Applied Plasma Spectroscopy: Laser-Fusion Experiments

Introduction

The remarkable progress of laser-fusion experiments [i.e.,
inertial confinement fusion (ICF) driven by high-intensity laser
beams] has been charted with x-ray spectroscopy. Hans Griem,
considered the father of plasma spectroscopy, provided an
excellent foundation for this research.! Inertial confinement
fusion occurs when a spherical-shell target containing thermo-
nuclear fuel [i.e., deuterium and tritium (DT)] is imploded
to produce energy gain.2:3 The implosion is driven by the
ablation of material from the outer shell surface with intense
laser beams (direct drive)? or with x rays produced in a high-Z
enclosure or hohlraum (indirect drive).3 Both of these schemes
rely on the solid-state Nd:glass laser invented by Elias Snitzer
in 1961.* High-power Nd:glass laser beams were developed at
LLE and Lawrence Livermore National Laboratory (LLNL)
in the 1960s and 1970s, as well as in France, Japan, and Rus-
sia.” Historically, indirect-drive3 ICF was pursued at LLNL,
while direct-drive? implosions were the main focus of the LLE
research program.

Four areas of x-ray spectroscopy for laser-fusion experi-
ments are highlighted in this article: K, emission spectroscopy
to diagnose target preheat by suprathermal electrons,®~10 Stark-
broadened K-shell emissions of mid-Z elements to diagnose
compressed densities and temperatures of implosion cores,!1=13
K- and L-shell absorption spectroscopy to diagnose the rela-
tively cold imploding shell that does not emit x rays,!4-16
multispectral monochromatic imaging of implosions to diag-
nose core temperature and density profiles.!”-29 The original
x-ray-spectroscopy experiments in these areas will be discussed
and compared to current state-of-the-art measurements. This
article concentrates on direct-drive ICF? since laser ablation
was used to create the high-energy-density plasmas probed with
x-ray spectroscopy in the highlighted research. LLE Senior
Scientist B. Yaakobi pioneered many of the x-ray-spectroscopy
experiments in laser-fusion research.6:8.9:11.12.14.18

and

Over the last three decades, increasing amounts of energy
have been delivered to target with multibeam Nd:glass laser
systems.> At LLE, the four-beam DELTA laser,2! operating at
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lw with 10 J in a 40-ps pulse, evolved into the OMEGA Laser
System,22 which consists of a 60-beam, 3w, 30-kJ compression
laser and the high-energy petawatt OMEGA EP laser.23 The
uniformity of direct-drive implosions steadily improved with
scientific advancements in laser technology and target physics.
Laser-irradiation nonuniformity levels approaching 1%—2%
rms24 were achieved using phase plates,?> two-dimensional
(2-D) smoothing by spectral dispersion (SSD),2¢ polariza-
tion smoothing (PS),?” and a large number of symmetrically
arranged laser beams. The hydrodynamic efficiency of laser
ablation was significantly improved by frequency tripling the
fundamental 1w laser wavelength.28 The size of the gas-filled
spherical-shell implosion targets increased more than an order
of magnitude to ~1 mm. X-ray streak cameras? were developed
to record time-resolved x-ray spectra. Significant theoretical
advances in spectral line-shape calculations were made,30-33
beginning with the realization by H. Griem that the distribution
of electric microfields of the ions and electrons led to Stark
broadening of spectral line shapes in plasmas.! Increases in
computational power kept pace with Moore’s law3° and made
it feasible to more accurately calculate complex spectra.30-35
Progress on all these fronts paved the way to highly reproduc-
ible x-ray spectroscopic results for laser-fusion experiments,
which complemented measurements of charged-particle spec-
troscopy and neutronics.2-3 The next step of thermonuclear igni-
tion on the soon-to-be-completed 192-beam, 1.8-MJ National
Ignition Facility (NIF) laser system3’ at LLNL will greatly
benefit from these results.

The following sections present a brief introduction to laser-
fusion research, describe the plasma spectroscopy applications
in laser-fusion experiments, and summarize our conclusions.

