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Nuclear Diagnostics for Inertial Confinement Fusion (ICF) Plasmas

J.A. Frenje!
IMassachusetts Institute of Technology, Cambridge, MA 02139, USA

Email: jfrenje@psfc.mit.edu

The field of nuclear diagnostics for Inertial Confinement Fusion (ICF) is broadly reviewed from
its beginning in the seventies to present day. During this time, the sophistication of the ICF
facilities and the suite of nuclear diagnostics have substantially evolved, generally a consequence
of the efforts and experience gained on previous facilities. As the fusion yields have increased
several orders of magnitude during these years, the quality of the nuclear-fusion-product
measurements has improved significantly, facilitating an increased level of understanding about
the physics governing the nuclear phase of an ICF implosion. The field of ICF has now entered an
era where the fusion yields are high enough for nuclear measurements to provide spatial, temporal
and spectral information, which have proven indispensable to understanding the performance of
an ICF implosion. At the same time, the requirements on the nuclear diagnostics have also become
more stringent. To put these measurements into context, this review starts by providing some
historical remarks about the field of ICF and the role of nuclear diagnostics, followed by a brief
overview of the basic physics that characterize the nuclear phase and performance of an ICF
implosion. A technical discussion is subsequently presented of the neutron, gamma-ray, charged-
particle and radiochemistry diagnostics that are, or have been, routinely used in the field of ICF.
This discussion is followed by an elaboration of the current view of the next-generation nuclear
diagnostics. Since the seventies, the overall progress made in the areas of nuclear diagnostics and
scientific understanding of an ICF implosion has been enormous, and with the implementation of
new high-fusion-yield facilities world-wide, the next-generation nuclear diagnostics will play an
even more important role for decades to come.



1. Introduction
1.1 Inertial Confinement Fusion (ICF) — Historical remarks

The history of Inertial Confinement Fusion (ICF) can be traced back to a meeting organized
by Edward Teller in 1957, which focused on the use of hydrogen bombs for peaceful purposes.
One of the outcomes of that meeting was the initiation of John Nuckolls work on significantly
scaling down the secondary (the fusion part of a hydrogen bomb), while still generating energy
gain. This early work pointed to the idea that a small spherical capsule filled with deuterium-
tritium (DT) fuel, positioned inside a small cylindrical hohlraum, could be imploded by x-rays
produced in the hohlraum [1.1, 1.2]. However, at the time it was not clear how to heat the hohlraum
and generate x-rays and drive the capsule. With the introduction of the laser in 1960, it became
clear that the laser represented a suitable driver for ICF applications. As a result, a large body of
theoretical and computational work was conducted in the United States (US), Europe, Japan and
the Union of Soviet Socialist Republics (USSR) in the 60’s and early 70’s, which laid the
foundation for laser-driven ICF, both in direct-drive mode (where lasers directly illuminate the
capsule), and indirect-drive mode (where lasers illuminate the inside of a hohlraum for production
of x-rays that drive the capsule). Other types of driver concepts were also investigated such as
electrons, heavy ions and magnetic fields [1.3, 1.4]. This era culminated in 1972 with the first
unclassified ICF paper “Laser Compression of Matter to Super-High Densities” published by J.
Nuckolls et al. in Nature [1.5], which formulates the foundation for the direct-drive ICF scheme
where 100 kJ — 1 MJ lasers are used to implode a millimeter-sized spherical capsule, filled with
DT gas, to densities and temperatures high enough for significant thermonuclear fusion, ignition
and energy gain to occur. The scheme and the many challenges presented in this seminal paper are
still relevant today.

After Nuckolls’ paper was published, several large-scaled (hundreds of joule) laser
facilities were built or used to explore the spherical implosion concept. In Japan, the Gekko-11 laser
was used to conduct spherical implosion experiments in 1973 [1.6, 1.7]. In 1974, the KMS Fusion
in the US used a two-beam laser system, capable of delivering up to 200 J in 100 ps pulse, to
irradiate a set of DT gas-filled capsules, which generated thermonuclear conditions and neutron
yields up to ~107 [1.8]. At Lawrence Livermore National Laboratory (LLNL), similar experiments
were conducted in 1974 with the single-beam JANUS laser, and in 1975 neutron yields in excess
of 108 were generated [1.9]. By early 1976, the upgraded 2-beam ARGUS laser generated ion
temperatures of ~10 keV and neutron yields up to ~10%°, which represented a big step forward in
terms of performance. At about the same time, the six laser-beam ZETA system was built at the
Laboratory for Laser Energetics (LLE) at the University of Rochester, where a series of
symmetrical implosion experiments utilizing gas-filled, thin-glass capsules was carried out. These
experiments generated impressive results in terms of implosion symmetry and neutron yields up
to 1.5x10° [1.10].

The downside with these first experiments was that they were performed with thin-glass
capsules that could not generate the required densities for ignition to occur. The program at LLNL
was therefore redirected toward implosions based on isentropic compression required for high



convergence and high fuel densities. In 1978, fuel densities of order 10x liquid density were
achieved in experiments with the 2-kJ ARGUS laser, and about a year later fuel compression of
about 100x was achieved with the 10-kJ SHIVA laser [1.11]. The ion temperature in these
experiments was low (~0.5 keV) to maximize fuel density but to provide sufficient thermonuclear
yields for diagnostics purposes [1.11]. Several experiments at SHIVA also explored the indirect-
drive concept using hohlraums.

The results from these first experiments were very encouraging and led to the development
of several new, larger ICF facilities around the world, such as NOVA in the US [1.12], Gekko-XII
in Japan [1.13], Phebus in France [1.14], ISKRA-4 (followed by ISKRA-5) in the USSR [1.15-
1.16], SG-1in China [1.17] and OMEGA-24 in the US [1.18]. Hot-spot experiments at Gekko-XII
generated impressive results, including ion temperatures of ~10 keV and neutron yields of ~10%3
[1.19]. At NOVA, the first fully integrated indirect-drive experiments were conducted in 1985
[1.20], and in 1990, experiments with the enhanced NOVA laser symmetrically compressed DT
implosions about 100x in a 300 eV hohlraum with little preheat. The increased NOVA capability
also produced neutron yields up to ~10'3, which were made possible by increasing the energy
output per beam and by substantially improving the suite of diagnostics. In parallel, a series of
implosion experiments with the OMEGA-24 system demonstrated 100-200x liquid-DT density in
1988 [1.21], which was facilitated in part by implementing and using an extensive array of
diagnostics. In 1996, OMEGA-24 was upgraded to OMEGA-60 [1.22] to achieve better uniformity
and to lay the foundation for validating the direct-drive approach for achieving ignition.

The findings from the experiments in the 80’s and early 90°s were reviewed by the National
Academy of Science that issued the Koonin Report [1.23], which stated that most milestones in
the efforts in achieving the required implosion conditions had been met to initiate a large-scaled
ignition program. In that report, it was concluded that the predicted fuel densities were achieved,
while neutron yields were orders of magnitude lower than predicted, indicating that the formation
of the hot spot and resulting ion temperature were impeded mainly by Rayleigh-Taylor (RT)
instabilities. It was also concluded that the required conditions for ignition could not be achieved
with the facilities at hand, which initiated the effort of building the MJ-class lasers: the National
Ignition Facility (NIF) [1.24] at LLNL, and the Laser Mega Joule (LMJ) [1.25] in France; which
are primarily designed for indirect-drive experiments. At the NIF, the first light was obtained in
2003, while the full operation of the system started in 2009, with the first phase being the National
Ignition Campaign that produced highest fuel areal density (pR) to date (~1.6 g cm?) [1.26]. This
campaign was followed by several campaigns that involved more stable implosions, which led to
a hot-spot pressures in excess of 350 Gbar and record neutron yields of ~2x10% [1.27-1.28]. The
LMJ system started partial operation in 2014. In parallel, a cryogenic DT campaign at OMEGA-
60 was initiated in 2006 to validate the direct-drive approach for achieving ignition. In the
subsequent years, several important milestones were achieved, culminating in a pR of ~300
mg/cm? [1.29], hot-spot pressure of 56 Gbar and neutron yields in excess of 104 [1.30].

The Chinese ICF program continued to advance the SG-series. In 2001 the SG-II facility
was operated at 6 kJ, and in 2014 the SG-1I upgrade operated at 24 kJ [1.31]. The 48-beam, 180-
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kJ SG-II1 laser facility was commissioned in 2015 and subsequently started operation [1.32]. In
addition, the MJ-class SG-IV laser represents the next step in China’s ICF program, and is being
designed to explore ignition and burn [1.33]. This facility is projected to be in operation within the
next decade. In Russia, the 192-beam, 2.8 MJ UFL-2M laser is currently being built at the Russian
Federal Nuclear Center (RFNC-VNIIEF) in Sarov [1.34]. This system is a 2o laser system for
direct-drive experiments.

The fast-ignition approach in which the fuel compression is decoupled from the heating of
the hot spot [1.35], has been explored in parallel with the standard hot-spot approach. Fast ignition
experiments have been conducted at Gekko-XII, culminating in neutron yields up to 3.5x107 [1.36,
1.37].The facilities that are being implemented and have been proposed to pursue fast ignition are
Fast Ignition Research Experiment (FIREX) at Osaka University [1.38], and High Power laser
Energy Research facility (HIPER) in the United Kingdom (UK) [1.39], respectively. If fast-
ignition approach is successfully implemented and ignition is achieved, it would in principle lower
the amount of energy required to be coupled to the capsule by an order of magnitude.

Another promising approach that has recently emerged in the field of ICF is the Magnetized
Liner Inertial Fusion (MagLIF) method [1.40]. This method, which was developed at Sandia
National Laboratory (SNL), uses imploding magnetic fields of a cylindrical beryllium liner (Z-
pinch) combined with a heater laser beam. The MagLIF concept is today mainly operating with
pure D, fuel, and has to date generated up to ~10 neutrons [1.41]. The long-term plan for the
MagLIF approach is to gradually switch over to DT fuel operation.

1.2 Role of Nuclear Diagnostics

In retrospect, each decade has displayed the development of ICF facilities and nuclear
diagnostics that were orders of magnitude more capable than those used during the preceding
decade. This is generally a consequence of the fact that the efforts, lessons learned, and experience
gained on previous facilities enabled more sophisticated diagnostics on the next-generation
facilities. Higher fusion yields also facilitated higher-quality measurements, which facilitated an
increased level of understanding about the physics governing the nuclear phase of an ICF
implosion. This in turn provided essential guidance of the ICF programs, resulting in
improvements in the fusion yield. The field of ICF has now entered an era where the fusion yields
are high enough for unprecedented nuclear measurements with spatial, temporal or spectral
information, which are indispensable in understanding the performance of an ICF implosion. With
the implementation of new high-fusion-yield facilities world-wide, the next-generation nuclear
diagnostics will play an even more important role for decades to come.



2. Brief overview of the physics governing the nuclear phase of an ICF implosion

The concept of an ICF implosion involves a spherical capsule made of either plastic (CH),
high-density carbon (HDC), or beryllium (Be) that is filled with milligrams of deuterium-tritium
(DT)? fuel in the form of gas at vapor pressure at the center surrounded by a cryogenic ice-layer
on the inside of the capsule [2.1]%. In the case of laser-driven ICF, the energy from the driver is
delivered to the outer part of the capsule (or ablator), which heats and radially expands outward.
As the outer part of the ablator expands, the remaining inner part is forced inward to conserve
momentum. This process is generally done quasi-isentropically [2.1, 2.2], and at peak compression
the fuel is nearly isobaric and typically represented by two regions: a hot central plasma (called
hot spot), containing a small fraction of the fuel, and a denser (and colder) fuel-shell surrounding
the hot spot. The fuel-shell has several functions: first, it compresses and heats the hot spot by
acting as a piston, secondly, it provides inertial confinement, and thirdly, it traps the dt-alphas for
self-heating. At peak compression, the fusion process is initiated by several carefully tailored
shocks that converge at the center of the implosion, significantly raising the ion temperature and
density of the hot spot. If the temperature and density are high enough, hot-spot ignition occurs.
In addition, if the pR of the surrounding fuel-shell is sufficient to stop majority of the dt-alphas
and the fuel is kept together for long enough time, a thermonuclear burn wave will propagate
through the main fuel-shell. The energy coupled to the hot spot is small (a few kJ), but if hot-spot
ignition is followed by burn of the main fuel, the energy output is amplified significantly.

As discussed in the literature [2.3], a simple form that represents the ignition condition for
a steady-state plasma can be derived by balancing the alpha-power density with the power-loss
density mainly due to heat loss caused by fuel-shell expansion and thermal conduction®. Often
referred to a Lawson-type criterion, the ideal ignition condition is expressed as

2<GV>:g P2{ov) 3P
“16 T2 27’

(2.1)
where ¢, is the kinetic energy of the DT-alpha, n is the total ion-number density, <ov> is the fusion
reactivity for a thermal plasma, P is the hot-spot pressure, Ti is the hot-spot ion temperature, and
te is the energy-confinement time*. Here, it is assumed that the pressure profile is constant in the
hot spot and thus can be expressed as P = 2nTi. Eq. (2.1) can be rewritten as

24T?

Prg > . <0'V> .

(2.2)

D and T represent a deuterium and tritium atom, respectively. This should be contrasted to d and t that represent a
deuteron and triton, respectively.

2In the case of MagLIF, the implosion involves a cylindrical Be liner filled with pure D gas in most experiments.
3When the density in the surrounding fuel-shell is high, most of the radiation is absorbed in the fuel-shell and the
energy is recycled back into the hot spot by increasing the ablation of the inner surface of the fuel-shell.

4 7= represents the characteristic plasma-energy relaxation time due to electron heat conduction.
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As shown by eq. (2.2), the Lawson criterion depends on Ti2. In the case of an ICF implosion, the
Ti?/<ov> is minimized for a Ti of ~13 keV for the dt reaction [2.4]. However, to achieve this
temperature using the spherical-implosion concept, the implosion velocity must be ~700 km/s,
which is unrealistically high because the implosion is hydrodynamically unstable and severely
breaks up in-flight. A lower implosion velocity of ~400 km/s, which generates T; of ~5 keV, is
optimal for a stable implosion. With these implosion parameters, the ideal ignition condition Pre
is ~20 atm-s (and not Premin ~8 atm-s, which is required for a T; of ~13 keV).

To assess the performance of an ICF implosion and how it compares to the ideal ignition
condition, the experimental Pz is often normalized to the ideal ignition condition Pze min. This ratio
is called the ignition parameter (y) [2.4]. During the deceleration phase of the implosion, the
kinetic energy of the fuel-shell is converted into hot-spot thermal energy, which means that the
hot-spot pressure scales as P ~ mv?/R®, where m ~ pR(R?) represents the fuel-shell mass, R
represents the fuel radius, and v ~ R/ z is the implosion velocity (where 7 represents the implosion
time scale). Using these relations, y can be expressed as

4= Pr
I:)TE,min

~ pR-v-T;, (2.3)

where pR is the burn-averaged areal density of the fuel-shell, and Ti is the burn-averaged ion
temperature. Here, it is assumed that <ov> is approximately proportional to T2 in the range of 3.5
— 7.0 keV. On the basis of analytical and numerical modeling, Betti et al. showed that the implosion
velocity v in eq. (2.3) can be expressed as Ti%®/pR%? [2.4], which leads to

4~ pRO8 (T_i]m , (2.4)
4.7

and
Pr>8-(pR-T,)"°, (2.5)

where Pz is given in atm-s, pR is given in g/cm? and Ti is given in keV. It is important to note that
these expressions were derived in the limit of one dimension (1D). In three dimensions (3D), the
effect of asymmetries [2.5] and RT-induced mix of hot and cold fuel must also be considered [2.6—
2.8], as they can impact the proper formation of the hot spot and reduce Ti, burn volume and Yn
due to reduced pressure. To account for the 3D effects, Betti et al. showed numerically that egs.
(2.4-2.5) should be reformulated as

1.6 0.4
T. Y,
= pRO8| L | 2.6
£=P (4-3] [ij 29

and
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where Y, and Y 1p are the measured and 1D-simulated neutron yields, respectively. The assumption
made here is that 3D effects fully explain the discrepancy between simulations and experiments.
It should also be noted that from equations (2.4-2.7) it is clear that the DT fuel must to be
spherically assembled to maximize pR and Ti, while at the same time keep the fuel assembled for
long enough time for a substantial number of fusion reactions to take place. To evaluate the
performance of an ICF implosion, during the nuclear phase, it is also clear that Y, , Ti, pR, burn
duration, burn profiles, and their 3D asymmetries must be diagnosed. As discussed in the next
sections, this can be done through spectral, spatial and temporal measurements of the nuclear
fusion products emitted from an ICF implosion.



3. Nuclear fusion products from an ICF implosion

In an ICF implosion with DT fuel, a certain set of reactions take place. In surrogate
implosions with either pure D2 fuel or D*He fuel, another set of reactions take place. In this review
paper, we discuss the primary, secondary and tertiary reactions, in these fuels, which are used
routinely to diagnose an ICF implosion®. A detailed discussion about the information carried by
the fusion products is made in Section 4.

