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Abstract

A wide variety of diagnostics have been deployed to study direct-drive spherical
implosions of gas-filled, plastic shells on the 60-beam OMEGA laser system at the
Laboratory for Laser Energetics. Neutron detectors using plastic scintillators measure
primary yield, ion temperature, secondary neutron yield, and burn history. Charged-
particle detectors record, on CR-39 samples, the secondary protons in pure D, implosions
and elastically scattered protons, deuterons, and tritons in DT implosions to measure the
shell and fuel areal densities. Primary D3He protons from plastic shells with a CD layer
at the shell-gas interface and a 3He fill provide a significant signal only if the shell and
fuel regions are mixed. Shells with an Ar-doped fill are used to infer the emissivity-
averaged core electron temperatures and densities from the measured time-dependent Ar
K-shell spectra. The level of nonuniformity in the shell areal density at stagnation is
measured using gated x-ray images of Ti-doped shells.

The application of a large number of diagnostics to these implosions significantly
improves the understanding of the core conditions and fuel-shell mix.
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1. INTRODUCTION

In the direct-drive approach to laser-driven inertial confinement fusion (ICF)! a
spherical target is symmetrically illuminated by a number of individual laser beams.
Target and laser illumination nonuniformities are the primary determinants of implosion
performance. Illumination uniformity includes both individual-beam uniformity and on-
target beam-to-beam power history differences (power balance), while target
nonunformities include those on both the inner and outer capsule surfaces.
Nonuniformities of either kind can lead to distortions in the compressed core due to
secular growth of low-order (/ < 10) modes and shell breakup and mix due to the
Rayleigh-Taylor (RT)>3 growth of perturbations imprinted by high-order (¢/ > 10)
nonuniformities. Ignition with direct-drive ICF relies on the generation of a “spark” in the
compression “hot spot” to begin the nuclear burn process.* The hot spot is a high-
temperature, low-density region surrounded by a low-temperature, high-density region
into which the burn wave propagates, leading to significant energy gain. For an ICF
target to ignite, a significant fraction of the hot spot must remain “clean,” unperturbed by
the evolution of the RT instability. Thus, one expects that the compressed core of a
direct-drive ICF implosion will consist a central hot spot, which is mostly compressed
fuel, with a region where fuel and shell materials are mixed at larger radii. This region is
surrounded by cold shell material. This paper describes techniques used to study the
conditions in the compressed target, including those that are more sensitive to one or
more of the regions described above.

The effects of Rayleigh-Taylor instabilities on target performance have been studied
on direct-drive implosions of gas-filled plastic shells on the OMEGA laser system.’
These targets are surrogates® for cryogenic implosions. The stability of these shells
driven with a 1-ns square laser pulse have been shown to be similar to OMEGA
cryogenic targets,” which are energy scaled from the NIF direct-drive-ignition targets.
Plastic shells are advantageous because a wide variety of shell/gas conditions and
diagnostics can be applied to study various details of the implosions.3:? OMEGA’s
reproducible laser pulses give confidence to the assumption that the implosion
hydrodynamics is unchanged for different target types and fill-gas makeup. Various
diagnostics have been used to probe different parts of the compressed target. Primary
(single-step) neutron and charged-particle yields are most sensitive to the regions of the
core where fuel exists at high ion temperatures. Secondary (two-step) neutron and
charged-particle yields probe both central and mix regions, depending on the temperature
profile.

2. DIAGNOSTICS

2.1. Neutron and Particle Diagnostics
The primary (N ) neutron yield is measured using quenched plastic scintillators

coupled to fast photomultlpllers 10 For the range of yields recorded, the typical
uncertainty in these measurements is 10%. The neutron-averaged ion temperature is
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inferred from the thermal broadening of the neutron signal recorded on the detector. A
convolution m(r) = g(t) ® d(?) of a Gaussian g(z) and an exponential decay d(¢) as is fitted
to the measured signal to improve the accuracy of the ion-temperature measurement. !
The ion-temperature-measurement uncertainty for these experiments is of the order of
~0.5 keV.

The fusion-reaction-rate history is recorded by the neutron temporal diagnostic
(NTD)!2 with a time resolution of 25 ps (FWHM); NTD is based on the fast rise time of a
commercially available plastic scintillator. Neutron collisions with the scintillator convert
neutron kinetic energy to 350 to 450-nm-wavelength light. The light is collected and
transported by an f/2 optical system to the photocathode of a fast streak camera, whose
output image is recorded by a CCD camera. An optical fiducial system provides absolute
timing with an uncertainty of <50 ps.