Inertial Confinement Fusion

Over the last three decades, x-ray spectroscopy has recorded
the remarkable progress made in inertial confinement fusion.
Hot-spot ignition involves the implosion of a thin-shell spherical
target containing a cryogenic-DT layer.2-3 For direct-drive ICF,
a 3w shaped laser pulse designed to achieve nearly isentropic
compression initially irradiates the target with a low-intensity

55



APPLIED PrAsmA SPECTROSCOPY: LASER-FUSION EXPERIMENTS

foot (1013 to 10! W/cm?), followed by a high-intensity main
drive (101 W/cm?) (Refs. 2 and 3). The laser irradiation breaks
down the target surface and forms a coronal plasma. The laser
energy is absorbed in the corona via inverse bremsstrahlung2-3
and transported to the ablation surface via electron thermal
conduction.?-3 The ablated shell mass forms a coronal plasma
that surrounds the target and accelerates the shell or pusher
inward via the rocket effect. 2> The implosion can be divided
into the following four stages (as illustrated in Fig. 118.1):
shock propagation, acceleration phase, deceleration phase, and
peak compression. -3

Laser ablation launches hydrodynamic waves through the
fuel layer and sets the target on the desired shell adiabat during
the foot pulse. Shock heating is the main heating mechanism of
the shell in an ablatively driven implosion.2- The shell adiabat
is defined as the ratio of shell pressure to the Fermi-degenerate
pressure.2-3 High compressibility requires that the DT fuel
remains close to Fermi degenerate throughout the implosion.
The dense, nearly Fermi degenerate matter or warm dense
matter created by the shock waves is diagnosed with x-ray
absorption spectroscopy using surrogate-planar, plastic-tamped
Al targets.!5-16

As the laser intensity rises during the main drive and the
shock wave breaks out of the rear surface of the shell, the tar-
get begins to accelerate. Modulations at the ablation surface
caused by mass perturbations and laser-irradiation nonunifor-

| Hot-Spot Ignition |

Peak Compression Shock Propagation

Fusion burn/ignition |

| Absorption/coupling |

Hot-spot ignition
pRys > 0.3 g/em?
THS > 10 keV

Hot dense matter

Warm dense matter

mities are amplified by Rayleigh-Taylor (RT) hydrodynamic
instability and feed through to the inner shell surface.2 The
corona evolves into a long-scale-length plasma and becomes
susceptible to two-plasmon-decay (TPD) instability, which
occurs near quarter-critical density when the phase-matching
conditions are satisfied for the laser light to decay into two
electron-plasma waves or plasmons.38:39 Wave—particle inter-
actions (e.g., Landau damping, trapping, and wave breaking)
can generate suprathermal electrons with energies greater than
50 keV (Ref. 39). These hot electrons can preheat the fuel and
adversely affect the target compressibility.2:3 K, emission
spectroscopy of targets with buried mid-Z tracer layers is used
to infer levels of target preheat.o—2

When the higher-density shell converges toward the target
center and is decelerated by the lower-density fuel, a hot spot
forms.2-3 The hot dense matter created in the implosion core
is diagnosed with x-ray emission spectroscopy.!!=13 The cold
dense shell surrounding the hot spot is diagnosed with x-ray
absorption spectroscopy.!4 The RT instability on the inner
shell surface, seeded by feedthrough of nonuniformities from
the ablation surface and by mass modulations on the inner
surface, causes hydrodynamic mixing of the cold dense shell
plasma with the hot-spot plasma. The radiative properties of
hot dense matter with pressures of ~10 Gbar and the implosion
dynamics of an Ar-doped-deuterium-gas—filled plastic-shell
target are illustrated using the Stark-broadened spectral line
shapes of Ar K-shell emission.!3 Levels of mixing of the plas-

I~1013to
1014 W/cm?2

Figure 118.1
Schematic illustrating the four stages—shock

propagation, acceleration phase, deceleration

Hot-spot formation

Rayleigh—Taylor
growth and

phase, and peak compression—of a direct-drive
implosion for hot-spot ignition.