3.1 Primary
The primary reactions and reaction products that are used routinely for diagnostics
purposes are:

d+t — *He (3.56 MeV) + n (14.03 MeV), 100% (3.1)
— SHe* — SHe + y0 (16.75 MeV), 4x10® (3.2)
— °He* — °He* + y1 (~13 MeV), 10* (3.3)
d+d — °He (0.82 MeV) + n (2.45 MeV), 50% (3.4)
— 3H (1.01 MeV) + p (3.02 MeV), 50% (3.5)
— “He* — “He + y0 (23.8 MeV), 107 (3.6)
t+t — *He (< 3.8 MeV) + 2n (< 9.4 MeV), 85% (3.7)
— 5He (1.7 MeV) + n (8.7 MeV), 10% (3.8)
— SHe* (1.4 MeV) + n (7.0 MeV), 5% (3.9)
d +3He — *He (3.73 MeV) + p (14.63 MeV), 100% (3.10)
— °He* + — °He + yo (16.7 MeV), 5x107 (3.11)
t + °He — *He (4.77 MeV) +d (9.55 MeV). 41% (3.12)

Here, the kinetic energies of the fusion products for a zero-temperature plasma are shown in the
parentheses. The strength of the different reaction branches is also indicated. Among these
reactions, the d+t (dt) reaction is the most viable one from an energy gain point of view due to its
highest cross-section (about two orders of magnitude higher than the cross sections for the other
reactions) at temperatures that can be readily achieved in an ICF implosion. In the dt case, 80% of
the kinetic energy is carried by the neutron, while the remaining kinetic energy is carried by the
alpha particle.

> In some experiments, a dopant of a particular element is introduced into the fuel or ablator, targeting a specific
reaction that can be measured by a certain set of nuclear diagnostics probing certain physics. These cases are discussed
in some of the diagnostics sections.



3.2  Secondary

In an ICF implosion, a large fraction of the primary-reaction products interact (or react)
with the ions in the fuel and ablator (or liner). In the case of the DT fuel, the dt neutrons interact
(or react) with the ions in the fuel and ablator (or liner) as described by

n (14.03 MeV) + d — d’ (<12.47 MeV) + n’ (1.56 — 14.03 MeV), (3.13)
n (14.03 MeV) + t — t’ (<10.52 MeV) + n’ (3.51 — 14.03 MeV), (3.14)
n (14.03 MeV) + p — p’ (<14.03 MeV) + n’ (<14.03 MeV), (3.15)
n (14.03 MeV) + 12C — 12C (<3.98 MeV) + n’ (10.05 — 14.03 MeV), (3.16)
n (14.03 MeV) + 12C* — 12C + n’* (6.30 — 9.50 MeV) + y1 (4.44 MeV), (3.17)
n (14.03 MeV) + °Be — °Be (<3.98 MeV) + n’ (8.95 — 14.03 MeV), (3.18)

where the energy ranges of the reaction products are given in the parentheses. Here, n’
represents the down-scattered neutron. The up-scattered ion is often called ‘knock-on’ ion.
Additional processes such (n,2n) and (n,p) reactions take place in the fuel and ablator, but
these processes are not generally used for diagnostic purposes. At energies above ~10 MeV,
but below the primary-neutron peak, the neutron spectrum is dictated by elastic-scattering
processes [3.1]. At lower energies, neutrons originating from break-up reactions and multiple
scattering also play a role. If the reaction goes through an excited target nucleus, a gamma ray is
generated, as illustrated by reaction (3.17), which shows neutron inelastic scattering on the first
excited state of 2C. Inelastic neutron scattering on the second and third excited state of °C
generates neutrons in the energy range 3.7-6.2 MeV and 2.1-4.1 MeV, respectively.

The dt alphas, born with an average energy of 3.56 MeV, traverse the plasma and mainly
interact with the electrons and lose energy as a result. During this process they may also elastically
scatter off the fuel ions, either through Coulomb- or nuclear-elastic scattering, and generate
populations of supra-thermal deuterons and tritons with energies up to a few MeV. These supra-
thermal ions may in turn react with the thermal ions, generating a broad secondary-neutron
spectrum from ~10 to ~20 MeV, with a yield from 10 to 107 relative to the primary yield,
depending on the electron temperature. Even though this alpha knock-on component is a weak
feature in the ICF neutron spectrum, this component typically dominates at energies in the range
16-20 MeV, where it can be probed for an assessment of the alpha heating of the plasma ions.
Further discussions about the generation and use of the alpha knock-on component in the neutron
spectrum is not made in this review paper, but additional information can be found in the papers
by Fisher et al. [3.2], Ballabio et al. [3.3], and Kallne et al. [3.4] for tokamak plasmas.

In the case of pure D> fuel, there are several secondary-reaction processes that take place
in an implosion, but only a few are relevant to ICF as discussed in Section 4. One process involves
primary dd neutrons elastically scattering off the Be liner (in a MagLIF experiment), as described
by the reaction



n (2.45 MeV) + °Be — °Be (<0.88 MeV) + n’ (1.57 — 2.45 MeV). (3.19)

Other secondary-reaction processes that are used to diagnose an implosion are initiated by the
1.01-MeV tritons and 0.82-MeV 3He-ions generated by the dd reactions [reactions (3.4 and 3.5)].
A small fraction of these nuclear-fusion products react with the thermal deuterons as they traverse
the plasma, as described by the following reactions

t(<1.01MeV)+d — “He (1.4-6.7 MeV) + n (11.9-17.2 MeV), (3.20)
®He (< 0.82 MeV) +d — “He (1.7-6.6 MeV) + p (12.6-17.4 MeV). (3.21)

Here, the spectra of the secondary fusion products are broad due to the high center-of-mass energy
and isotropic motion of the reactants.

3.3  Tertiary

A small fraction of the up-scattered deuterons (d’) or tritons (t”) produced in reactions
(3.13 and 3.14) undergo reactions with thermal ions while traversing the fuel. These reactions
produce tertiary neutrons (n”) as described by

0’ (<12.47 MeV) +t —  “He +n” (12.0 - 30.1 MeV), (3.22)
t’ (<10.52 MeV) +d —  “He+n” (9.2-28.2 MeV). (3.23)

The probability for generating tertiary neutrons above 20 MeV depends on pR and pR? for high-
pR and low-pR implosions, respectively [3.5]. However, as the generation of tertiary neutrons is a
tree-step process, the probability for generating these is extremely small and results in a tertiary
neutron yield of order 10°° relative to the primary neutron yield, which makes it difficult to probe.
Since higher yields, than achieved to date, are required to probe this component, it will not be
discussed further in this review paper. Additional reading about tertiaries produced in DT3He fuel
can be found in the paper by Petrasso et al. [3.5].

FIGURE 3.1 illustrates ICF neutron spectra simulated by the hydrodynamic code LASNEX
for three DT implosions at the NIF. As shown in the figure, the width and magnitude of the
primary-neutron spectrum for the ignited case is significantly larger than the primary-neutron
spectra produced in the failed implosions, indicating a significantly higher T; and Y in the ignited
case, respectively. When comparing the pR values for the failed implosions, it is also clear that a
higher pR is achieved in failure 1 than in failure 2.
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4. Information carried by the fusion products

As fusion yields have increased about ten orders of magnitude since the beginning of the
experimental ICF program, the quality of the nuclear-fusion-product measurements has improved
significantly, facilitating an increased level of understanding about the physics governing the
nuclear phase of an ICF implosion. As discussed in this section, the field of ICF has now entered
an era where the fusion yields are high enough to provide high-fidelity nuclear data with spatial,
temporal and spectral information, which have proven indispensable to understanding the
performance of an ICF implosion. In the case of a high-density ICF implosion, only neutral
reaction products such as neutrons (and gamma-rays at much lower yields) readily escape.
Measurements of the directional emission of primary, down-scattered and secondary neutrons are
therefore arguably the most important probe of the conditions in the hot spot and surrounding high-
density shell of an ICF implosion, as these types of neutrons carry information about absolute
nuclear yield, ion temperature, nuclear burn history, fuel and ablator pR, and morphology of the
implosion. In addition, primary and secondary charged particles emitted from a lower- to medium-
pR implosion carry similar information, as well as information about magnetic and electric fields.
This is discussed in detail in this Section.

4.1  Nuclear yield

Nuclear yield (Yj) is an integral quantity that provides important information about the
overall performance of an ICF implosion. It depends on several factors and is normally expressed
as

” GVre| dVd T, (4.1)

where ¢ij is the Kronecker delta that is equal to 1(0) for reactant i equal(unequal) to reactant j, n;
and n; are the ion-number density of the reactants i and j, respectively, <ovre>jj is the fusion
reactivity, and nini<ovre>ij is the reaction rate that is integrated over the burn volume (V) and
burn duration (z). The fusion reactivity is expressed as

(oVrel ) =[] fi(vi )50V} Wre1o( Vet Jdviavj (4.2)

where fi(vi) and fj(vj) are normalized velocity distributions of the two reactants, vre is the relative
velocity between the two reactants, and o(vre) is the fusion cross section. In calculations of
<ovrer>ij and Yij, it is routinely assumed that the velocity distributions are Maxwellian. In addition,
eq. (4.1) implies that information about Ti, burn volume, and burn duration and their spatial and
temporal variations is critical for evaluating the implosion performance.
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4.2 lon temperature

As discussed in Section 2, Tj is a central performance metric for an ICF implosion. The
information about Ti is encoded in the nuclear-yield ratio between two primary reactions and
Doppler-broadened primary fusion-product spectrum. This complementary information, when
used concurrently, is invaluable to the efforts in understanding the nature of the reacting ions.

In the case of a thermal plasma, the local velocity distribution of the reacting ions and
<ovrel>jj are uniquely described by a local ion temperature Ti. This means that information about
Ti is encoded in the yield ratio between two nuclear reactions with different reactivity sensitivity
to Ti changes. For an equimolar plasma (ni=n;j), Ti can be expressed in terms of reactivities as

<UVreI >ii

. 4.3
<0Vre| >ij (43)

Ti OC—=1
Yi 2

This expression is derived under the assumption that the burn volume V and burn duration z are
the same for the two nuclear reactions. As the differences in burn duration and burn profile of the
reacting constituents result in only minor corrections to the inferred Ti (burn durations are similar
and the different reactions are dominated by the high-T; region near the center), the uncertainty
associated with yield-ratio-inferred T is typically smaller than the uncertainties in the quantities
common to both reactions such as burn volume V and burn duration z. This has been discussed by
Casey et al. for the dt/dd and dt/tt ratios [4.1]. Figure 4.1 illustrates the Ti-dependence on the
reactivity ratio for several light-ion reactions.

As discussed by Brysk [4.2], Ballabio et al. [4.3], Appelbe et al. [4.4], and Munro [4.5], Ti
is also encoded in the width (4Ep) of the Doppler broadened primary fusion-product spectrum.
For a thermal plasma, the shape of the spectrum is to the first order represented by a Gaussian, and
Ti is expressed as

T ~9x105 1 M pp2 ey (4.4)

m, (E,)

where mz and m4 are the masses of fusion products 3 and 4, respectively, and <Es> is the mean
kinetic energy of the fusion product 4 (given in MeV), and the width AEp is given in keV. Here,
AEp is dictated by the center-of-mass-velocity (Vcm) distribution of the reactants along the
spectrometer line of sight (LOS). E4 is relativistically expressed in terms of AEp as [4.3, 4.6]

2 2
E4—(§m4)+£ ] LM~ M, ]K%gng N (4.5)

(m +m,) (ml+m2)2

where m1 and m> are the masses of reactants 1 and 2, respectively, K is the total kinetic energy of
the reactants in the CM system, 6 is the angle between the Vcwm direction and the fusion-product
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direction in the CM system, and & = [(m1 — m2)*+m4>~ m3?]/[2(m1 + m2)]. The first term in eq.
(4.5) represents the energy of the fusion product 4 for a zero-temperature plasma [this term is
dictated by the Q value of the reaction as shown by egs. (3.1-3.12)], the second term represents
the energy upshift of fusion product 4 due to a finite-temperature plasma, and the third and fourth
terms represent the CM energy. For a thermal plasma in which Vcwm and emission direction of the
fusion products are isotropic, the last term in eq. (4.5) vanishes, i.e.,

<E4>—(§m4)+£ > +m3‘m42J<K>+1§<st>. (4.6)

(m1+m2) (ml+m2) 2

As discussed in the next section, macroscopic flows modify the Vcwm distribution and affect the
mean energy (1% moment), width (2" moment) and shape (higher-order moments) of the primary
fusion-product spectrum

4.3  Macroscopic plasma flows

The field of ICF has recently come to the realization that the width of the primary fusion-
product spectrum is an inadequate representation of Ti [4.7]. The main reason for this is that
macroscopic flows in the fuel are often comparable to the thermal velocities of the reactants,
indicating that the width of the primary fusion spectrum is in fact a representation of both thermal
and macroscopic-flow variances. When considering both these processes, Murphy showed that the
width (4E) of the primary fusion-product spectrum can be expressed as [4.8]

AEZ:AE§+AE§=32In2m4<E4>{ ke, +0',iE] (4.7)

m, +m,

Here, oke? is the macroscopic-flow variance and is given by 2Exe /3M, where Exe is the Kinetic
energy of the fuel and M is the total mass of the fuel. Given that kg Ti can be expressed as <A>EH
/ 2MNa, where <A> is the average mass number of the reactants, Etx is the fuel thermal energy,
and Na is the Avogadro’s constant, eq. (4.7) can be rewritten as

AE2=32In2m4<E4> 1 (A ETH+EEKE . (4.8)
M 3(my+m,)N,

For an equimolar DT plasma where <A> is equal to 2.5, eq. (4.8) points to the fact that the relative
impact of Exe on 4E is four times more effective than Etn, and that Exe affects the width of the
dt-neutron spectrum 1.25 times more than the dd-neutron spectrum.® From an optimal implosion
performance point of view, Ety and Exe must be maximized and minimized, respectively.

& The coefficient in front of the thermal term in eq. (4.8) is 1/6 for the dt-neutron spectrum and 5/24 for the dd-
neutron spectrum.
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As discussed by Gatu Johnson et al. [4.6], Munro et al. [4.7], and Murphy et al. [4.8],
macroscopic flows not only affect AE, but also <E4>. While a finite T; always increases <E4>, a
macroscopic plasma flow (Vrow) either “red shifts” or “blue shifts” the primary fusion-product
spectrum, depending on the effective velocity vector relative to the spectrometer LOS. Under the
assumption that Vem = Viiow and K << Q, which is generally the case for an ICF implosion, the
mean energy shift (0Efiow) due to macroscopic plasma flows is given by

1
OB =B, —Ey = Eé\/ffow +V 0w COS 0\/52 -m; (4.9)

where Eo = £ — m4. For the dt reaction, Gatu Johnson et al. [4.6] showed that eq. (4.9) can be
approximated by
=5.3x10°V2 +0.54.V

flow flow flow

oE cosd. (4.10)
Here, Vsiow is given in km/s and dEfow is given in keV. For a typical ICF implosion, Viow is small,
which means that the first term can be neglected. For bulk velocities approaching 1000 km/s, the
two terms start to be comparable.

4.4  Nuclear burn profile and volume

Information about the fuel assembly of an ICF implosion is, in part, encoded in the nuclear
burn profile and overall burn volume, as indicated by eq. (4.1). This type of data, combined with
other data, carries information about fuel-shell mix, implosion asymmetries, radiation and heat
transport, and hot-spot pressure P.

45  Nuclear-burn history

The nuclear burn history provides critical information about shock convergence, shock
reverberations, dynamics of the high-density fuel-shell during the deceleration phase, impact of
alpha heating, and a multitude of failure mechanisms. Having this information is critical for
assessing the energy-confinement time ze and performance of an ICF implosion, as shown by egs.
(2.1-2.7 and 4.12).

4.6  Areal density of fuel and ablator

Information about the fuel assembly of an ICF implosion is encoded in the fuel and ablator
pR. Understanding spatial pR asymmetries (discussed in Section 4.8) are also central in our efforts
in understanding the implosion performance.

As pR represents the number of target ions in the fuel and ablator that are “in the way” of
a primary, secondary or tertiary fusion product (per unit area normal to its direction of motion),
pR is a measure of the probability for interactions between a fusion product and target ions in the
fuel and ablator. Given that nuclear cross sections govern neutron interactions and that Coulomb
cross sections govern charged-particle interactions, a higher pR value enhances the yield of down-
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scattered neutrons and secondary fusion products, whereas it increases the average energy
downshift of charged fusion products emitted from an ICF implosion. More specifically,
information about pR is carried by

Yield ratio between down-scattered neutrons and primary neutrons.

Yield ratio between up-scattered ions and primary neutrons.

Yield ratio between 4.44-MeV gamma-rays from 2C(n,ny) reactions and primary neutrons.
Relative yield between un-scattered primary neutrons emitted in different directions.
Energy loss of charged fusion products.

Yield ratio between secondary dt neutrons (or d*He protons) and primary dd neutrons.

IS

1. Yield ratio between down-scattered neutrons and primary neutrons
A fraction of the produced primary neutrons elastically scatter of the fuel and ablator ions,

generating an energy continuum of down-scattered neutrons as described by expressions (3.13-
3.19). The shape and magnitude of the down-scattered neutron spectrum is, to the first order,
dictated by the differential cross section for the elastic-scattering process, and in some cases by
both elastic and inelastic scattering processes, which are generally well known [4.9-4.11] (see FIG
4.2).