For DT-filled implosions, the fuel areal density is determined from the number of
elastically scattered knock-on fuel particles:13-14 n + T(D) — n’ +T’(D’). The shell areal
density is inferred from the elastically scattered shell protons: n + p — n’ + p’. The yield
of knock-on particles is insensitive to the electron temperature profile.!3.14

The secondary proton D +D — 3He + n followed by 3He + D — p(12 ~ 17 MeV) +
4He and neutron D + D — T + p followed by T + D — n(12 ~ 17 MeV) + “He, yields
depend on the electron temperature profile in the core and typically provide limits on the
pr and the core electron temperature, as well as information about the deviations in
temperature and density profiles from 1-D predictions.!3-16 The areal density of the
plastic shell, pR_, during stagnation can be inferred using the downshift of the secondary
protons from D, implosions (produced with 12- to 17-MeV energies). The secondary
protons are slowed by an amount proportional to pR, . Using the measured fuel areal
density, the shell areal density can be inferred:!> pR, = PR, a—PRyel-

The core—fuel mix characteristics are inferred in a number of ways. The measured
secondary neutron and proton yields from the shell regions can be compared to 1-D
simulations. When the yields are significantly different from those predicted, they
provide information about fuel-shell mix. An implosion of a plastic shell with a CD layer
and a 3He fill provides a significant primary D?He proton signal only if the shell and fuel
regions are mixed. This yield depends on the characteristics of the mix, either
microscopic (diffusive) or macroscopic, where islands of shell material penetrate the
core.

The secondary neutron yield is measured by the multichannel, single-hit detector
MEDUSA!7 or by current-mode detectors.!8 The secondary proton and knock-on particle
yields are measured with wedged range filters! and charged-particle spectrometers
(CPS).1? CR-39 nuclear emulsion is used in both detectors to determine the yield and the
energy spectrum.

2.2. X-ray Spectroscopic Diagnostics

In some cases, the D, fuel is doped with 0.05 atm of Ar. This level of Ar dopant has
only a small effect on the target performance. Time-resolved Ar K-shell spectra are
recorded with a flat crystal spectrometer coupled to an x-ray streak camera with 25-ps
resolution. The emissivity-averaged core electron temperature and density evolutions are
inferred from the time-dependent Ar K-shell spectral line shapes of the Ar He-J, He-7,

21



He-8, and Ly-f resonant transitions and their associated satellites.?0 The line shapes
depend strongly on the electron density and are relatively insensitive to the electron
temperature, while the relative intensities are sensitive to variations in both electron
temperature and density.2! Spectral lineouts at different times are compared to a large
database of synthetic spectra calculated by following Ref. 22.

2.3. X-ray Imaging

Areal-density modulations in a titanium-doped layer in the CH shell are determined
from the intensity ratios of time-resolved, 2-D core images taken above and below the Ti
K edge.23 The 20-um-thick shells contained an inner layer of 1.9-um-thick CH doped
with Ti (6% by atom). The initial Ti areal density in the shell is about 0.05 mg/cm?2. The
emission from Ti-doped CH shells is imaged onto a four-strip framing camera?*-23 using
a 6-um-diam pinhole array, protected by a 200-um-thick Be filter. The upper two strips
of the framing camera are filtered by a 75-um-thick Ti filter and the lower two strips by a
50-um-thick Fe filter to image core radiation at photon energies below (~4.8 keV) and
above (~6.5 keV) the Ti K edge (4.966 keV), simultaneously. The two x-ray energy
channels have spectral bandwidths (AE/E) of about 20%. Each image taken with the
framing camera had a temporal resolution of ~40 ps and a spatial resolution of ~6 um.
The framing camera output was captured on a CCD camera with a 9-um pixel size and a
magnification of 25.

3. LASER CONDITIONS

An ~23-kJ, 1-ns square pulse delivered by the 60-beam OMEGA laser system> was
used to drive the implosions described in this work. The beam-to-beam UV energy
balance was typically <5% rms.2® When beam overlap on target was included, the on-
target nonuniformity due to beam-to-beam energy imbalance was <1% (¢ < 12).
Individual-beam smoothing is accomplished by using smoothing by spectral dispersion
(SSD),27 distributed phase plates (DPP),28 and polarization smoothing (PS) with
birefringent wedges.2® The two-dimensional (2-D) SSD operates at a single color cycle
with 1-THz bandwidth.

4. EXPERIMENTAL RESULTS

This section reports the results of the various diagnostics described above on a series
of implosions using targets with (940+30)-um-diam, (19.5+1)-um-thick plastic shells.
Some shells have CD or titanium-doped (CHTi) internal layers. The targets are filled
15 atm of either He3, D,, or DT, sometimes doped with trace amounts of Ar. For the
targets with pure He3, the gas pressure is adjusted so that the hydrodynamics of the
implosion, determined mostly by the electron and ion pressure, is the same. These
implosions have convergence ratios (initial to final radius of the fuel-shell boundary)
calculated by 1-D simulations of 15. The ratio of the measured primary neutron yield to
that predicted by 1-D simulations [“yield over clean” (YOC)] for CH shells with D, fills
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is very reproducible around 35:5%.26 The neutron-averaged ion temperature was
measured at 3.5 keV, which is about 0.5 keV higher than the 1-D predictions.