Rayleigh—Taylor and
Bell-Plesset growth

Deceleration Phase Acceleration Phase

E14874bJR

56

xfeedthrough

1~ 1015 W/cm?2

Preheat

LLE Review, Volume 118



tic shell with the deuterium fuel are estimated by combining
x-ray spectroscopic results with fuel densities inferred from
charged-particle spectroscopy.*0*! The electron temperature
and density profiles of the hot spot are inferred from multiple
monochromatic x-ray imaging.20

Compression by the cold dense shell causes the pressure and
DT fusion reaction rate of the hot spot to increase. It is predicted
that the a-particle fusion products will deposit sufficient energy
in the hot spot to launch a thermonuclear burn wave out through
the cold dense fuel in the shell just prior to peak compression,
when the areal density of the hot spot exceeds 0.3 g/cm? and
the hot-spot temperature reaches 10 keV (Refs. 2 and 3). Energy
gain with hot-spot ignition depends on the implosion velocity
of the shell V;,,, the shell areal density pRgp; at the time of
burn, and the in-flight shell adiabat.2-3:42-44 A complementary
approach to hot-spot ignition is fast ignition, which uses a
high-energy petawatt laser to generate a beam of electrons or
ions to heat a compressed mass to thermonuclear conditions.*
Fast ignition reduces the drive uniformity requirements of the
compression laser.

Laser-Fusion Experiments

The four areas of x-ray spectroscopy for laser-fusion experi-
ments are presented in the order in which the seminal papers
were published to emphasize the pursuit of the research. More-
sophisticated target-physics experiments have accompanied
the advances in laser-driver development. K, emission spec-
troscopy used to diagnose target preheat by suprathermal elec-
trons was reported first,% followed by measurements of Stark-
broadened K-shell emissions of mid-Z elements to diagnose
compressed densities and temperatures of implosion cores.!!
These experiments were performed on the four-beam DELTA
Laser System.2! K- and L-shell absorption spectroscopy used
to diagnose the relatively cold imploding shell on DELTA4
was reported several years later, along with backlighting using
multifrequency x rays to diagnose the temperature and areal
density of the implosion core on the two-beam GEKKO II Laser
System.!” The concept of combining a pinhole aperture with a
Bragg crystal spectrometer to achieve multiple monochromatic
x-ray images was extended to hundreds of pinholes nearly two
decades later on the 60-beam OMEGA Laser System.!® The
original x-ray-spectroscopy experiments in these areas are
discussed in this section and compared to current state-of-the-
art measurements.

1. K, Emission Spectroscopy

K, emission spectroscopy was first used by Yaakobi et al.® to
infer preheat by fast electrons in laser-fusion experiments. The

LLE Review, Volume 118

APPLIED PLASMA SPECTROSCOPY: LASER-FUSION EXPERIMENTS

four-beam, 1w, 0.8-TW DELTA Laser System irradiated thin
(~1-um-thick) 90-um-diam spherical glass shells filled with
10 atm of Ne gas with peak intensities of 2 to 3 x 101> W/cm?
as shown in Fig. 118.2(a). The 1w laser irradiation generates
suprathermal electrons via resonance absorption with energies
of ~10 keV (Ref. 39). Such energetic electrons deposit their
energy throughout the target shown in Fig. 118.2(a), resulting
in K, emission from the Ne-gas fill. In contrast to the ablatively
driven implosion where the shock wave is the dominant heat-
ing mechanism of the shell, the rapid heating of the thin glass
shell by suprathermal electrons and x-ray radiation from the
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Figure 118.2

(a) Schematic of a direct-drive target, consisting of a thin glass shell filled with
Ne gas, used in preheat experiments on the DELTA Laser System. (b) Mea-
sured, time-integrated x-ray spectrum showing Ne K, emission.
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corona causes the entire shell to explode. This type of implosion
is called an exploding pusher: roughly half of the shell mass
explodes outward and the remaining half inward, driving the
implosion.* The number of fast electrons was estimated from
the calibrated time-integrated x-ray spectrum of the Ne K,
emission shown in the upper trace in Fig. 118.2(b). This experi-
ment did not shield the Ne gas from the coronal x-ray emission
so the magnitude of the photopumping of the Ne K, emission
was estimated. Subsequent work by Hares et al. eliminated the
effects of photopumping and saturation of K, emission caused
by ionization.” Multilayer planar targets composed of different
elements, as shown in Fig. 118.3(a), shielded the K, fluorescer
from being photopumped by the x-ray radiation of the corona.’
These planar targets were irradiated with conditions similar to
the spherical targets in Yaakobi’s experiment. The K, emission
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Figure 118.3

(a) Schematic of planar multilayer target used for preheat experiments and
designed to discriminate between excitation mechanisms of photopumping
from the coronal x-ray emission and fast electrons. (b) Measured, time-inte-
grated x-ray spectrum showing K, emission characteristic of each tracer layer.
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characteristic of each layer, shown in Fig. 118.3(b), discrimi-
nates among the various excitation mechanisms and provides
a higher-fidelity inference of the fast electrons.