The ratio between down-scattered-neutron yield (Yn'), in a certain energy range, and
primary-neutron yield (Yn) is typically called the down-scattered ratio (dsr) and is an important
performance metric for an ICF implosion. To illustrate the dependence between the total pR and
dsr, in the simplest possible fashion, a 1D hot-spot model of uniform dt fuel surrounded by CH
ablator is used, where all primary dt neutrons are produced in the center of the implosion. In this
case, the total pR is to the first order related to the dsr by’

% (2a+3)m, (B+12)m,
PR=pRy+pRey = [ | ——Ldsr (E) +—————-ds, (E) (E. (4.11)
E | @Ong Oy Poy, + 0 12,

Here, mp, is the proton mass, and ong, ont, onp, and on12c are the effective nd, nt, np and n*2C cross
sections for generating down-scattered neutrons in a certain energy interval E; — E», respectively.
For an equimolar dt fuel and CH ablator, o = na/nt =1 and f = np/n¢ =1. AS [ond+ont](10-12 MeV)
and [onp+on12c](10-12 MeV)8 are 400 mb and 250 mb, respectively, eq. (4.11) is reduced to

pR=pR, +pR, ~21dsr, +87dsr,, .° [g/cm?] (4.12)

7 The first term in equation (4.11) is derived under the assumption that pR = [pRdr=(amqs+my) [m(r)dr and
Yw=(atond+on)Yn [m(r)dr.

8The down-scattered-neutron spectrum in the 10-12 MeV range is dictated by the elastic-scattering process.

% The coefficient in front of the second term is incorrect in reference [3.1].
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This expression indicates that the down-scattered neutrons in the energy range 10-12 MeV
primarily probe pRq and are relatively insensitive to the pRch due to different interaction
probabilities per unit pR. According to radiation hydrodynamic simulations, pRcH is also typically
10-20% of the pRq: in an implosion at the NIF [3.1], indicating that thee second term in eq. (4.12)
can often be omitted. However, as the total pR dictates the confinement time 7 of the hot spot,
information about pRcH is also important. If a different ablator is used, the coefficient in front of
the second term is different. In addition, as pR increases, egs. (4.11-4.12) gradually become invalid
because multiple scattering becomes increasingly important*°.

Although the dsr value provides information about pRg:, it does not provide sufficient
information for building a complete picture of the assembled fuel. Additional information about
the birth location of the primary neutrons and scattering locations generating the down-scattered
neutrons is necessary. This information can in principle be accessed because the scattering angle
between the incoming primary and outgoing down-scattered neutron uniquely defines the energy
of the down-scattered neutron as described by En- = En [1 — 4AC0s?0/(A+1)?] [4.12], where E,, is
the energy of the primary neutron, A is the mass number of target ion, and € is the scattering angle
between the incoming primary neutron and outgoing recoil ion. This expression illustrates that a
more accurate pR value can be assigned to the dsr value, if the effect of the primary-neutron-source
and high-density profile, both 3D in nature, are known (see discussion in Section 4.8 and reference
[3.1]). In this case, the fuel density is not integrated radially, but rather over the density-weighted
primary-neutron path-length distribution <L> through the fuel. This applies to all yield-ratio
methods. In addition, a more complete picture of the assembled fuel can be obtained with dsr
values assigned to different portions of the implosion.

2. Yield ratio between up-scattered ions and primary neutrons
As illustrated by the scattering processes (3.13-3.15), up-scattered ions (deuterons, tritons

or protons) are generated, and the yield ratio between one of these ions and primary neutrons is
governed by the same physics dictating the dsr value. In the case of up-scattered deuterons, pRq
can in its simplest form be expressed in terms of (Yna/Yn) as

(205+3)mp Y

PR, = —nd (4.13)
aoc,, Y,

where ong is the effective cross section for generating up-scattered deuterons in a certain energy
interval. Similar expressions exist for up-scattered tritons and protons from the fuel and CH
ablator, respectively. For low-pRg: cases (<50 mg/cm?), the high-energy peak of the up-scattered
deuteron and triton spectra are effectively used to infer pRq. At higher pRqt values, most of these

1 For an equimolar DT implosion, with no ablator remaining, the single-down-scatter-neutron yield Y, scales as
(ona/5Mp) pR Yn, While the double-down-scatter-neutron yield Y, at ~11 MeV scales as (o3,/20mp) pR3, Yn. This means
that the double-down-scatter process removes ~10% and ~20% of the single-down-scattered neutrons in the energy
range of 10-12 MeV for a pRq of 1 g/lcm? and 2 g/cm?. Here, we have neglected that the source distributions of n and
n’ are different.
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ions are ranged out, significantly distorting the spectrum, which prevents the use of the high-
energy peak [4.13]. Up-scattered protons from the CH ablator provide information about the pRcw
up to ~250 mg/cm?. Since the differential cross section and spectrum of up-scattered protons are
practically flat, the yield per unit energy (Ynp) can be used for a pRcw determination as described

by

R, =(ﬂ;1AYYﬂ, (4.14)
Onp n

where onp is the effective cross section for generating up-scattered protons in a certain energy
range.

3. Yield ratio betwen 4.44-MeV gamma-rays and primary neutrons
A small fraction of the produced primary neutrons inelastically scatter of the 2C nuclei in
a CH or HDC ablator, generating 4.44-MeV gamma-rays [eq. (3.17)] that are emitted quasi-
isotropically. Along the same discussion as for down-scattered neutrons and up-scattered ions, the
yield ratio between 4.44-MeV gamma-rays and primary neutrons carries information about pRcH
as described by

(p+12)m, Y,
e

anC* n

PRy = (4.15)

Here, on12c+ is the inelastic cross section for generating 4.44 MeV gamma-rays, and Y is the yield
of 4.44-MeV gamma-rays from the first, excited state of 12C. In the case of an HDC ablator, 5 = 0.
Given that the gamma-rays are emitted quasi-isotropically, this expression represents a spatially-
averaged ablator pR.

4. Relative yield of un-scattered primary neutrons emitted in different directions
As the yield of down-scattered neutrons depends on pR, the yield of un-scattered primary
neutrons (Yunsc), above certain energy, also carries information about the pRq of the region
traversed by the primary neutrons (the effect of the pRcn is small and can be neglected in this
discussion). This can be shown by first expressing Yunsc in terms of the yield difference between
produced primary neutrons and down-scattered neutrons

Yunsc :Yn _Yn' = 1_wnd—+o-ntdet Yn’ (416)
(20{+3)mp

where ong and ont are the effective nd and nt elastic-scattering cross sections, respectively, for

generating down-scattered neutrons below a certain energy. For an equimolar dt fuel, a = ng/n¢ =1,
and eq. (4.16) can be reformulated in terms of Yunsc/Yn
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5m
PRy = 3 [1—Y“”S°j- (4.17)

Gnd + O-nt Yn

Looking at this quantity in several emission directions allows for the generation of an un-scattered
neutron-yield map or a pRqt map. As it is challenging to directly quantify Yy in high-pR implosions,
a spatial average of the un-scattered yield <Y unsc> is more practical to use in eq. (4.17). Replacing
Yn with <Yynse> makes the diagnosed pRq: a relative quantity.

5. Energy loss of charged fusion products
While yields of down-scattered neutrons or up-scattered ions, relative to the primary yield,
carry information about pR, energy loss of primary and secondary charged fusion products carry
information about pR as described by

_ (d(pR) o 1
pR——deE——deE, (4.18)
o dR

where dE/dR (or dE/dX in planar geometry) represents the rate of energy loss per unit distance
traversed by the charged fusion product (called plasma stopping power). In general, the plasma
stopping power is expressed in its most basic form as [4.14]

dE __[Ej wﬁG[iJlnAe’ (4.19)

&_ Vi Vin

where wp = (4znee?/me)*? is the electron plasma frequency, ne is the electron-number density, Z;
and v; are the charge and velocity of the charged fusion product, respectively, v is the average
velocity of the thermal electrons, InAe is the Coulomb logarithm that is a central parameter
determining the interplay between long and short distance Coulomb interactions and thus the
characteristics of the plasma stopping power. A few qualitative statements can be made. First,
dE/dX is practically independent of T for high-energy primary or secondary fusion products with
velocities vi much higher than v, enabling pR to be uniquely determined from the energy loss.
Secondly, dE/dX depends strongly on both ne and Te when vi ~ vin. As described extensively in
the literature [4.15-4.19], the challenge is to determine the functional form of both G(vi/vi) and
InAe, which depend on the ion velocity and plasma conditions.

6. Yield ratio between secondary dt neutrons (or d®He protons) and primary dd neutrons
Given that the velocities of the 1.01-MeV tritons and 0.82-MeV 3He ions [produced by the
dd reactions shown by egs. (3.4-3.5)] are comparable to v, the energy loss depends strongly on
pR4, Te and plasma composition in an ICF implosion. This means that the yield ratios between
secondary dt neutrons and dd neutrons (Y2n/Yn) and secondary d®He protons and primary dd
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neutrons (Y2p/Yn) provide information about these parameters, which has been discussed
extensively in the literature by Azechi et al. [4.20-4.22], Cable et al. [4.23], Séguin et al. [4.24],
and Kurebayashi et al. [4.25]. Recently, Rinderknecht et al. extended this work by demonstrating
that the combined information from Y2n/Yn and Y2p/Yn provides information of at least two of
above-mentioned plasma parameters [4.26]. The reason for this is that <ovre>qt increases and
<ovre>dane decreases as the tritons and He ions lose energy in the plasma, respectively. Given
that the range of the tritons is also ~10x longer than that of *He ions, the combined information
provided by the two yield ratios elucidates unique information about the hot spot for pRq4 values
up to ~100 mg/cm?. In addition, as the range of the 1.01-MeV tritons and 0.82-MeV *He ions
depends strongly on the magnitude of the plasma stopping power, which approximately scales as
1/Te, an increased Te reduces the stopping power, leading to increased ion ranges and increased
probabilities for the secondary fusion reactions and higher Y2n/Yn and Y2p/Yn [4.22 — 4.26].

4.7 Electron temperature

For fuel pRq4 values above 100 mg/cm?, both Y2n/Yn and Y2p/Yn generally saturate. In this
regime, the yield ratio provides information about T. of the region traversed by the tritons and *He
ions assuming mix of high-Z material into the fuel is insignificant).

4.8 3D asymmetries

The discussion in Section 4 has so far been limited to 1D observables. Understanding the
impact of 3D asymmetries on the implosion performance is also an essential prerequisite for
obtaining a complete picture of the fuel assembly and hot-sport formation, because a non-spherical
assembly of the main fuel reduces the efficiency of converting shell kinetic energy to hot-spot
thermal energy at stagnation, leading to lower hot-spot pressure P and reduced confinement ¢
[4.27]. The 3D information can be accessed by diagnosing the implosion along different LOS. An
example of 3D data is the spatial variation in the first and second moments in the primary fusion-
product spectra. Large variations in these parameters are indicators of turbulent macroscopic flows
in the hot spot, significantly affecting Vcm in the laboratory system. Other examples of 3D
asymmetries are spatial variations in the nuclear burn profile, dsr, and Y unsc, Which indicate a non-
spherical hot spot and spatial pR variations in the high-density fuel shell surrounding the hot spot.

4.9 Kinetic and multi-ion effects

When a converging shock rebounds at the center of an ICF implosion, it significantly raises Ti
and n;i and initiates the nuclear burn. At this time, the mean-free path for ion-ion collisions is
sufficiently long, relative to the plasma-scale length that both the shock front itself and the resulting
hot spot are governed by kinetic and multi-ion physics. Under these conditions, the combined
information of absolute primary yields, primary-yield ratios, Ti and burn profiles carry information
about kinetic and multi-ion effects in an ICF implosion. These phenomena can be explored by
comparing average-ion hydrodynamic simulations to experiments [4.28-4.32]. In addition, nuclear
burn profiles and burn histories carry information that goes beyond zero-dimensional, burn-
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integrated quantities, providing spatially and temporally resolved information about kinetic and
multi-ion effects [4.33].

4.10 Magnetic and Electric fields

Strong electric and magnetic fields often persist in plasmas relevant to ICF [4.34-4.38],
and information about these fields is carried by the primary charged fusion products, generated in
reactions (3.1-3.12). As discussed in some detail Section 7.7, the direction of the incoming and
outgoing quasi-mono-energetic charged fusion products, when produced by an external point
source, carry information about the electric and magnetic fields in direct-drive, cone-in shell, and
indirect-drive implosions.
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5. Neutron diagnostics

To probe the wealth of information carried by neutrons, a wide range of neutron diagnostics
have been implemented and extensively used at the different ICF facilities worldwide. Given that
fusion yields have increased several orders of magnitude since the initiation of the experimental
ICF program in the early 70’s, the quality of the neutron measurements has improved significantly,
facilitating an increased level of understanding about the physics governing the nuclear phase of
an ICF implosion. At the biggest facilities, such as the NIF, fusion yields are now high enough for
neutron measurements to provide spatial, temporal and spectral information, which have proven
indispensable to understanding the performance of an ICF implosion. At the same time, the
requirements on these measurements have also become more stringent. Fusion yields need to be
measured over several orders of magnitude, up to ~2x10'® or ~50 kJ of fusion energy; ion
temperatures need to be measured with high accuracy up to ~10 keV; nuclear burn profiles and
temporal histories need to be measured with spatial and temporal resolution of order 10 pm and
10 ps, respectively.

Given that a particular diagnostic has its own set of limitations, different types of
diagnostics are commonly used for measurements of a certain implosion parameter. In this section,
we present the neutron diagnostics that are, or have been, routinely used to measure the parameters
relevant to the nuclear phase of an ICF implosion.

5.1 Neutron activation diagnostics

The main objective with the Neutron Activation Diagnostic (NAD) is to measure the
absolute yield of neutrons emitted in a certain direction from an ICF implosion!!. Generally, a
NAD, made of a suitable element, is positioned at a known distance from the implosion and is
irradiated by the emitted neutrons. When neutrons, above a certain reaction threshold, interact with
the chosen diagnostic material element, nuclear reactions occur that create a radioactive isotope of
the element. After the neutron exposure, the NAD is removed and brought, either manually or
automatically, to a counting station where the subsequent decay of the radioactive isotope is
measured, from which the number of neutrons passing through the NAD can be quantified. The
absolute yield of emitted neutrons, above a certain reaction threshold, is determined by

47rd2ANy

Yinse = : 5.1
- My for faN g0 e (1_e-m2) )

Here, d is the detector distance to the implosion, A is the mass number of the isotope used for the
detection, N, is the number of measured gamma-rays emitted by the decay, mnap is the mass of
the NAD, fgr is the branching ratio producing the gamma-rays of interest, fa is the abundance of
the isotope in the NAD, Na is Avogadro’s number, &4 IS the detection efficiency, oetr is the neutron-

11 This should be distinguished from the absolute neutron yield Y, produced in a high-pR implosion, as the unscattered
primary-neutron yield <Yunsc> from a is significantly less than Y.
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spectrum-weighted effective cross section, 4 is the decay time constant of the radioactive isotope,
Aty is the time between the implosion time and start of the radioactive-decay measurement, and
At is the time duration for the radioactive-decay measurement. It should be noted that the effects
of neutron scattering and absorption by nearby structures and the NAD itself are not considered
by eq. (5.1) [5.1]. In addition, for an accurate assessment of oefr and yield of the emitted neutrons,
the data must be analyzed using the actual neutron spectrum from the implosion. Historically, the
analysis has used a Gaussian primary-neutron spectrum and thus not considered the down-
scattered-neutron component above the reaction threshold, which can have an impact on the
analysis.

In the case of low neutron yields, a high-efficiency system is required. This means that a
NAD with a large mass (tens of grams) must be used, which complicates the absolute calibration
of the detector, as the fluence of the neutrons through the NAD changes and self-absorption of
the gamma-rays emitted by the system may be significant. These issues are typically addressed by
exposing the NAD to a known neutron-fluence spectrum generated by a neutron generator in which
the neutron production is monitored with the associated-particle technique [5.2].

In the following sections, the different types of NADs routinely used in the field of ICF are
reviewed. For more detailed discussions about the NAD diagnostics, the reader is referred to the
papers by Barnes et al. [5.3], Bleuel et al. [5.4], and Yeamans et al. [5.5].

5.1.1 Copper

Copper has been used as NAD material since the beginning of the experimental ICF
program for measurements of the emitted DT neutron yield [5.6, 5.7]. The technique is based on
the %Cu(n,2n)%2Cu(p+) reaction that has a threshold of 10.9 MeV. As 2Cu is radioactively
unstable, with a half-life of 9.8 min, it decays into ®2Ni through positron emission. The emitted
positron annihilates with an electron and produces two 0.511-MeV gamma-rays emitted in
opposite directions. The Cu-activation system on OMEGA-60 is schematically shown in FIG.
5.1(a), where two Nal inorganic scintillators are used to detect the emitted gamma-rays. Similar
Cu-activation systems exist at the Z-facility [5.8], the NIF [5.9] and LMJ [5.10, 5.11].

