. The approximate
number of gammas incident on DAD was determined using the DAD solid angle and the HD
yield reported in Ref. 68. The large uncertainties on these distributions make it clear that it is
not possible to make a useful measurement of the HD S factor using DAD for this reaction at
these yields, as propagation of the values shown here through Eq. 3.14 results in over 100%
statistical uncertainty.

Figure B.4: Results of Geant4 simulations for HT gammas incident on DAD. The number of HT
gammas incident on DAD was determined based on the 4π gamma yield inferred on previous
HT (mix) experiments by collaborators from Los Alamos National Laboratories.
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Figure B.5: Results of Geant4 simulations for HT gammas incident on GCD-1. The number
of HT gammas incident on GCD-1 was determined based on the 4π gamma yield inferred on
previous HT (mix) experiments by collaborators from Los Alamos National Laboratories.
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