Current state-of-the-art preheat measurements carried out
on OMEGA for plastic-shell® and cryogenic-deuterium-shell”
implosion targets rely on K, emission spectroscopy to calibrate
hard x-ray diagnostics*’ used to infer preheat. Similar experi-
ments are also performed for fast ignition;lo*45 however, in stark
contrast to hot-spot ignition, fast ignition must maximize the
conversion of laser energy into hot electrons. Laser-to-hot-elec-
tron conversion-efficiency measurements were performed on the
Nova 1w, 400-J, 0.5- to 20-ps petawatt laser.!9 Planar Al/Mo/
CH targets were irradiated with focused intensities of 0.02 to
3.0 x 1029 W/cm?2, and conversion efficiencies of ~50% were
inferred at the highest intensity using Mo K, 5 spectroscopy.

2. X-Ray Emission Spectroscopy

The Stark-broadened spectral line shapes of the K-shell
emission from mid-Z tracer elements provide a time-resolved
measure of the electron temperature and density of the implod-
ing core. Hans Griem showed that the distribution of the electric
microfields of the ions and electrons led to Stark broadening of
spectral line shapes in plasmas.! His former graduate student,
Chuck Hooper, extended spectral-line-shape calculations to
mid-Z elements with his research group at the University of
Florida at Gainesville.3 The hot dense matter created by
spherical compression was diagnosed first by Yaakobi using
the Stark-broadened K-shell emission of mid-Z tracer elements
in the gas fill of spherical-shell implosion targets.!! The four-
beam, 1w, 0.2-TW, 40-ps DELTA Laser System irradiated thin
(~1-pm-thick), ~70-um-diam spherical glass shells filled with
2 to 8.6 atm of Ne gas, as shown in Fig. 118.4(a). Compressed
densities in the cores of exploding pusher implosions were
diagnosed using Stark broadening of Ne K-shell emissions. As
shown in Fig. 118.4(b), an electron density of 7 x 1022 cm™3
inferred from Stark broadening of Ne Lyman-7y emission, which
was calculated by Chuck Hooper’s atomic physics group.3?
Yaakobi extended this work to the ZETA Laser System, 12 which
was the first six-beam laser system of the 24-beam OMEGA
Laser System.48 The six-beam, 1w, 100-J, 50-ps ZETA Laser
System irradiated thin (~0.5- to 2-um-thick) spherical glass
shells with (1.5- to 4.2-um-thick) plastic ablators ~50 ym in
diameter and filled with 3 to 16 atm of Ar gas, as shown in
Fig. 118.5(a). Increasing the thickness of the shell with the CH
ablator changes the implosion from an exploding pusher*® to an
ablatively driven implosion. The compressed mass density and
temperature were inferred from the Heg Stark-broadened, Ar
K-shell spectral line shapes shown in Fig. 118.5(b). Again, the
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predicted spectral line shapes were calculated by Hooper.3? This
X-ray spectroscopic observation demonstrated that symmetric
illumination (six beam) with an ablatively driven implosion
leads to high-volumetric convergence (>1000) (Ref. 12).

Laser-fusion experiments worldwide use Stark-broadened
spectral line shapes to diagnose implosions.!1-13:30.31.34.49-54
The development of more-sophisticated codes to calculate
the Stark-broadened spectral line shapes accompanied these
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experimental advances.39=35 Hooper’s atomic physics group
developed the Multi-Electron Radiator Line Shape (MERL)
code,32 which uses the adjustable parameter exponential
approximation (APEX)33 for ion-microfield calculation, and
a quantum-mechanical relaxation approximation for electron
broadening.3* The asymmetry of the Stark-broadened Ar
K-shell emission was studied.3! Kilkenny et al. performed a
more-rigorous analysis of the spectral line shapes measured on
a two-beam Ne:glass laser at the Rutherford Laboratory Cen-
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(a) Schematic of a direct-drive target, consisting of a thin glass shell filled
with Ne gas, used in implosion compression experiments on the DELTA Laser
System. (b) Measured, time-integrated x-ray spectrum of the Stark-broadened
Ne Ly, emission (solid circles), compared to the predicted3? spectral line

shape (solid curve).