With a threshold of 10.9 MeV, the Cu-activation measurement is sensitive to both down-
scattered and primary dt neutrons. In the case of high-pR implosions at the NIF, down-scattered
neutrons with energies above the reaction threshold will affect the yield measurement, and
according to calculations [5.7], typical neutron spectra at the NIF, with a significant down-
scattered-neutron component, have been predicted to generate a ~10% lower induced activity than
a mono-energetic dt-neutron source.

5.1.2 Zirconium

Zirconium is used as activation element in the most NAD systems on the NIF for
measurements of mainly un-scattered primary dt neutrons [5.4, 5.5, 5.12]. For the detection,
the %0Zr(n,2n)8Zr reaction is utilized, and this reaction has a reaction threshold of 12.1 MeV and
cross section that gradually increases up to ~0.8 b at 15 MeV. The 8Zr has a 3.27 day half-life and
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p+ decays to ¥MY, which subsequently emits a 909 keV gamma-ray. The gamma-rays are
measured with lead-shielded high-purity germanium detectors in a low-background counting
facility. The uncertainty in the measured un-scattered yield has been estimated to be ~7%,
dominated by uncertainties in the calibration and counting-geometry corrections (estimated to be
~5%). Uncertainties associated with absorption and scattering in nearby structures play a role. On
the other hand, the ®°Zr(n,2n) cross section is known to a 1% uncertainty and does not significantly
impact the total uncertainty. It has also been demonstrated that a mono-energetic dt-neutron
spectrum and a Doppler-broadened dt-neutron spectrum with 4E4 = 350 keV generate spectrum-
weighted cross sections of 596 mb and 595 mb, respectively, demonstrating an insensitivity to
changes in 4Eq [5.4].

The advantage of using Zirconium as opposed to Copper is that the reaction threshold is
higher, which makes the system less sensitive to down-scattered neutrons and thus more ideal to
probe un-scattered neutrons emitted in various directions. As the yield of un-scattered primary
neutrons carry information about the pRqt of the region traversed by the primary neutrons [eq.
(4.17)], arelative pRqt map can be generated from data obtained with several NADs located around
the implosion. These maps often show angular variations consistent with low-mode pR
asymmetries. On about half of the high-foot implosions [5.13] at the NIF, the FNADs data are
fitted with spherical harmonic distributions with modal numbers up to L=2, which show regions
of high pR at the poles (see example in FIG. 5.2a). The other 50% of the data show residual RMS
deviation from the L=2 fit, implying the existence of L-mode numbers > 2. In implosions of
capsules not held with a thin membrane inside the hohlraum, a high pR feature are often observed
close to the fill-tube axis suggesting that at least in the case of a 30-um diameter fill tube, the
impact on the shell symmetry is significant (an example of a pR perturbation possibly due to the
fill tube is shown in FIG. 5.2b).

The disadvantage of using Zirconium instead of Copper is that the half-life is much longer
(3.27 days versus 9.8 min), which means that it takes a longer time to collect data with good
statistics. This is not adequate at OMEGA-60 and other smaller ICF facilities where the shot cycle
is about an hour, while it is acceptable at the NIF operating at a lower shot rate. In addition,
relatively high pRqt and pRqt asymmetries are required for this method to be effective.

5.1.3 Indium

For detection of dd neutrons [eq. (3.4)], indium is used as activation element in which
the 1°In(n,n*)'™MIn reaction is utilized [5.9]. As the ®In(n,n’)*>™In cross section increases
rapidly between 1-2 MeV and remains relatively constant around 2.45 MeV, it is quite insensitive
to T variations, or rather 4Eq variations. On the other hand, due to low dd-neutron yields, a
relatively low reaction threshold, and a higher sensitivity to scattered neutrons, the indium sample
must be positioned close to the implosion, where the mass of nearby structures is minimal.
The M isomer emits 336.2 keV gamma-rays with a 4.5-hrs half-life, and detection of these
gamma-rays typically results in a yield uncertainty of ~10%. Indium has been used routinely in
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the past at both OMEGA-60 and the NIF. Today it is used for dd-neutron yield measurements at
the Z-facility [5.8] and Shenguang-II facility [5.14, 5.15].

5.1.4 Other material

In addition to the standard activation materials, carbon has been explored as an activation
element for tertiary neutrons above 22 MeV [5.16]. As briefly touched upon in Section 3.3, the
motivation for this measurement was to determine the total pR of an implosion using the yield ratio
between tertiary and primary neutrons. To accurately measure the yield of tertiary neutrons, it was
concluded that the carbon sample cannot contain contaminants more than one part per million for
this technique to work. In particular, the air with **N must be removed from the carbon material.

5.2 Neutron time-of-flight spectrometers

For decades, neutron Time-of-Flight (n'TOF) spectrometers have been used extensively for
measurements of the primary dd or dt neutron spectrum at most large-scaled ICF facilities around
the world [5.17-5.21]. In addition, nTOFs are now being used for measurements of the down-
scattered neutron spectrum [5.22], primary neutron spectrum (the first three moments) [4.5, 5.22],
and tt neutron spectrum [5.23, 5.24]. For substantial coverage of the implosion, a suite of nTOF
spectrometers with different LOS and distances to the implosion are typically used to probe
different aspects of the ICF neutron spectrum.

The nTOF spectrometers are generally based on a current-mode system consisting of a
detection medium, either made of a scintillator or Chemical VVapor Deposition (CVD) diamond
(new materials, such as quartz crystal is also being implemented as discussed in Section 9.1). In
the case of a scintillator, it is optically coupled to a photomultiplier tube (PMT) or a vacuum
photodiode (PD). High-bandwidth digital oscilloscopes are used to record the nTOF signal trace
s(t), which can be described by

s(t) = f [E(t)]-g[E(t)]-a[E(t)]‘l—'f IRF(t). (5.2)

where f [E(t)] is the neutron spectrum, ¢[E(t)] is the energy-dependent efficiency of the nTOF
system, a[E(t)] is the beam-line transmission factor, E(t) is the neutron energy versus time-of-
flight and expressed as E(t) = mac?(y — 1), where my is the neutron mass, y = (1 — %) Y2, and f =
t, / t with t, being the time-of-flight of a photon. dE/dt converts the neutron spectrum from energy
to time-of-flight and is expressed as mnc%24%/t,, and IRF(t) is the instrument response function.
The nTOF signal trace is typically analyzed by using a forward fit of the data (deconvolution is
sometimes used), which involves an analytical description of the neutron spectrum and the
different factors in eq. (5.2). Examples of nTOF signal traces that have been analyzed using the
forward-fit technique are shown in FIG. 5.3. From the measured dt signal trace, Yunsc'? can be
determined by integrating the signal over the time window corresponding to a neutron-energy

12 Given that the primary-neutron signal is integrated from 13 to 15 MeV, Yuns discussed here is slightly different from
the zirconium-measured Yynsc.
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range of 13-15 MeV. As this is a relative measurement, an absolute yield calibration must be
obtained by using other absolute Y unsc measurements. When calibrated, the primary-yield accuracy
is typically ~7%, while the dsr accuracy is ~10%. The modeling of nTOF data is described in detail
in [5.25].

Positioning an nTOF spectrometer at a large distance from an implosion, while at the same
ensuring the solid angle and efficiency are adequate, Ti (the second moment) can be determined
from the spread of the neutron arrival times at the detector, which is dictated by the neutron
velocity distribution. This spread is caused by Doppler broadening and macroscopic flows in the
plasma, as discussed in Sections 4.2 and 4.3. If flows are insignificant, Ti can be expressed as

=2, [keV] (5.3)

1 2

where A¢p is the Doppler spread (FWHM) of the neutron-arrival-time distribution in nanoseconds
at the detector, d is the neutron flight path in meters, and ¢1 = 1.3 for dd neutrons and ¢ = 7.8 for
dt neutrons. For a given neutron-arrival-time spread and nTOF distance, Ti is 36 times larger for
dt neutrons than for dd neutrons. The accuracy in the Ti measurement is generally in the range of
100-300 eV.

To determine the energy-peak shift (first moment), the time offset of the measured signal
must be known to very high accuracy. As discussed in reference [5.26], the absolute timing of the
detected signal is affected by several terms as described by

t= t0 +toffset +tBT +tE (E) +tfidu ) (5-4)
where to is the time between the rise of the drive and actual time when the drive (laser or magnetic
drive) hits the target, toffset IS the time offset that has to be determined from an x-ray timing shot,
ter is the bang time (peak nuclear burn), te(E) is the energy-dependent neutron-time-of-flight time
from the implosion to the nTOF spectrometer, and tsiqu is the position of the timing fiducial on the
oscilloscope trace. At the NIF, to has been established to be ~30 ps.

X-ray timing shots, which produce x-rays over a short period of time, are routinely used to
establish the x-ray-IRF for an nTOF spectrometer. To convert this x-ray-IRF to a neutron-IRF,
the neutron transit time through detecting medium must be taken into account in the analysis. This
is done by using neutron-transport simulations, in which the time duration of the neutron-induced
charged-particle energy deposition is determined and convolved with the x-ray IRF.

5.2.1 Scintillator-based systems

When neutrons interact with a scintillator they generate charged particles through elastic-
scattering processes or nuclear reactions, and these charged particles deposit their energy in the
scintillator and produce light mainly in the visible range. The light is subsequently transported to
a PMT where it is converted to an electrical signal that is amplified. At high neutron yields, the
PMT is often replaced with a lower-gain PD. The first nTOF spectrometers implemented on ICF
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facilities were generally on-axis systems where the PMT was directly exposed to the incoming
neutrons. This was not optimal from a signal-to-background (S/B) point of view, as unwanted
background was generated in the PMT. More recent nTOFs are off-axis systems, where the PMT
is positioned behind a shielding and outside the collimated beam of incoming neutrons. To obtain
highest possible signal-to-noise (S/N) ratio, a scintillator is often viewed by up to four off-axis
PMTs/PDs. The signals from these are recorded on several oscilloscope channels with different
sensitivity settings, and the data obtained are often stitched together to generate a complete signal
time trace that includes both the primary and down-scattered-neutron signals. Examples of off-
axis nTOF spectrometers on OMEGA, the NIF, and the Z-facility are shown in FIG. 5.4.

Fast plastic scintillators were initially used for the nTOF spectrometers on most ICF
facilities, but at OMEGA and the NIF these plastic scintillators were replaced by liquid Xylene
scintillator with a faster decay time [5.18]. At the NIF, the Xylene detectors were in turn recently
replaced by Bibenzyl crystals [5.27, 5.28], which are even faster than the liquid Xylene. This
feature made it possible to reduce the mass in the nTOF spectrometers, as illustrated in FIG. 5.4b,
which resulted in a lower background of scattered neutrons. The locations of the ~20m nTOF
spectrometers on the NIF for both primary and down-scattered neutron measurements are shown
in FIG. 5.5. More detailed discussions about nTOF systems on OMEGA-60, the NIF, the Z-
facility, LMJ, Gekko-XII and Shenguang I11 can be found in references [5.17-5.21].

5.2.2 Chemically-vapored-deposition diamond detector

A chemical-vapor-deposition (CVD) diamond detector is ideal for measurements of
neutrons, gamma-rays and charged particles. Given its fast time response (of ~200 ps) and
relatively low efficiency, it has been used routinely for measurements of primary neutrons in high-
yield applications at OMEGA-60 [5.29] and for measurements of bang time in implosions at the
NIF [5.30]. The CVD is made of a wafer that is biased along its axis, and when high-energy
particles interact with the material they generate electron-hole pairs that are drawn out by a bias
field, which produces a time-dependent voltage that is recorded on an oscilloscope.

As the CVD diamond detector is compact and vacuum-compatible, it can be fielded close
to an implosion to maximize signal statistics and minimize particle time-of-flight spread, making
it ideal for yield and bang-time measurements. Given that the CVD sensitivity to protons is about
three orders magnitude higher than for neutrons, when considering interaction probabilities, it is
used for simultaneous measurements of shock- and compression-bang times using d®He protons
(~108) and dd neutrons (~10'%), respectively, in D®He gas-filled surrogate experiments at the NIF.
This diagnostic is called particle time-of-flight (pTOF) diagnostic [5.30], and is illustrated in FIG.
5.6. An example of pTOF data is shown in FIG. 5.7. With a fast rise time, the signal is measured
with a timing accuracy that is better than £50 ps.

5.2.3 Single-hit spectrometers
Single-hit spectrometers have been used extensively for low-yield applications at NOVA
[5.31, 5.32], OMEGA-60 [5.33] and Gekko XII [5.34]. These systems, which are high-efficiency
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spectrometers, consisted of an array of scintillators, each coupled to a PMT, followed by
a discriminator, Time-to-Digital Converter (TDC) and Analog-to-Digital Converter (ADC) that
were used to record the neutron arrival time and pulse height. From the distribution of the neutron
arrival times, a neutron spectrum could be constructed. At NOVA, the large area neutron
scintillator array (LaNSA) comprised of 960 scintillators that were positioned 20 m away from the
implosion [5.31]. This system was capable of measuring secondary dt-neutron yields as low as
~2x10° (100 detected hits) with a resolution of 2.3 ns (or 170 keV for 14-MeV neutrons with a
flight path of 20 m), from which a fuel pR in D2 gas-filled, low-CR implosions was determined
[5.35, 5.36]. As the system had very high efficiency, the primary dd-neutron spectrum could not
be measured because of too many channels were triggered. However, LaNSA was used to diagnose
the high-energy tail of the primary dd-neutron spectrum [5.37]. Another single-hit spectrometer
was the Tion diagnostic that was implemented by Los Alamos National Laboratory (LANL) on
NOVA. This system consisted of 1020 detectors each made up of a scintillator and photomultiplier
tube. The Tion array was ~100x% less sensitive than LaNSA and thus could operate at higher yields.
In particular, the capability to measure the leading edge of the neutron-arrival-time distribution
(before it saturated by the bulk of the primary neutrons). It was also used to characterize mix in
ICF implosions either by measuring the yield from deuterated plastic capsule implosions, or energy
spectra of secondary neutrons produced in medium-converging implosions [5.38].

5.3 Nuclear burn-history detectors

The nuclear burn history, or the fusion reaction rate, was first measured in the 90’s with a
Neutron Temporal Diagnostic (NTD) on NOVA [5.39]. Using the experience gained with this
diagnostic, another NTD was built and optimized for OMEGA-60 about a decade later [5.40].
Building upon the NTD technique, the Particle Temporal Diagnostic (PTD) was subsequently
implemented on OMEGA-60 for measurements of primary dd and d®He burn histories as well as
the secondary d®He burn history [5.41], followed by the implementation of the Particle X-ray
Temporal Diagnostic (PXTD) for simultaneous measurements of multiple burn histories and x-ray
emission history (in different energy bands) [5.42].

These systems are all based on a fast organic scintillator (BC-422) that is positioned close
to the implosion for minimization of the particle time-of-flight broadening [see eq. (5.3)]. Thin
scintillators are also used to minimize the transit time of the particles across the thickness of the
scintillator for optimal time resolution. When neutrons, charged particles and x-rays interact with
the scintillator, light is generated that is collected by a collection lens. This light is subsequently
transported through an optical-relay system to an optical streak camera, positioned either outside
the target chamber or behind the target-bay wall. A schematic of the PTD is illustrated in FIG. 5.8.

As the BC-422 scintillator has a fast rise time (<20 ps) and long decay time (~1.4 ns), the
information of the nuclear burn history is encoded in the leading edge of the streaked signal image.
To obtain this information, the effect of the scintillator decay is deconvolved from the recorded
signal, and the model used for this is given by
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s:r-Zs.e T, (5.5)

Here, Si is the measured signal at the pixel location i, which is the difference between the total
signal T and the sum of previous signals that decay exponentially. In addition, 4ty is the time
separation of two pixels. As discussed in reference [5.40], this method is fast, reliable and
insensitive to noise in the streak camera signal. Although the scintillator is positioned close to the
implosion, the temporal broadening of the signal due to spectral broadening must also be
considered in the deconvolution process.

An example of a raw PTD streaked image and projected primary-dd and secondary-d3He
signals on the time axis are shown FIG. 5.9. For an absolute timing reference of the streaked image,
timing fiducials are used to generate a series of light pulses spaced 548 ps apart (see top-part of
the image), which is delivered via an optical fiber. The fiducial pulses are also used to correct for
any sweep non-linearities.

To enable measurements of multiple nuclear-reaction and x-ray-emission histories (in
different energy bands), the PXTD was recently implemented. This system uses either two or three
scintillators combined with more complex filtering. The main challenge with this diagnostic is to
keep the signals levels well within the dynamic range of the optical streak camera. The reason for
this is that dd neutrons produce ~600x less photons than d®He protons. This is due to the fact that
a small fraction of neutrons interacts and deposits energy in the scintillator, whereas every d*He
proton deposits energy in the scintillator. In the case of Bremsstrahlung x-rays, the signal levels
vary significantly depending on the energy band. For a robust simultaneous measurement of these
emission histories, the signal levels must be within a factor of five, which is accomplished by
adjusting the light-attenuation filters behind each scintillator. FIG. 5.10 illustrates examples of
streak images from the 2-channel or 3-channel PXTD.