The 1-D predictions of areal density for these shells are pr= 16 mg/cm? and PR, =
60 mg/cm?. The total pR as determined from the D3He secondary protons of D,-filled
shells is found to be 76 mg/cm?. The pr inferred from the D knock-on yield is
15 mg/cm?, while pR, ~ 61 mg/cm? from the knock-on protons, both from DT-filled
targets. These measurements show that the sum of fuel and shell areal densities for DT
implosions is in good agreement with the total areal density independently inferred from
D, implosions, close to those predicted from 1-D simulations.

Comparing the fusion-reaction-rate history measured by NTD with 1-D simulations
gives valuable information about the accuracy of physical models used in the codes, such
as laser absorption and heat transport. In particular, the timing onset of neutron
production at shock convergence along with peak neutron production is very sensitive to
the value of the flux-limiter.3? Figure 1 shows a comparison between measured and
predicted fusion-reaction-rate histories. A relatively minor change in the flux limiter of
about 15%, from 0.06 to 0.07, leads to a significant shift in the burn history, well outside
the experimental uncertainty of 50 ps

The emissivity-averaged electron temperature and density history is inferred from
spectroscopic measurements of Ar-doped capsules. Figure 2 shows the evolution of the
emissivity-averaged electron temperature and density during peak compression. The
evolution of the continuum emission at ~3.5 keV is shown for comparison.2? Note that
the peak neutron emission occurs ~170 ps before the peak continuum emission,
consistent with 1-D simulations. The measured peak electron temperature of ~2 keV is
much lower than the corresponding neutron-averaged ion temperature of 3.5 keV, which
indicates that the Ar emission originates from the outer, colder regions of the core and the
fuel-shell mix region. The amount of fuel-pusher mixing can be inferred by combining
the measurements of the fuel areal density, the core size from x-ray emission (~34 um),
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Figure 1. Comparison between measured and
predicted fusion-reaction-rate histories for
20-pum shells filled with 15 atm of D,. A Figure 2. Temporal evolution of the emissivity-
relatively minor change in the flux limiter of averaged core electron temperature and density near
about 15% from 0.06 to 0.07 leads to a peak compression. The temporal evolution of the
significant shift in the burn history, well ~3.5-keV continuum emission is shown for
outside the experimental uncertainty of 50 ps. comparison.
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and the electron density from spectroscopic analysis. This analysis gives an average D,
density of 4.4+1.3 g/cm3 and a CH density of 2.6+0.8 g/cm3, suggesting that
approximately 1/3 of the core density consists of CH from the shell in the region that
dominates the Ar emission. The present Ar spectroscopic data, however, provides no
information about the spatial profiles in the core.

Figure 3 shows the evolution of areal-density modulations obtained by differential
x-ray imaging above and below the Ti K edge: 1.92, 1.97, 2.02, and 2.07 ns. The spatial
scale of modulations decreases from ¢ = 1.92 ns to ¢ = 2.02 ns (as evident from the motion
of the “circular” structure in corresponding images). After that, the shorter-scale
modulations start to grow, which can be seen in the image at 2.07 ns. The image size at
2.07 ns is smaller than images at early times because the level of backlighter emission
drops late in the implosion. The areal-density modulations are relatively modest (18% at
peak compression), indicating a shell behavior close to 1-D. The modulations decrease
toward peak compression, probably due to the convergence of the target.

5. MIX MEASUREMENTS

The D3He proton yield from a CH shell with an inner 1-mm-thick CD layer was
1.0+0.2 x 107 and dropped by an order of magnitude when the CD layer was offset from
the inner surface of the shell by 1 um. This indicates the presence of fuel-shell mixing
during the compression. A model of the mix profiles, described in Refs. 26 and 31,
indicates that approximately 50% predicted by 1-D simulations is “clean,” with close-to
predicted parameters.

6. SUMMARY

A wide variety of neutron, particle, and x-ray diagnostics have been deployed to study the
performance of CH-shell implosions on OMEGA. The experimental observations are
consistent with the picture that the compressed core at peak neutron production has an
inner clean region, whereas a significant amount of shell material is mixed into the outer
part of the core. The measured primary neutron yield is ~35% of that predicted from 1-D
calculations. The fuel and shell areal densities determined by knock-on particles and the
slowing down of secondary protons are close to their predicted values. The areal-density
modulations of the shell as measured by differential x-ray imaging are below 20%, which
independently indicates a shell behavior close to 1-D.
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Figure 3. Evolution of areal-density modulations obtained by differential x-ray imaging.
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