(a) Schematic of a direct-drive target, consisting of a thin glass shell with a
plastic ablator filled with Ar gas, used in implosion compression experiments
on the ZETA Laser System. (b) Measured, time-integrated x-ray spectrum
of the Stark-broadened Ar Heg emission (dotted curve) compared to the
predicted3 spectral line shape (solid curve).
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tral Laser Facility by self-consistently fitting all the observed
lines of one state of ionization to diagnose electron density
and opacity.*® Hooper et al. used an x-ray streak camera to
record time-resolved Stark-broadened Ar K-shell emission
from direct-drive implosions on OMEGA.>® Hammel et al.
used Stark-broadened Ar K-shell emission to study indirect-
drive implosions on Nova.! Nishimura et al. used similar x-ray
spectroscopic techniques to study indirect-drive implosions
on the GEKKO XII Laser System.’? Keane et al. extended
the research on Nova with indirect-drive implosions using
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Xe L-shell emission.”®> Woolsey et al. inferred the temporal
evolution of electron temperature and density in indirectly
driven spherical implosions on Nova.>* Haynes et al. studied
the effects of ion dynamics and opacity on Stark-broadened Ar
K-shell emission on OMEGA .34

State-of-the-art measurements using Stark-broadened
K-shell emission from implosion cores were performed on
OMEGA 13 As shown in Fig. 118.6(a), a plastic-shell target
(20 um thick and 860 gm in diameter) with an Ar-doped deu-
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Figure 118.6

(a) Schematic of a direct-drive target, consisting of a 20-um-thick plastic shell filled with deuterium gas doped with Ar, used in implosion compression
experiments on the 60-beam OMEGA Laser System. (b) Measured, time-resolved Stark-broadened Ar K-shell emission. (c) Emissivity-averaged electron
temperature (triangles) and density (squares) inferred from time-resolved Ar K-shell x-ray spectroscopy and ~3.5-keV x-ray continuum (solid curve) emitted
from the implosion. (d) Schematic of the physical picture of the compressed core at peak neutron production showing an RT-induced mix region, consisting of

shell and fuel, formed between the shell and the fuel.
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terium fill gas was driven with a 23-kJ, 1-ns square laser pulse
smoothed with phase plates,25 2-D SSD,26 and PS.27 Com-
pared to the targets used for the seminal work on ZETA,!2 the
gas-filled spherical-shell implosion targets on OMEGA were
more than an order of magnitude larger than previously used.
The time-resolved Ar K-shell emission dispersed with a Bragg
crystal and recorded with an x-ray streak camera is shown in
Fig. 118.6(b), with the prominent spectral features identified.
The spectral line shapes were analyzed with the MERL code32
to infer the time history of the emissivity-averaged electron
temperature and density in the implosion core shown in
Fig. 118.6(c). This diagnostic technique charts the evolution of
the implosion dynamics. A strong rise in the electron tempera-
ture and density is observed as the shell decelerates. The peak
in the electron temperature occurs at peak neutron production
time, and peak compression occurs at stagnation when peak
x-ray production is observed. The RT-induced fuel—shell mix in
implosions was estimated*? by combining the density inferred
from Ar K-shell spectroscopy!? and the areal density inferred
from charged-particle spectroscopy.*! The physical picture of
the compressed core is shown schematically in Fig. 118.6(d).
A mix region consisting of plastic shell and Ar-doped deu-
terium gas develops between the shell pusher and the fuel in
the central hot spot. The electron density in the mix region is
inferred from the Ar K-shell spectroscopy.!?40 The deuterium
fuel, Ar dopant, and any plastic shell material contribute to
the electron density in the mix region. The contribution from
the deuterium fuel was estimated from the fuel-areal-density
measurement,*! and the contribution from Ar was calculated
to be small. A ratio of approximately 1:1 of plastic and fuel in
the mix region was inferred.*