5.4 Imaging systems

A neutron-imaging system typically consists of a pinhole (and/or penumbral aperture), a
mechanical alignment system for the pinhole/aperture, and an imaging detector. Due to the
penetrating nature of the neutrons, the pinhole/aperture must be very thick, which results in a
narrow field of view and very tight alignment tolerances. The detector typically consists of either
a bundle of scintillation fibers or capillary tubes filled with a liquid scintillator. Either penumbral
or pinhole imaging (or in some cases both techniques) are used to image an ICF implosion [5.43].
Penumbral imaging involves a coded aperture and conceptually it is similar to pinhole imaging,
with the essential difference that the aperture is larger than the source. The detected image consists
of an umbra and a penumbra. The former region is exposed to the entire source through the
aperture, while the latter is progressively obscured from the source by the aperture edges. The
information about the source is therefore encoded in the penumbra.

In the case of a penumbral aperture, the neutron transmission through the material in the
aperture determines the spatial resolution. In the small-angle approximation, the spatial blurring
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of the point spread function (PSF) is dictated by the field-of-view (FOV) and aperture-to-implosion
distance (Lo). When considering the detector resolution (4Sqet), the total resolution (A4Stot),
represented by the FWHM, is given by

AS, —J['”Zﬂ] +AS2, [5] , (5.6)
2l L

where u is the attenuation of the neutrons through the aperture material and L is the detector-to-
implosion distance.
The first neutron-imaging system was implemented on NOVA in the 80’s [5.44]. This

system was based on a penumbral coded aperture, and provided the first neutron images of an ICF
implosion. In these measurements, shock-driven implosions were imaged with a limited spatial
resolution (~60 um), dictated by the relatively low magnification and long range of the elastically-
scattered recoil protons in the scintillator.

At OMEGA-60, the Commissariat & I’Energie Atomique (CEA) fielded and successfully
used a penumbral imaging system combined with a detector based on 85-um-diameter capillary
tubes filled with a liquid scintillator [5.45]. This was done in preparation for the implementation
of a system on the LMJ laser. FIG. 5.11 shows a schematic of the imaging system on OMEGA-
60. The first reincarnation of the detector had a resolution of ~650 um (FWHM) at 14 MeV, which
was dictated by the track length of elastically-scattered recoil protons in the scintillator material.
With this system, images were recorded with a resolution of ~20 um and signal-to-noise (S/N)
ratio of ~40 [5.46]. Images of dd neutrons from D» gas-filled capsule implosions were also
recorded with this system.

A one-dimensional neutron imager, called ODIN, has been implemented on the Z-facility
for imaging dd-neutrons [5.47]. This system is primarily intended for imaging MagLIF cylindrical
implosions that are about 10 mm long and 100 um in diameter. As discussed in the paper by
Ampleford et al. [5.47], ODIN system uses an extended, rolled-edge slit that is centered 22 cm
from the implosion. CR-39 is used as the principle detector that is positioned 79.5 cm from the
slit, providing a modest magnification of 3.6. This system is designed to provide a 500 um axial
resolution over the entire implosion length with good signal-to-noise ratio for dd-neutrons yields
above 102, The key components of ODIN is shown in FIG. 5.12.

At the NIF, the first neutron-imaging system has been implemented and extensively used
to diagnose the size and shape (in particular low-mode asymmetries) of the hot-spot and
surrounding the high-density shell [5.48]. This is done by imaging primary dt-neutrons and down-
scattered neutrons (that mainly scatter within the surrounding high-density fuel shell). To separate
these neutrons, the detector system is gated to record primary neutrons with energies between 13
and 17 MeV and down-scattered neutrons from 6 to 12 MeV. For a high-quality image of the
down-scattered neutrons, which are recorded after the primary neutrons, the scintillator output
from the primary signal must decay at least three orders of magnitude before the lower-energy
neutrons can be recorded.
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The imaging system on the NIF, shown in Fig. 5.13, consists of an array of pinholes and
penumbral apertures (see insert in Fig. 5.13) positioned 26.5 cm from the implosion, and a
scintillating fiber array positioned 28 m from the implosion, which provides a magnification of
~85 [5.49, 5.50]. This system was designed to provide a spatial resolution in the vicinity of 10 um
for yields above 10*°. Examples of primary and down-scattered neutron images are shown in FIG.
5.14.

5.5 CR-39 detectors

CR-39 is a transparent plastic with a chemical composition of C12H1807, and this material
has been used to detect neutrons, from which an absolute yield of primary neutrons emitted from
an ICF implosion was determined [5.51]. The CR-39 detection of neutrons is a two-step process.
The first step is the generation of an energetic charged particle in the CR-39, either through elastic
scattering or nuclear reaction. This charged particle leaves a trail of damage along its path in the
CR-39 in the form of broken molecular chains and free radicals. The level of damage along the
path is related to the rate at which energy is lost by the charged particle (or dE/dX in the CR-39).
The second step involves making the trails of damage visible for detection. This is done by etching
the CR-39 in NaOH, in which the CR-39 surface is etched away at a bulk-etch rate (of ~2 um/hr
in 80°C 6M NaOH), while damaged material along the particle trail etches at a faster rate called
track-etch rate.

To determine the absolute primary-neutron yield from the CR-39 data, the neutron-
interaction processes and generation of tracks in the CR-39, and thus the CR-39 neutron detection
efficiency, must be understood. Both dd and dt neutrons can scatter elastically, producing recoil
protons, carbon and oxygen nuclei in the forward direction in the laboratory system. The dt
neutrons can also undergo (n,p) or (n,a) reactions with carbon or oxygen nuclei, generating charged
particles that can produce tracks on the front and/or back side of the CR-39. The CR-39 neutron
detection efficiency is the probability that an incident neutron generates a charged particle, which
leaves a visible track on the etched CR-39 surface, and it is ~10 for dd neutrons and ~5x10™ for
dt neutrons. For more details about how the CR-39 is used as neutron detector for ICF applications,
the reader is referred to references [5.51, 5.52].

5.6 Recoil-particle systems
5.6.1 Magnet-based spectrometers

As discussed in Section 2, obtaining experimental information about Ti, Yn, pR and their
asymmetries is central to building a picture of an implosion during the nuclear phase. To access
this information, a neutron spectrometer called a Magnetic Recoil Spectrometer (MRS) has been
implemented and extensively used for measurements of the absolute neutron spectrum in the range
of 5-30 MeV at OMEGA-60 and the NIF [5.53-5.57]. This range covers all essential details of
the ICF neutron spectrum shown in FIG. 3.1. In addition, the MRS nicely complements the nTOF
spectrometers used to diagnose the same implosion parameters.
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As discussed in detail in references [5.53-5.54], the MRS consists of either a CD (or CH)
foil positioned close to the implosion for generation of recoil deuterons (or protons), a focusing
magnet located outside the target chamber for energy dispersion and focusing of the recoil particles
onto the focal plane of the spectrometer, and an array of CR-39 detectors positioned at the focal
plane. The foil thickness and area are of order 100 um and 10 cm?, respectively. An aperture of
~20 cm? is positioned in front of the magnet for the selection of forward-scattered recoil particles,
and the array of CR-39 detectors records the position of each recoil particle with a detection
efficiency of 100%. A schematic of the MRS on OMEGA-60 and the NIF is shown in FIG. 5.15.

The efficiency (emrs) Of the system is given by

do(0)

lab

200t [*sing 920 4 5.7
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Here, Qr is the solid angle subtended by the foil, nq is the deuterium (or hydrogen) number density
in the foil, ts is the thickness of the foil, and do(#)/dQiap is the differential cross section for the
elastic scattering in the laboratory system, which is integrated over the scattering angles defined
by the aperture. Typical efficiencies are in the range of 10 to 102, depending on configuration.
The total energy resolution (4Ewmrs) is part of the spectrometer IRF, which is defined as the recoil-
particle spectrum at the detector plane when viewing a fluence of mono-energetic neutrons, and
can be expressed as

(5.8)

AEygs = JAEL, +AEZ +AEZ .
where AE+i is the broadening associated with the energy-loss distribution of the recoil particles
in the foil (depending on the scattering location in the foil, the recoil particles show an energy-loss
distribution from zero up to a maximum energy loss proportional to t), AExin is the kinematic-
energy broadening dictated by the scattering-angle distribution of the recoil particles (which
depends on the position and area of the foil and magnet aperture), and AEmagnet i0n-optical
broadening due to focusing aberrations in the magnet. These mechanisms are to the first order
uncorrelated and Gaussian in shape. The MRS system is optimized to maximize the detection
efficiency ewmrs for a specified AE vrs.

The main source of background are neutrons scattered by the chamber wall and other
structures nearby the MRS. X-rays and gamma-rays are not an issue since the CR-39 is insensitive
to these types of radiation. Even though the CR-39 efficiency for detecting primary neutrons is
small, the impact of the neutron background must be reduced significantly for the down-scattered
neutron measurement at OMEGA and the NIF. This is achieved by fully enclosing the
spectrometer with polyethylene shielding as a first step (see FIG. 5.16), and positioning the CR-
39 detector array in the shadow of the NIF-target chamber. Through neutron-transport simulations
using the MCNP code [5.58], it was established that the shielding reduces the neutron fluence
about two orders of magnitude at the NIF. Additional reduction of the neutron-induced and
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intrinsic background is required for the down-scattered neutron measurement [5.59]. This is
accomplished by the coincidence counting technique (CCT), which utilizes the fact that incident
signal particles (protons or deuterons) pass straight through the CR-39 material, resulting in front
and backside tracks that are correlated, while neutron-induced and intrinsic background tracks are
mainly on one of the surfaces. Applying the CCT to OMEGA-MRS data has demonstrated orders
of magnitude S/B improvement [5.59].

Several options are available for configuring the MRS: the foil composition determines
whether recoil protons or deuterons are used, and the foil area and thickness dictate the energy
resolution and detection efficiency. As for other neutron diagnostics, the MRS performance
improves as yield and pR increases (under the assumption that the signal and background levels
do not saturate the diagnostic). Another system, based on the MRS concept has also been designed
in China [5.60].

The neutron spectrum is determined from a forward-fit, convolved with the IRF, to the
measured position histogram of the recoil protons (or deuterons). An important strength of the
MRS is that the technique is accurately characterized from first principles (ab-initio), enabling
quantitative IRF calculations to be performed before the system has been built. An in-situ
calibration was required, however, to check that the systems had been built and installed according
to specification. An example of MRS data from the NIF is shown in FIG. 5.17.
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6. Gamma-ray diagnostics

In contrast to the many types of neutron diagnostics used at an ICF facility, the number of
gamma-ray techniques used to diagnose an implosion is quite limited. One of the reasons for this
is that the gamma-ray yield per produced neutron is very low [6.1] [see the branching ratios in egs.
(3.2), (3.3), (3.6) and (3.11)], limiting the types of diagnostics that can be used for ICF applications.
The advantage of using gamma-rays to diagnose an ICF implosion, however, is that they do not
display time-of-flight broadening at the diagnostic, which enables gamma-ray-based systems to be
positioned at relatively large distances from an implosion in well-shielded locations. This makes
gamma-ray diagnostics ideal for measurements of the nuclear burn history in environments with
large x-ray and neutron backgrounds. As discussed in the next Section, gamma-ray diagnostics
also represent an excellent complement to the NTD, PTD and PXTD as discussed in Section 5.3.

6.1 Gas-Cherenkov detectors

Diagnostic systems based on the Cherenkov technique have been implemented and
extensively used at high-yield facilities such as OMEGA-60 and the NIF [6.2, 6.3]. In these
systems, the gamma-rays interact with a high-Z converter, positioned at the diagnostic front end,
which generates forward-directed relativistic electrons (mainly through the Compton-scattering
process) that are emitted into a high-pressure gas cell. If the electrons travel faster than the speed
of light in the gas, typically CO gas, the electrons generate Cherenkov light in the UV/visible
range. The minimum gamma-ray energy (E,) required for generation of Cherenkov light is
described by [6.4]

1}m c?, (6.1)
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where n is the refractive index of the medium, me is the rest mass of the electron, and c is the speed
of light in vacuum. This expression is derived under the consideration that the full backscatter (i.e.,
180° Compton-scattering) sets the lower energy limit.

The generated Cherenkov light is relayed to either an optical streak camera or PMT, using
a series of off-axis parabolic mirrors. The voltage signal from the PMT is used to modulate a light
signal, via a Mach-Zehnder interferometer, which is relayed with high fidelity to a digitizer.

Two types of Cherenkov-based diagnostics have been implemented by LANL and
collaborators on OMEGA-60 and the NIF. The first system is the Gamma Reaction History (GRH)
system [6.2, 6.3], which is positioned on the OMEGA-60 and NIF target chamber at approximately
1.7 m and 6 m from the implosion, respectively. The GRH system on the NIF consists of four high-
pressure gas cells, each pressurized to a specific pressure to probe gamma-rays above a certain
energy (see FIG. 6.1). With four channels operated with different energy thresholds, typically at
2.9, 5.0, 8.0, and 10 MeV, this diagnostic probes the emission history of 16.75-MeV gamma-rays
produced by dt reactions and 4.44-MeV y-rays generated by *2C(n,ny) reactions in the remaining
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HDC or CH ablator [6.5, 6.6]. The NIF-GRH uses a PMT, resulting in an IRF of 86 ps, which
prevents measurements of high-order moments in the gamma-ray emission history.

As higher-order moments in the nuclear burn history contain important information about
shock reverberations and burn truncation (due to various implosion failure modes), a faster Gamma
Cherenkov Detector (GCD) shown in FIG. 6.2 was implemented on both OMEGA-60 and the NIF
by LANL and collaborators [6.7]. The GCD is based on the same principle as GRH but with a
different geometry and light collection scheme. An example of GCD data obtained at OMEGA-60
is shown in FIG. 6.3. The system can also be inserted inside the target chamber for maximum
efficiency and measure gamma-ray emission at low yield levels [6.8, 6.9]. The latest incarnation
of this system, currently known as Super GCD [6.10], has an energy threshold of 1.8 MeV and
high sensitivity. As discussed in Section 9, a GCD combined with a pulse-dilation-drift tube
(PDDT) for significantly improved time response represents the next-generation system. Other
media for the generation of Cherenkov light are also being explored [6.11]
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7. Charged-particle diagnostics

In contrast to neutrons, charged particles interact electromagnetically with the fuel, ablator
and fields, and thus carry inherently more information about an ICF implosion than neutrons. As
shown by eq. (3.1-3.23), a wide variety of discrete lines and continua made up by protons,
deuterons, tritons and alphas are generated, where the discrete lines are generally produced by
fusion reactions and continua are caused by elastic scattering, inelastic scattering, and in-flight
nuclear reactions. As discussed in Section 4 and in the paper by Séguin et al. [7.1], yields and
energy spectra of these charged particles are directly related to the properties of an ICF implosion,
and specifically carry information about fusion yields, Ti, convergence, pR, Te, nuclear-burn
history, and mix (in some specific cases). In this section, the charged-particle diagnostics used to
routinely diagnose an ICF implosion are discussed.

7.1 CR-39 detectors

While neutrons interact volumetrically with the CR-39 material (see Section 5.5), energetic
charged particles start to interact immediately with the CR-39, resulting in a nanometer sized trail
of damage at the front surface that depends on dE/dX. As discussed briefly in Section 5.5, these
trails are revealed by etching the CR-39 in NaOH at certain temperature and concentration (80°C
6-Molar NaOH is commonly used). If the charged particle enters the CR-39 surface with
perpendicular incidence, the etched track is round and the diameter provides information about
energy and particle specie. FIGURE 7.1(a) shows an image of proton tracks with diameters in the
range of 5-10 um, and FIG. 7.1(b) shows the track diameter as a function of proton energy when
the CR-39 was etched in 6.0-Molar NaOH at 80 °C for 6 hours.

7.2 Wedge-range-filter spectrometers

Wedge-range-filter (WRF) spectrometers are compact systems that consist of a piece of
CR-39 positioned behind a wedge-shaped filter [7.1] (see FIG. 7.2). The wedge filter, typically
made of aluminum (but zirconia ceramic has also been used), disperses charged particles onto the
CR-39 based on the particle-energy ranging in the filter. The combination of the wedge filter and
CR-39 limits the minimum and maximum detectable charged-particle energies at a certain location
on the CR-39. The reason for this is that charged particles must be energetic enough to penetrate
the wedge filter but not too energetic not to be registered on the CR-3913, This means that at each
location along the dispersion direction, there exists a narrow energy range over which charged
particles are detected with 100% detection efficiency. From the diameter of a track, combined with
the information about the local wedge-filter thickness, the energy of the incoming charged particle
is determined. The low-energy cutoff for proton measurement is ~4 MeV, while the high-energy
cutoff is ~20 MeV for protons. As the minimum and maximum energies at each location behind
the wedge filter are known by design and the fact that they correspond to the largest and smallest
track diameters, respectively, only information about the relative shape of the CR-39 response

13 1f a charged particle have too high energy, the dE/dX is not high enough to create enough damage in the CR-39 to
generate a track that can be made visible with the NaOH etching process.
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curve is required to interpolate between these points [a typical curve is illustrated in FIG. 7.1(b)].
This characteristic makes the WRF spectrometer relatively immune to piece-to-piece variations in
the absolute CR-39 response to charged particles. FIG. 7.3 illustrates the WRF spectrometers
fielded inside the OMEGA and the NIF target chambers.

WRF spectrometers have been used extensively for directional measurements of primary
D3He-protons for studies of pR asymmetries, fuel-shell mix, implosion dynamics, hydrodynamic
equivalence and ablator burn-through in D®He gas-filled implosions [7.2—7.13]; for measurements
of secondary D3He-protons for studies of pR asymmetries in D, gas-filled warm, shock-ignition,
fast-ignition, and cryogenically-layered implosions [7.13-7.24]; and for measurements of knock-
on protons produced in DT gas-filled implosions [7.25-7.27]. Given the compactness of the WRF
spectrometers, they are routinely fielded in-close and around the implosion to provide information
about yield and pR asymmetries for primary and secondary yields above 10° and 108, respectively.
These systems have been essential to both basic physics studies and to the main ICF programs at
OMEGA and the NIF. A few examples of WRF-measured spectra are shown in FIGS. 7.4-7.7. In
addition, similar WRF spectrometers are now in operation at the SG-111 laser in China [7.28-7.29].

Although WRFs spectrometers are well-suited for measurements of protons, they cannot
be used accurately for spectral measurements of heavier ions for a couple of reasons. The WRFs
rely on charged-particle track diameter and contrast on the CR-39 for the discrimination of ion
species. Though the differences in contrast and diameter are measurable between protons and
heavier ions, they are subtle among heavy ions. Thus, it is difficult, if not impossible, to discern
different heavy-ion species using this approach. In addition, the thin end of the wedge readily stops
energetic heavy ions, thereby significantly increasing the low-energy limit for this measurement.

7.3 Magnetic spectrometers
7.3.1 The charged particle spectrometer

Magnetic spectrometers have been implemented for ICF applications at both OMEGA and
the NIF, and these spectrometers use a permanent magnet to separate ions based on their gyro
radius (classical)

1
r=——\/2mE
Z.eB v (7.1)

where Z; is the ion-charge number, e is the elementary charge, mi is the ion mass, and E; is the ion
kinetic energy. The magnetic Charged-Particle Spectrometers (CPS1 and CPS2), implemented on
OMEGA, utilize a 7.6-kGauss permanent magnet and CR-39 detectors for momentum-dispersion
and detection of different types of ions, respectively (see FIG. 7.8). As these systems are not
focusing devices, a narrow and interchangeable vertical slit (width in the range of 0.1-2.0 mm) is
used as an aperture to provide the required energy resolution and efficiency for different
applications. These spectrometers are used routinely at OMEGA for measurements of primary and
secondary charged fusion products. They also complement the WRF spectrometers in their ability
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to measure spectra down to a proton-equivalent energy of 100 keV for yields above 108. From eq.
(7.2), it is clear that degeneracy exists between different ions species. For example, a 1.1-MeV
triton will have the same gyro radius as a 3.3-MeV proton and 3.3-MeV alpha, and hence end up
at the same location along the dispersion plane. However, these ions can be separated based on
track diameter and contrast, as illustrated FIG. 7.9. Examples of CPS-measured spectra are shown
in FIGS. 7.10-7.11.

CPS1 and CPS2 cannot be used for spectral measurements of heavy ions (Z > 2). The
reason for this is that discrimination of heavy-ion species is difficult because the variation of track
diameter and contrast are weak among heavy ions with different energies and charge states. On
the other hand, spectral measurements of low-Z ions in the presence of heavy ions are possible
because filters (made of either Mylar, aluminum or tantalum), thick enough to stop the heavy ions
(e.g., carbon), are positioned in front of the CR-39 detectors.

7.3.2 The magnetic particle-time-of-flight diagnostic

On the NIF, the magnetic particle-time-of-flight (magPTOF) diagnostic has been
implemented primarily for simultaneous measurements of shock-bang time and compression-bang
time in D®He gas-filled implosions, using d*He-protons and dd-neutrons, respectively [7.30]. This
diagnostic, which is an extension of the pTOF diagnostic discussed in Sec. 5.2.2, utilizes a bending
magnet combined with a shielded CVD detector. It can also be used in spectrometry mode by
replacing the CVD with a CR-39 detector. The diagnostic, shown in FIG. 7.12, is nominally
positioned 50 cm from the implosion using a DIM.

The primary motivation for magPTOF is to reduce the large x-ray flux generated in a gas-
filled hohlraum implosion, which typically overwhelms the shock-generated d*He-proton signal.
The inclusion of the thick x-ray filter in front of the CVD detector and a deflecting magnet
increases the d*He-proton signal to x-ray background about 1000x. The d*He protons are deflected
around the x-ray filter by the magnet, while the x-rays are greatly attenuated through it. An
example of magPTOF data is shown in FIG. 7.13 for NIF shot N151221. As shown by the signal
trace, the data is of high quality and indicates a shock-bang time of 6.7+0.2 ns and a compression-
bang time of 7.3£0.1 ns (when the flight time and IRF have been deconvolved from the measured
signal trace). This differential measurement of the shock-bang and compression-bang times
provides valuable additional constraints on the 1D physics of the shock propagation and shell
deceleration, improving the understanding of the in-flight conditions of the fuel and shell.

7.4 Thomson parabolas

A Thomson Parabola (TP) utilizes the combination of electric and magnetic fields and has
the advantage over magnetic spectrometers because it breaks the charge-to-mass Zie/m;
degeneracy associated with magnetic dispersion. On the other hand, as TP requires a small pinhole
as aperture to provide acceptable energy resolution, the efficiency is very low in comparison to the
efficiency provided by magnetic spectrometers.
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A TP system utilizes a parallel (or anti-parallel) arrangement of electric and magnetic
fields, which generates discrete signal parabolas on the detector plane with constant Zie/m; ratios.
Each position along one of these parabolas corresponds to a unique energy of the detected ion. In
the case of parallel homogeneous E and B fields, the position of the charged particles with a given
Zie/m; at the detector plane is given by

ZeE
X~ — L, (D, +05L,), (7.2)
and
ZeB
~——L,(D,+05L,), (7.3)

where e is fundamental charge, m; is the ion mass, E and B are the electric and magnetic field
strengths, respectively; L1 and L> are the lengths of E-field and B-field deflection, respectively;
and D1 and D> are the detector distances to the deflection regions. These expressions are valid for
small deflections. The TP system thus enables simultaneous spectral measurements of a number
of heavy-ions species. For this reason, two TP systems were implemented on OMEGA [7.31,
7.32].

One system, called Thomson Parabola lon Spectrometer (TPIS) [7.31], was built to probe
heavy ions. This system, shown in FIG. 7.14, comprises of a 400-um diameter tantalum aperture
positioned about 50 cm from the experiment, a permanent magnet, electrostatic deflector plates,
and a detector assembly consisting of a piece of CR-39 and an image plate (IP). The aperture
defines the energy resolution and field of view (and thus efficiency). The magnet has a 1-cm pole
gap and 5.1x5.1 cm? pole surfaces, resulting in a uniform magnetic field of 5.3 kG. The
electrostatic deflector plates are 2 cm apart, and these plates can be operated with a voltage up to
80 kV. 10x10 cm? sized CR-39 and a Fuji-TR IP, or a stacked assembly of both can be fielded in
the diagnostic. To facilitate absolute measurements of proton spectra, the Fuji-TR-IP response to
protons was determined for energies in the range of 1-8 MeV [7.31]. In addition, as the Fuji-TR
IP does not have a protective layer of Mylar normally found on other IPs, carbon ions can also be
detected while heavier ions are stopped before they can deposit energy in the active IP layer. The
Fuji-TR IP is therefore ideal for measurements of energetic protons while CR-39 is more important
for detecting heavier ions.

Another TP system is the Thomson Parabola lon Energy (TPIE) analyzer [7.32]. This
system was originally designed for studies of fast ions generated by short-pulse laser-plasma
interactions at OMEGA-EP, but it has also been used for measurements of fast ions generated in
ICF implosions at OMEGA. The TPIE system, shown in FIG. 7.15, uses an interchangeable square
tungsten aperture with a diameter of 100 zm, 250 xum or 1 mm, an interchangeable permanent
magnet with 10x5 cm? pole surfaces (and with either 5.6 kG or 8.4 kG peak field strengths), a pair
of 21-cm long parallel electrodes with a 1-cm separation gap that can generate a voltage of 20 kV
(total), and a detector. The detector pocket accommodates a 10x5 cm? piece of CR-39, an IP, or
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an assembly of both. An IP is needed for detection of high-energy (> 10 MeV) protons, while CR-
39 is needed for detection of heavy ions. As the TPIE is fielded by a TIM, the distance from the
aperture to the experiment can be varied from 37 cm to 150 cm. In contrast to the TPIS, this
flexibility, combined with the interchangeable aperture, allows for a trade-off between the energy
resolution and efficiency. Examples of TPIE data are shown in FIG. 7.16.

7.5 Nuclear burn-history udeteciors

Both the PTD and PXTD have been used routinely for measurements of the emission
history of charged fusion products. As these diagnostics are discussed in detail in Section 5.3 and
by Sio et al. [5.42], further elaboration will not be made here.

7.6 Imaging systems

As discussed in Section 5.4, significant efforts have been made over the last couple of
decades to image dt-burn profiles using 14-MeV neutrons. During this time period, a
complementary approach has been developed and used to image dd- and d®He-burn profiles using
3.0-MeV protons and 14.7-MeV protons [7.34-7.35], respectively. In contrast to the neutron-
imaging technique that uses a long and tapered pinhole (and/or penumbral aperture), this charged-
particle-imaging technique is performed with a penumbral imaging system that is based on a thin
aperture. In addition to the thin aperture, which is significantly larger than the size of the dd- and
d®He-burn profiles, this system consists of CR-39 detectors that are separated by ranging filters
for detection of the different charged fusion products (see FIG. 7.17). As the aperture is larger than
the dd- and d®He-burn profiles, all information about the burn region is encoded in the penumbra
of the image, which must be post-processed with special inversion algorithms that reconstruct the
burn distributions. Up to three imaging systems can be fielded on OMEGA using T1Ms with nearly
orthogonal view of the implosion, as illustrated in FIG. 7.18.

FIG. 7.19 illustrates a set of images of the d*He-proton surface-brightness observed in three
directions, as indicated in FIG. 7.18(b), for an intentionally asymmetrically-driven implosion with
a symmetry axis around the view-1 axis. For more in-depth discussion about this type of
measurement, the reader is referred to references [7.36-7.38].

7.7 Mono-energetic charged-particle radiography

The use of quasi-mono-energetic charged particles, from primary fusion reactions, to
radiograph ICF-relevant plasmas has opened a new window to, and provided several profound
insights about, the physics governing ICF-relevant plasmas [7.39-7.61]. In contrast to x-rays,
which have been used for decades to radiograph plasma-density distributions, charged particles
are sensitive to both matter and electromagnetic fields, where the latter is the physics of main
interest in most radiography experiments. To interrogate the electromagnetic fields in an ICF-
relevant plasma, a point-projection backlighter that produces primary fusion products is typically
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used in combination with a CR-39 detector!4. The backlighter is generally positioned ~1 cm from
the subject and the CR-39 detector is positioned on the other side of the subject ~30 cm away,
resulting in a magnification of ~30. In addition, a mesh is used in some experiments, and this mesh
IS positioned in front of the detector package. A schematic of the experimental configuration for a
charged-particle-radiography experiment is shown in FIG. 7.20.

The backlighter consists typically of a thin-glass capsule (outer diameter of ~420 um and
wall thickness of ~2 um) filled with equimolar D3He gas (total pressure of 18 atm). This capsule
is illuminated by ~20 non-smoothed laser beams, delivering ~9 kJ to the capsule in a 1-ns square
pulse. This allows for the other 40 laser beams to be used for the actual experiment. The D3He gas
in the backlighter is shock-heated and compressed to T; of ~10 keV and number densities of order
102 cm3, which generates ~10° and ~ 10%° d®*He and dd reactions, respectively, over a burn
duration in the range if 100-150 ps and burn volume (source size) with a diameter of order 50 pm.

As the Lorentz force causes charged-particle deflections, information about the path-
integrated electromagnetic fields in the subject plasma is contained in the charged-particle spatial
fluence variations at the detector plane. Given the mono-energetic nature of the charged-particle
backlighter, there is a direct correlation between the deflection angle and path-integrated E and B
fields as described by

Ze
6, = \/ijidl , (7.4)
and
Ze
6. =EjEldl , (7.5)

where Z; is the ion-charge number, e is the elementary charge, mi is the ion mass, and E; is the ion
kinetic energy. B1 and E . are the magnetic and electric fields perpendicular to the charged-particle
trajectory. From these two equations, it is clear that the effect of both E and B fields can be
determined from radiographs of, for instance, 3-MeV dd-protons and 14.7-MeV dHe-protons. To
extract this information from the radiographs, a fundamental understanding of the spectral,
temporal, and emission characteristics of the charged particles emitted from the backlighter must
be obtained. An understanding of how the finite source size, scattering in the plasma subject, and
scattering in the detector impact the radiograph must also be obtained. By design, the latter two
are insignificant and can be ignored, which means that the spatial resolution is limited by the
charged-particle source size. Examples of charged-particle radiographs are shown in FIGS. 7.21-
7.23.

14 1Ps are used in some experiments.
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8. Radiochemical diagnostics

Two types of radiochemical diagnostics are being used routinely to support the ICF
program at the NIF. These are the Radiochemical Analysis of Gaseous Samples (RAGS) system
[8.1] and Solid Radiochemistry Collector (SRC) [8.2, 8.3], which are both used to measure nuclear
reactions between neutrons or charged particles, emitted from an implosion, and a particular type
of nuclei implanted in either the capsule or hohlraum. After an implosion, the resultant radioactive
gas or solid debris are collected from the NIF target chamber and analyzed via radiation detection
or mass spectrometry to determine the number of reaction products produced in the implosion or
hohlraum (mass spectrometry is used to analyze non-radioactive isotopes). Essential to both
techniques is to have a clear understanding of the spatial distribution of the implanted ions with
respect to the source and flux distributions of the neutrons or charged particles. The reason for this
is that the number of reaction products depends strongly on these distributions, as well as on the
spectrum and reaction cross sections.

These radiochemical methods are being used to diagnose the ratios of radioactive isotopes
generated by charged particles and neutrons at lower energies and 14 MeV, and from these ratios
a spatially-averaged fuel pR can be determined.

8.1 System for radiochemical analysis of gaseous samples

The hardware for RAGS consists of a pre-filter that removes water vapor, particulates and
reactive gases, and a cryogenic noble gas-collection system (see FIG. 8.1). The RAGS was
designed to collect and analyze activated gases produced in the implosion. After an implosion, the
activated gases in the target chamber are pumped out by a series of turbo pumps and directed to
the first stage of RAGS where water vapor, unwanted species and reactive gases are filtered out
from the gas. This procedure generates a noble-gas fraction for additional purification. The RAGS
is typically set to collect xenon or a combination of xenon and krypton. This selection is done by
adjusting the temperature in a cryo trap. Radioactive isotopes are first analyzed using high-purity
germanium gamma-ray spectrometer, and isotopes with half-lives as short as eight seconds can be
measured [8.4]. The gases are subsequently transferred to a removable sample bottle where they
are frozen and analyzed with gamma-ray or noble-gas-mass spectroscopy. To determine the total
number of radioactive nuclei in the gas that were generated by the implosion, the RAGS efficiency
for collecting reaction products from the target chamber must be determined. This is done in a
three-step process. First, a small but known amount of either stable or radioactive tracer gas is
injected into the NIF target chamber directly after a shot. Second, the gaseous products are pumped
out and into the RAGS system. From the collected gas, the efficiency is determined by comparing
the number of injected tracer atoms to the number of radioactive isotopes produced by the
implosion. The collection and analysis of the gas is conducted with efficiencies in the range of 80—
100%.

An example of a RAGS application is when 27l and 12*Xe are implanted into the capsule
ablator. From 271(d,2n)*2"Xe and 12*Xe(n,2n)!?*Xe reactions, the ratio of the xenon isotopes in the
collected gas provides information about fuel-ablator mix. The challenge with this kind of
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measurement is to estimate the level of mix in an implosion. The reason for this is that an absolute
calibration of the collection efficiency of the different isotopes is required.

8.2 Solid radiochemistry collector

The SRC diagnostic is used primarily to collect solid debris produced by an implosion.
Two SRC designs were initially implemented. The first design consists of a 2-inch diameter disc
of either tantalum, vanadium or carbon. This disc is mounted in the same holder as used for a WRF
spectrometer, discussed in Section 7.2, and up to four of them can be mounted on a DIM about 50
cm from an implosion (FIG. 8.2a) [8.5]. The second design consists of a large-area detector, called
Vast Area Detector for Experimental Radiochemistry (VADER) [8.2] (FIG. 8.2b), and this design
has a six times larger solid angle than the standard 2-inch-disc design. After an implosion, the SRC
discs or VADER are removed for analysis using gamma-ray spectroscopy. Depending on the
application, the SRC samples may be first processed chemically to separate the material of interest
from interfering background products.

The SRC system has routinely been used to collect activated gold debris from the
holhraum. When the gold is exposed to the ICF neutron spectrum at the NIF (see typical spectra
in [FIGS. 3.1 and 5.17(b)], different gold isotopes are generated by the °’Au(n,n’y)!*Au
and ’Au(n,2n)**®Au reactions. As the (n,n’y) cross section dominates the (n,2n) cross section at
lower energies, and vice-versa at 14 MeV, the ratio of the two gold isotopes provides relative
information of the spatially-averaged fuel pR in an implosion. For an absolute determination of the
pR, the SRC-gold data is cross-referenced to the dsr data obtained by the down-scattered-neutron
method (see FIG. 8.3).
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9. Next-generation nuclear diagnostics

Since the initiation of the experimental ICF program in the 70’s, substantial progress has
been made, facilitated in part by the innovation and development of novel nuclear diagnostics that
provided new and unprecedented measurements. Higher fusion yields have also enabled higher-
quality measurements with improved spatial, temporal or spectral information. The ability to
gather more data in a single implosion experiment has also facilitated an increased level of
understanding about the physics governing the nuclear phase of an ICF implosion. With the
implementation of high-fusion-yield facilities world-wide, such as the NIF, LMJ, UFL-2M and
SG-1V facilities, the next-generation nuclear diagnostics will play an even more important role for
decades to come. In this section, we discuss today’s perspective on them.

9.1 Neutron diagnostics
9.1.1 Real-time neutron activation diagnostics

As discussed in Section 5.1.2, the zirconium NADs positioned around an implosion at the
NIF are used to measure the directional yield of unscattered neutrons emitted from a high-pR
implosion. From this type of data, a fluence (and pR) map with asymmetry modes up to L=2 can
be reconstructed. However, the number of NADs has been insufficient to characterize asymmetries
with modes larger than L=2. To address this issue, 48 real-time nuclear activation diagnostics (RT-
NADs) are currently being implemented at various locations on the NIF chamber. A key-feature
of this system is that it operates without depending on manual retrieval and off-line analysis of the
RT-NAD activation.

Each RT-NAD consists of a zirconium disc, with a mass of about 400 g, a lanthanum-
bromide-scintillator crystal coupled to a photomultiplier, and a compact gamma-ray spectrometer,
which is used to record 909-keV gamma-rays from the activated 8Zr. The light generated in the
crystal is converted to an electronic signal that is amplified and analyzed by the gamma-ray
spectrometer. The times of arrival and pulse-height are recorded by a digitizer. Subsequently, data-
analysis routines are used to determine the characteristic gamma-ray events from the 8Zr. As the
rate of 8Zr events is decaying with a 3.2-day half-life, the total number of neutrons incident on
that detector from a particular shot is determined by extrapolating back to the time of the shot. For
more detailed information about the RT-NADs, the reader is referred to refs. [9.1,9.2].

9.1.2 Cherenkov-based neutron time-of-flight spectrometers

As discussed in Section 5.2, nTOF spectrometers are being used to routinely measure the
0" moment (yield), 1%t moment (hot-spot velocity), and 2" moment (spectral broadening) of the
dt-neutron spectrum. This has been done by recording neutron arrival times along different LOS
using a scintillator coupled to a PMT. Recently, it has become clear that more precise
measurements of the different spectral moments, than provided by standard nTOFs, are required.
As typical hot-spot flow velocities in NIF implosions are ~50 km/s, measurement of the 1% moment
in dt-neutron spectrum must be conducted to an accuracy much better than 0.1%. With an nTOF
spectrometer positioned about 20 m from the implosion, this translates to a temporal precision of
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much better than 30 ps. To achieve this, the timing of the nTOF signal trace relative to the neutron
production time must be extremely well known [eq. (5.4)]. The IRF also needs be narrow and
known accurately.

A new and exciting effort is under way within the ICF program in the US to implement
Cherenkov-based nTOF spectrometers that will meet these requirements [9.3-9.5]. The technique
is based on Cherenkov radiation generated by (n,n’y) reactions in fused silica followed by
Compton scatter and pair production. Several prototype systems have been built and implemented
recently on the NIF and OMEGA, and the first set of tests look very promising. The nuclear
excitations and subsequent Cherenkov radiation generate a signal that is significantly shorter than
the decay time of scintillator decay times. As the fused silica is sensitive to implosion (and
hohlraum) gamma-rays, which are not affected by Doppler shifts, an accurate gamma-ray
measurement of t can also be made simultaneously with the neutron measurement. Concerns about
the detection efficiency still remain to be addressed for certain applications.

9.1.3 Three-dimensional neutron imaging

Diagnosing the 3D morphology of the nuclear burn and surrounding high-density fuel with
high spatial resolution is essential to constructing an adequate picture of the assembled hot-spot
and surrounding high-density fuel-shell. To that end, a 3D neutron-imaging system for imaging
both primary and down-scattered neutrons is currently being implemented at the NIF. The system
will view the implosion along three close-to orthogonal LOS [9.6], which simplifies the
reconstruction of an asymmetric implosion. Similar to the existing systems, these neutron-imaging
systems consist of an array of pinholes and penumbral apertures, a scintillator-based detector with
gated cameras to collect two timed images, one for 14-MeV neutrons and one for down-scattered
neutrons.

Using three orthogonal images of both primary and down-scattered neutrons, analysis
methods are currently being developed to generate a 3D picture of the burn region, surrounding
high-density fuel-shell, and remaining ablator [9.7-9.9].

9.1.4 Time-resolving neutron spectrometry

Current neutron spectrometers are used routinely to measure the time-integrated neutron
spectrum, from which burn-averaged values of pR, Yn, and apparent Ti are determined, as
discussed in Sections 5.2 and 5.6. Although these data have been essential in guiding our
understanding of the physics governing the nuclear phase of an ICF implosion, the current suite of
spectrometers does not provide any information about the evolution of the fuel assembly, hot-spot
formation, alpha heating, and nuclear burn. This information will be obtained with the next-
generation Magnetic Recoil Spectrometer for time-resolved measurements of the neutron
spectrum. The plan with this system is to measure the spectrum in the range of 12-16 MeV with
high accuracy (<5%), energy resolution (~300 keV) and, for the first time, time resolution (~30-
40 ps). The system is called MRSt that is based on the existing MRS principle and PDDT
technology [9.10, 9.11]. Current point-design includes a 40-um thick, 400-um diameter CD foil
positioned on the outside of a hohlraum for production of recoil deuterons from incident neutrons
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[9.12]; two dipoles and three quadrupoles, positioned outside the NIF target chamber for energy
analysis and focusing of forward-scattered recoil deuterons onto a short focal plane of the
spectrometer; and a pulse-dilation drift tube with a Csl photocathode positioned at the focal plane.
In the Csl photocathode, the recoil deuterons generate secondary electrons, which are subsequently
accelerated by a spatially- and time-varying electric field that unskews and stretches the signal
over a distance of ~1 m. This signal is subsequently amplified by an MCPs and detected by an
array of anodes. By dilating the pulse about 10-20 times, fast temporal features (of order 10 ps)
can be recorded and analyzed with standard acquisition systems. Shielding will surround the
detector system for suppression of the ambient background of neutrons and gamma-rays [9.13].

9.2 Gamma-ray diagnostics
9.2.1 Three-dimensional gamma-ray imaging

The 3D neutron imaging system on the NIF is also being developed with 4.44-MeV
gamma-ray imaging in mind [9.8, 9.14]. With an additional time gate, imaging of gamma-rays can
also be done. This data would provide 3D information about the location of the CH (or HDC)
ablator and ablator mix into the dt fuel.

9.2.2 Gamma-ray emission-history diagnostic

The current GCD system has been used at both OMEGA and the NIF for measurements of
the nuclear burn history using dt gamma-rays [eq. (3.2)] or the ablator-pR evolution using 4.44-
MeV gamma-rays from the 2C(n,ny) reaction [eq. (3.17)]. With a standard PMT on the backend
of this diagnostic, the time resolution was limited to >100 ps, which prompted an upgrade of the
system by incorporating the PDDT technology. The first phase of the project involved the
installation of the GCD into an insertion-well at a position of 3.9 m from the implosion [9.15]. The
second phase involved the incorporation of the PDDT technology to improve the time resolution
to ~10 ps [9.16, 9.17], and tests of the GCD-PDDT performance [9.18].

9.2.3 Gamma-ray spectroscopy

High-resolution gamma-ray spectroscopy is a nuclear technique that has not been well-
utilized for ICF-diagnostic applications. The reason for this is that the gamma-ray yields produced
by the relevant nuclear reactions are extremely low, orders of magnitude lower than the main
reaction branches [see egs. (3.1 =3.7 and 3.10-3.11)], which put stringent requirements on the
efficiency and resolution.

In addition to the dt-fusion gamma-rays and 4.44-MeV gamma-rays from the 2C(n,ny)
reaction, there is a large range of gamma-rays that can be used to diagnose an ICF implosion. To
that end, a high-efficiency, high-resolution gamma-ray spectrometer would open up a window for
exploring new physics in an ICF experiment. With adequate efficiency and energy resolution, the
15.58-MeV gamma-rays from the 2H(n, y)*H reaction can be used to diagnose fuel pR, and the
14.18-MeV and 17.87-MeV gamma-rays from *2C(n,y)**C can also be used to diagnose the ablator.
In addition, short-range knock-on fuel ions and fusion alphas that generate gamma-ray lines can
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be used to probe fuel-ablator mix. In particular, 4.91-MeV and 5.69-MeV gamma-ray lines
from 3C(%H,n)*N; the 2.80-MeV, 3.40-MeV, 4.49-MeV, and 6.03-MeV gamma-ray lines
from °Be(®H, n)!°B; and the 4.40-MeV gamma-ray line from °Be(*He, n)'?C can be used for this
purpose.

Although the 4-channel GRH has some energy-resolving capabilities and that there are
ideas and concepts for gamma-ray-spectroscopy for ICF applications [9.19], this is an area of
research that needs to be advanced significantly.

9.3 Charged-particle diagnostics

As discussed in Section 7, charged-particle diagnostics have been used extensively to
diagnose ICF implosions with pR-values up to about 200 mg/cm?. Although this area is at the fore-
front of diagnostic-development for ICF applications, there are new and exciting ideas that would
open a new window to ICF implosions.

9.3.1 Radiography with multiple mono-energetic charged particles

Mono-energetic charged-particle radiography, based on the D®He gas-filled backlighter
that generates 14.7-MeV and 3.0-MeV protons, has been used with great success at various
facilities, as discussed in Section 7.7. However, such backlighter has some limitations particularly
when it is being applied to an environment with strong fields and large pR values because of large
deflections and scattering of 3.0-MeV protons. Consequently, a new backlighter platform that will
overcome these challenges is currently being developed at OMEGA and the NIF [9.20]. This
platform is based on a tri-particle, mono-energetic backlighter that provides a 9.5-MeV deuterons
in addition to the two 14.7-MeV and 3.0-MeV protons from a DT3He gas-filled capsule implosion.
The additional 9.5-MeV deuterons will be important for backlighting experiments, allowing
discriminatory, high-quality radiographs of E and B fields and plasma matter. In general, three
distinct mono-energetic particles are needed in radiography to distinguish between the three unique
“effects” of electric fields, magnetic fields, and plasma matter (essentially three equations for three
unknowns).
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10 Concluding remarks

Since the early 70’s, each decade has displayed new ICF facilities and nuclear diagnostics
that were orders of magnitude more capable than those used during the preceding decade. This is
generally a consequence of the fact that the efforts, lessons learned, and experience gained on
previous facilities enabled more sophisticated diagnostics on the next-generation ICF facilities.
Higher fusion yields have also facilitated higher-quality measurements, which enabled an
increased level of understanding about the physics governing the nuclear phase of an ICF
implosion. This in turn provided essential guidance of the ICF programs, resulting in further
improved fusion yields. With the implementation of new high-fusion-yield facilities world-wide,
the next-generation nuclear diagnostics will play an even more important role for decades to come.
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FIG. 3.1. ICF neutron spectra simulated by the hydrodynamic code LASNEX for three dt
implosions at the NIF. The details of the spectra are dictated by primary, secondary and tertiary
neutrons, as discussed in the text. The red spectrum is for an ignited implosion, producing a
neutron-burn averaged Ti of ~40 keV and Y, of 6x10%. The blue and black spectra are produced
by implosions that failed to ignite, generating a T; of ~5 keV and significantly lower Yn. The blue
spectrum is originating from an implosion with a pR of 2.0 g/cm? that failed due to electron-
conduction issues, while the black spectrum is originating from an implosion with a pR of 1.0
g/cm? that failed due to entropy issues. As illustrated by these two spectra (which have been
normalized to each other using Yn), the Failure-1 implosion produces a significantly higher down-
scattered-neutron component than the Failure-2 implosion. This figure is taken from the paper by
Frenje et al. [3.1].
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FIG. 4.1. Ti-dependence on the reactivity ratio (a) dt/dd, (b) dt/tt, (c) dd/d*He, and (d) dt/t*He.
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FIG. 4.2. (a) The differential cross sections for the nd and nt elastic scattering at a neutron energy
of 14 MeV. (b) The differential cross sections for the np elastic scattering, and n*2C elastic and
inelastic scattering. The elastic n'2C scattering generates neutrons in the range 10.05-14.03 MeV,
and inelastic n*2C scattering on the first, second and third excited state of 12C generates neutrons
in the energy range 6.3-9.5 MeV, 3.7-6.2 MeV and 2.1-4.1 MeV, respectively. This figure is a
slightly modified version of a figure from the paper by Frenje et al. [3.1].
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FIG. 4.3. Birth spectra of up-scattered deuterons, tritons and protons, generated by 14-MeV
neutrons elastically scattering of these ions. The shape of the spectra are dictated by the differential

cross-sections for elastic scattering. The effective cross sections for the high-energy deuteron and
triton peaks are 104 mb and 142 mb, respectively.
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FIG. 5.1. (a) The Copper-activation system on OMEGA-60. (b) Thick Cu activation, which is used
for low-yield implosions (Yn<10'%), and thin Cu activation, which is used for high-yield implosions
(Yn>10%).
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FIG. 5.2. Yunsc/<Yunsc> ratio measured with several zirconium NADs (positions indicated by the
open circles) for NIF implosions (a) N150422 and (b) N160628. Smaller black data points indicate
the positions of the nTOF and the MRS neutron spectrometers used for the dsr measurements
(discussed in Sections 5.2 and 5.6), from which directional pR values are determined. The color
map was generated by fitting a low-mode spherical harmonics to the data. The data shown in (a)
illustrate high pR values at the poles, while the data in (b) show a high pR feature at the location
of the fill tube. This mass perturbation and associated radiation shadowing may be seeding a large
defect that could perturb the stagnated high-density shell. A Y unsc/<Y unsc> Vvariation of about £10%
roughly corresponds to a pR asymmetry of about £500 mg/cm?.
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FIG. 5.3. Example of nTOF-signal traces for (a) dt-primary and down-scattered neutrons, and (b)
dd-primary neutrons that is recorded on top of the down-scattered dt neutron signal. These signal-
traces were obtained with one of the nTOF spectrometers positioned ~20 m away from the
implosion at the NIF. This figure is taken from the paper by Cerjan et al. [5.26].
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FIG. 5.4. Off-axis nTOF spectrometers on (a) the NIF, (b) OMEGA-60, and (c) the Z-facility. A
collimated beam of neutrons hits the scintillator [marked yellow in (a) and (b)], which is observed
by a set of off-axis PMTs/PDs positioned around the scintillator. In the case of OMEGA-60, a
smaller off-axis system is also positioned in front of the bigger nTOF spectrometer.

89



NIF target bay (93}‘3011350)

MRS
(73%-324")

nTOF

(116°-316%)
nTOF

(90°-174°) é = ] »

nTOF
(161°-56°)

FIG. 5.5. The nTOF spectrometers on the NIF for measurements of primary and down-scattered-
neutrons. These spectrometers are positioned ~20 m from the implosion, and each system consists
of collimators, a scintillator, and off-axis PMTs/PDs that are shielded. Each LOS is specified in
the figure by the polar-azimuthal angles. Additional nTOFs for primary and down-scattered
neutron measurements have been fielded at 90°-315° and close to the North Pole. The Magnetic
Recoil Spectrometer (MRS), positioned on the 10-m diameter chamber, is also shown. The MRS
is discussed in detail in Section 5.6.
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FIG. 5.6. (a) Components of the CVD diamond detector used in the pTOF diagnostic on the NIF.
The insert illustrates the assembled system. (b) A CAD model of the pTOF diagnostic mounted on
an external bracket attached to a Diagnostic Insertion Manipulator (DIM). Three Wedge Range
Filter (WRF) spectrometers, discussed in detail in Section 7.2, are also mounted externally on the
90°-78° DIM.
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FIG. 5.7. Example of a pTOF signal trace from NIF shot N150126. This trace shows the hohlraum
x-rays, d®He protons originating from the shock-burn phase, and dd neutrons from the subsequent
compression phase. During the compression phase, the pR is often high enough to range out the
d3He protons. At ~46 ns, the negative timing fiducial signal is observed.
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FIG. 5.8. Schematic of the PTD on OMEGA-60. This system uses a 3.5-m optical relay to transport
light from the scintillator positioned at 9 cm from the implosion to an optical streak camera outside
the target chamber. The timing-fiducial system provides cross-timing between the signals and
incident laser pulse, which are recorded on the P510 UV streak camera. A zoomed-in schematic
view of the PTD front end is also shown, which consists of a 1-mm thick scintillator with 100-um
tantalum filter in front. Part of this figure is taken from the paper by Stoeckl et al. [5.40].
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FIG. 5.9. (a) PTD streak image for a D, gas-filled capsule implosion (shot 38309). This image
illustrates secondary d®He-proton and primary dd-neutron signals. Due to a higher velocity, the
d3He protons arrive at the scintillator before the dd neutrons. The fiducials appear at the top of the
streak image and are used for absolute timing relative to the laser pulse, and for possible adjustment
of any sweep non-linerarities. (b) Projected signal on the time axis. Both signals are sitting on top
a decaying x-ray background.
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FIG. 5.10. (a) 2-channel PXTD streak image of the primary dd-neutron and d®He-proton signals.
This data was generated by a D3He gas-filled (with trace argon) capsule implosion (shot 77119).
Due to a higher velocity, the d®He protons arrive at the scintillator ~2 ns before the dd neutrons.
(b) Projected d®He-proton and dd-neutron signals on the time axis. (c) 3-channel PXTD streak
image of the x-ray signal in three energy bands. This data was obtained from a T gas-filled
(capsule implosion (shot 80705). (d) Projected x-ray signals on the time axis. This figure is taken

from parts of two figures in the paper by Sio et al. [5.42].
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FIG. 5.11. The CEA neutron imaging system on OMEGA-60. The penumbral aperture is centered
at 26.6 cm from the implosion, and the detector can be positioned at either 4 m or 13 m from the
implosion for different magnifications. This figure is taken from the paper by Caillaud et al. [5.46].
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FIG. 5.12. The one-dimensional imager of neutrons (ODIN) on the Z-facility. The ray trace shown
as yellow indicates the signal trajectories through the system. An exploded view of the slit
assembly is shown in the insert. The primary and secondary detector locations are also shown.
This figure is taken from the paper by Ampleford et al. [5.47].
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FIG. 5.13. The NIF neutron imaging system for simultaneously imaging primary and down-
scattered neutrons. The system consists of an aperture, two collimators and a detector system. The
insert in the top-left corner illustrates the array of pinholes and penumbral apertures used for the
neutron-imaging system. This figure is a modified version of two figures from the paper by
Fatherley et al. [5.50].
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FIG. 5.14. An example of (a) a primary-neutron image, and (b) a down-scattered neutron image
obtained from NIF shot N120205. The size of the primary-neutron image is 28+3 um, and the
down-scattered neutron image is 445 um. Qualitatively, the size difference between these images
provides information about the configuration of the high-density fuel shell that surrounds the hot-
spot.
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FIG. 5.15. A schematic of the MRS. The main components of the MRS are a CD (or CH) foil, a
magnet, and an array of CR-39 detectors. The foil is positioned 10 and 26 cm from the implosion
at OMEGA and the NIF, respectively; the magnet is positioned 215 cm from the foil on OMEGA
and 570 cm from the foil on the NIF. An array of eleven and nine 7x5 cm? CR-39 detectors are
positioned at the OMEGA-MRS and NIF-MRS focal plane that is 166 and 84 cm long,
respectively. The trajectories shown are for proton energies from 6 to 30 MeV, corresponding to
deuteron energies from 3 to 15 MeV. This figure is taken from the paper by Frenje et al. [5.54].
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FIG. 5.16. (a) The OMEGA-MRS fully enclosed by polyethylene shielding. (b) The NIF- MRS
fully enclosed by polyethylene shielding. (c) Cut-out view of the NIF-MRS illustrating the
spectrometer inside the shielding. The picture in (c) is taken from the paper by Frenje et al. [5.54].
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FIG. 5.17. (a) MRS spectrum from NIF shot N150218. A CD foil with thickness and area of 55.8
um and 3 cm? was used, respectively. (b) Modeled neutron spectrum that provides the best fit to
measured recoil-deuteron spectrum. From the modeled neutron spectrum, Y unsc, dsr (or pR) and Ti
were determined.
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FIG. 6.1. (a) Picture of the 4-channel Gamma Reaction History (GRH) diagnostic on the NIF for
measurement of the gamma-ray emission history. (b) Schematic of one GRH channel. This
configuration generates a time delay of 4.3 ns that allows the detector to recover from prompt
radiation due to laser-plasma interactions from the target. See text for more details.
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FIG. 6.2. (a) Picture of the 1-channel Gamma Cherenkov Detector (GCD) for measurement of the
gamma-ray emission history. (b) Schematic of the GCD design and light-collection scheme.
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FIG. 6.3. An example dt gamma-ray emission history measured with the GCD system on OMEGA
(shot 55983). The GCD was operated with a CO, gas at 100 psi, which sets the threshold for

generating Cherenkov light at an energy of 6.3 MeV. The background signal was obtained on
another shot (shot 55989) when the GCD was operated with no gas.
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FIG. 7.1. (a) Microscope image of proton tracks with diameters in the range of 5-10 um, which
were revealed by etching the CR-39 for 6 hours at 80 °C in 6.0-Molar NaOH. These tracks were
generated by protons with energies in the range of 2—-4 MeV. (b) Typical proton-track diameter as
function of energy for CR-39 etched for 6 hours at 80 °C in 6.0-Molar NaOH. It should be noted
that some variations in the diameter-vs-energy curve are often observed, depending on the quality
of the CR-39.
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FIG. 7.2. A schematic of the WRF spectrometer, which consists of a wedge filter on top of a piece
of CR-39. Due to its compactness (~5 cm in diameter), several spectrometers can be fielded around
the implosion at close distances. See text for more details.
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FIG. 7.3. (a) Seven WRF spectrometers (six marked blue and one green) and a magnetic
spectrometer (magenta) fielded on OMEGA. (b) Four WRF spectrometers fielded on the pole and
equator on the NIF. The WRF spectrometers are mounted on the DIMs using external mounting
brackets. (c) Picture of a NIF shot on which the WRF spectrometers were used on the pole and

equator.
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FIG. 7.4. Primary d®He-proton spectra measured with WRF spectrometers positioned at various
locations around an OMEGA implosion (shot 21240). A 15-atm D®He gas-filled CH capsule with
a wall thickness of 20 um, and sixty laser beams delivering 12 kJ in a 1-ns square pulse to the
capsule were used in this experiment. The WRF spectrometers were inserted by the ten-inch
manipulators (TIM; six indicated in the figure). Both the average d*He-proton birth energy
(vertical dashed line) and average energy loss measured in the different directions are indicated.
The variation in the observed energy loss is substantial, indicating significant pR asymmetries.
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FIG. 7.5. Secondary d*He-proton spectra measured with WRF spectrometers positioned at various
locations around an OMEGA cryogenic implosion (shot 24096). A 100-um D> layer inside a 930-
um diameter GDP capsule, illuminated by sixty laser beams delivering 24 kJ in a 1.0-ns square
pulse were used in this experiment. The average secondary d*He-proton yield was 2.4x10" and the
primary dd-neutron yield was 3.1x10°. Both the average secondary d*He-proton birth energy
(vertical dashed line) and average energy loss measured in the different directions are indicated.
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FIG. 7.6. Knock-on proton spectra measured with WRF spectrometers positioned at different
locations around an OMEGA implosion (shot 23471). A 15-atm DTH gas-filled (5% D, 5% T and
90% H) CD capsule with a wall thickness of 20 um, and sixty laser beams delivering 24 kJ in a
1.0-ns square pulse to the capsule were used in this experiment. The average knock-on proton yield
(per MeV) was 1.9x107 and the primary dt-neutron yield was 1.6x10. A pRuel 0of 6.4 mg/cm?
was inferred from the average knock-on proton yield (in the range of 9.5-10.5 MeV), and from
the average energy loss of the maximum knock-on proton energy (i.e. 14 MeV), a pRshen 0f 70
mg/cm? was determined. The spectra observed in the different directions display a pRshel
asymmetry of 25 mg/cm?. The knock-on deuteron component from the CD shell is evident at
proton-equivalent energies below ~9 MeV. This figure is a slightly modified version of a figure
from the paper by Frenje et al. [7.25].
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FIG. 7.7. An example of a WRF-measured primary d®He-proton spectrum from NIF implosion
N091123. For this experiment, a 135-um thick CH capsule filled with 10% D2 and 90% He was
used. The spectrum displays two components, the first is a shock component where d®He protons
are generated shortly after the shock rebounds at the center of the implosion when the total pR is
relatively low. The second component is due to d*He protons produced during the compression
phase, about 400 ps after the shock phase, when the total pR is substantially higher. Thus, the time-
integrated spectrum is a mainly a reflection of the pR time evolution (other effects such as Doppler
broadening and geometrical energy-loss effects play a role when the pR is relatively low).
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FIG. 7.8. (a) Schematic of the Charged-Particle Spectrometer (CPS). (b) Picture of CPS1 system
(new location) on the OMEGA chamber. The magnet is inside the cylindrical vacuum chamber.
(c) Picture of the shielded CPS2 system during installation. The magnet is located in front of the
assembly. Both spectrometers are permanently mounted on fixed diagnostic ports on the OMEGA
target chamber. The CPS1 and CPS2, which are positioned 100 cm and 235 cm from an implosion,
respectively, provide close-to orthogonal views of it, thereby allowing for an assessment of yield
and pR asymmetries. The picture in (c) is taken from the paper by Séguin et al. [7.1].
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FIG. 7.9. Microscope image of 1.1-MeV triton tracks, 3.3-MeV proton tracks, and 3.3-MeV alpha
tracks recorded by the CPS2 system. These ions were generated by dd and d*He reactions in a
D3He gas-filled, thin-glass implosion (OMEGA shot 20297). This picture is taken from the paper
by Séguin et al. [7.1].
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FIG. 7.10. dd-triton, d®*He-alpha, dd-proton, and d®*He-proton spectra measured simultaneously
with CPS2 for OMEGA shot 75699. These fusion products are produced by the reactions shown
in egs. (3.5) and (3.10). The vertical arrows and dashed lines indicate measured median energy
and average birth energy, respectively. This figure was taken from the paper by Frenje et al. [4.19].
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FIG. 7.11. Knock-on deuteron (d’) and triton (t”) spectra measured simultaneously with CPS2 for
three OMEGA shots. These spectra were generated by 14-MeV dt neutrons elastically scattered
off fuel ions [egs. (3.13) and (3.14)] in DT gas-filled, thin-glass implosions. The broadening of the
spectra is mainly due to Doppler broadening and CPS-spectrometer response. This figure is a
slightly modified version of a figure from the paper by Frenje et al. [4.9].

116



(@)

Implosion Aperture

- tons
.‘_ Pro = § CVD
s detector

X-ray filter Filter
(b)

Neutrons

CVD detector

X-ray filter —
Implosion

0

FIG. 7.12. The magPTOF on the NIF. (a) A schematic of the magPTOF main components. The x-
ray filter blocks the CVD detector from x-rays coming directly from the implosion, while the d*He-
protons are deflected around it. (b) A cad drawing of the magPTOF and WRF spectrometers
attached to a snout inserted by a DIM.
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FIG. 7.13. MagPTOF data for shot N151221. After the IRF and particle-flight times have been
corrected for, a shock-bang and compression-bang time of 6.7£0.2 ns and 7.3+0.1 ns were
determined, respectively, indicating a time difference of 0.6 ns.
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FIG. 7.14. A cutaway view of TPIS, which includes a pinhole aperture, permanent magnet (blue),
electrodes (red), and detector pocket. The outer dimensions of the diagnostic are also indicated.
This figure was taken from the paper by Sinenian et al. [7.33].
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CR-39 (variable position)

Pinhole assembly
FIG. 7.15. A cutaway view of TPIE, which includes a pinhole assembly, permanent magnet (blue),

electrodes (yellow), and a CR-39 detector. The diagnostic is fielded using a TIM. This figure was
taken from the paper by Cobble et al. [7.32].
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FIG. 7.16. An example of TPIE data obtained from two ICF implosions at OMEGA. (Top image)
TPIE data from a thin-glass implosion (shot 64685), and (bottom image) from an aluminum flash-
coated, CD-capsule implosion (shot 65273). The ion track density is represented by a color value.
Several lines of highly ionized silicon and oxygen ions are observed from the thin-glass capsule
implosion, and several lines of ionized aluminum and oxygen ions are observed from the flash-
coated CD-capsule implosion. These data were obtained by operating the TPIE with a piece of
CR-39 as detector and peak magnetic and electric fields of 5.4 kG and 2.8 kV/cm, respectively.
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FIG. 7.17. A schematic drawing of the charged-particle imaging system. With an aperture of ~2000
um that is significantly larger than the burn region, information about the source exists in the
penumbra. The surface brightness of the charged-particle emission is reconstructed from the
measured image shown to the right.
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FIG. 7.18. (a) A drawing of the charged-particle imaging system that is used to primarily measure
the dd and d®He burn regions. The CR-39 detector (separated from the system in this figure) can
be positioned at three different slots at different distances for different magnification. (b) Cutaway
view of the OMEGA-target chamber, showing three imaging systems pointed toward the
implosion (located at the center of the chamber). The blue structure holds the capsule. This figure
is a modified version of two figures from the paper by Séguin et al. [7.34].
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FIG. 7.19. Three d®He-proton surface-brightness images observed in three nearly orthogonal
directions. These images were obtained from a D®He gas-filled CH-capsule implosion (OMEGA
shot 35172), which was asymmetrically driven (with a symmetry axis parallel with View 1).
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FIG. 7.20. Schematic of the charged-particle radiography measurement. The backlighter generates
quasi-mono-energetic charged particles that are used to radiograph a plasma subject. A package of
CR-39 detectors, properly filtered for the different charged particles, is used for detection of these
date have utilized 3-MeV dd-protons and 14.7-MeV d*he-protons,
in which two pieces of CR-39 were fielded, where each one was filtered to optimally detect these
particles. As discussed in Section 9.3, advances are being made to this platform, where three

particles. Most experiments to

charged particles will be used simultaneously to radiograph a plasma subject.
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FIG. 7.21. (Left) Schematic of the experimental setup for radiographing a cone-in shell implosion.
For this mesaurement, a quasi-isotropic emission of ~3x108 d®*He-protons from the backlighter
was used. These protons had a spectral linewidth of less than 3%, and they were produced over a
time duration of 130 ps. (Right) Fluence radiographs of an unimploded cone-in shell capsule (shot
46531) and an imploded cone-in shell capsule (shot 46529). The dark areas in the radiographs
correspond to regions of higher proton fluence. From these radiographs, details of the path-
integrated field distributions surrounding the capsule can be determined. This figure is a modified
version of two figures from the paper by Rygg et al. [7.43].
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FIG. 7.22. (Top) Schematic of the experimental setup for radiographing an indirect-drive
implosion. For this experiment, five and ten laser beams that entered each end of the hohlraum
with incident angles of 42° and 58.8° were used, respectively. The colors on the hohlraum wall
illustrate the laser-intensity distribution. In this particular experiment, the charged-particle
backlighter was driven by thirty laser beams, which delivered a laser energy of ~11 kJ in a 1-ns
square pulse. The backlighter produced d*He-protons that were used to backlight the holhraum.
(Bottom) d®He-proton-fluence radiographs recorded at different times of the indirect-drive
implosion (each image represents one implosion). The dark areas in the radiographs correspond to
regions of higher proton fluence. From these radiographs, the path-integrated field distributions
can be determined. This figure is a slightly modified version of a figure from the paper by Li et al.
[7.49].
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FIG. 7.23. (Top) Schematic of the experimental setup for radiographing a direct-drive implosion.
In this experiment, a series of 850-um diameter CH capsules (with a 35-pum wall thickness), filled
with 15 am of H. gas, were backlit by d*He-protons. These CH capsules were driven with a subset
of laser beams, delivered in a shaped pulse (OMEGA type RD1501p, which is shown at the bottom
of the figure). From left to right, the images are from OMEGA shots 51244, 51246, 51247, and
51250. This figure is a slightly modified version of a figure from the paper by Séguin et al. [7.52].
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FIG. 8.1. The RAGS hardware at the NIF. Directly after a shot, the gaseous products inside the
target chamber are pumped out and into RAGS, where unwanted species are filtered out from the
gas (this happen in the right cart shown in the figure). The noble gases are subsequently frozen
and analyzed to quantify the number of nuclear reactions that occurred in an implosion. This
happens in the left cart shown in the figure. This picture is taken from the paper by Shaughnessy
etal. [8.1].
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FIG. 8.2. (a) Pictures of the SRC systems. (a) The SRC with a 2-inch diameter disc of either
tantalum, vanadium or carbon. Up to four SRC systems can be fielded on one DIM. This picture
is taken from the paper by Shaughnessy et al. [8.3]. (b) The Vast Area Detector for Experimental
Radiochemistry (VADER) system for solid radiochemistry collection.
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FIG. 8.3. %8Au/*%Au ratio determined from gamma-ray spectroscopy of the resultant debris
collected by the SRC on several DT cryogenic implosions at the NIF (each data point represents
one implosion). The *®Au is produced by **’ Au(n,y)'*®Au induced by low-energy neutrons, which
are generated single and multiple scatter in the fuel, and the 1*Au is produced by **’Au(n,2n)**®Au
reactions that are induced by 14-MeV neutrons. The figure was taken from the paper by Cerjan et

al. [5.26].
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