3. X-Ray Absorption Spectroscopy

Many of the high-energy-density plasmas created during the
implosion are too cold to emit x rays. X-ray absorption spec-
troscopy effectively characterizes such matter. The relatively
cold conditions in the imploding shell (the “piston”) were first
diagnosed by Yaakobi using x-ray absorption spectroscopy.!
The four-beam, 1w, 0.2-TW, 60- to 70-ps DELTA Laser System
irradiated thin (~1-um-thick) spherical glass shells or thick
(~8-um-thick) spherical plastic-coated glass shells, 60 to
110 #m in diameter and filled with either 7 to 20 atm of Ar gas
or 18 atm of DT, as shown in Fig. 118.7(a). Figure 118.7(b) shows
the time-integrated x-ray absorption spectra for two shots.!#
Both spectra show prominent Si K-shell emissions from the
inner wall of the shell that is heated by heat conduction from
the hot spot and by the shock wave reflected from the center of
the target. The outgoing x-ray continuum emission from the hot
spot and the inner wall of the imploding shell backlights the
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compressed shell. The lower spectrum in Fig. 118.7(b) show-
ing Si 1s—2p absorption features from B-like Si (i.e., Si®*) to
He-like Si (i.e., Si'?*) ions indicates that a relatively cold (i.e.,

(a) DELTA laser: 1w, 0.2 TW, 40 ps
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Figure 118.7

(a) Schematic of a direct-drive target, consisting of a thin glass shell with
a plastic ablator filled with Ar gas, used in x-ray absorption spectroscopy
experiments on the DELTA Laser System. (b) Measured, time-integrated
x-ray spectrum of the Si K-shell spectrum taken for an explosive pusher
(upper spectrum) and an ablatively driven implosion (lower trace). The Si
1s—2p absorption is observed in the latter case.
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T, <200 eV) dense shell surrounds the hot spot,l4 which is char-
acteristic of an ablatively driven implosion.>* The absence of
Si 1s—2p absorption features in the upper trace of Fig. 118.7(b)
indicates that the glass shell material surrounding the hot spot
is not cold (i.e., T, > 200 eV); rather it is characteristic of an
exploding pusher implosion.

Applications of x-ray absorption spectroscopy are not
limited to compressed matter. Novel point-projection x-ray
absorption spectroscopy experiments were performed using
indirect drive>® on Nova. X-ray—heated samples of Al were
diagnosed using Al 1s—2p spectroscopy.’”

State-of-the-art measurements using x-ray absorption
spectroscopy have been performed on OMEGA to diagnose
the shock-heated and compressed matter characteristic of the
shock-propagation stage.!>1 These results greatly benefit from
earlier work by Hoarty et al.,’® Boehly er al.,>’ and A. Ng.58
As shown in Fig. 118.8(a), plastic planar-foil targets (50 um
thick) with a buried layer of Al (~1 um thick) were shock
heated and compressed by directly irradiating planar targets
with high-intensity laser beams, generating 10- to 70-Mbar
shock-wave pressures with on-target intensities in the range
of 0.05 to 1.0 x 10'5 W/cm? over a 0.5-mm diameter.!5 The
buried depth was varied to probe the shock wave at different
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Figure 118.8

(a) Schematic of an experimental setup for a time-resolved x-ray absorption spectroscopy experiment on the 60-beam OMEGA laser to diagnose laser-ablation—
driven shock heating and compression. (b) Time-resolved Al 1s—2p absorption spectrum recorded after the shock wave propagated through the buried Al layer.
(c) Time history of the electron temperature in the Al layer compared with various 1-D hydrodynamic models. The shock wave passes through the buried Al
layer just after 0.2 ns and breaks out of the rear surface of the target just after 0.8 ns.
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times. The shock wave creates nearly uniform conditions in
the Al layer. A separate group of tightly focused beams with
an intensity of ~10'® W/cm? irradiated the Sm point-source
(100-um-diam) backlighter producing a pseudo-continuum of
Sm M-shell emission in the 1400- to 1700-eV photon energy
range.! The resulting warm dense matter was probed with
time-resolved Al 1s—2p absorption spectroscopy, using a Bragg
crystal spectrometer and an x-ray streak camera arranged
as shown in Fig. 118.8(a), to infer temperature and density
in the buried Al layer.!> Al 15—2p absorption provides the
experimental signature of shock-wave ionization of the buried
Al layer. The density is inferred from the Stark broadening
of the spectral line shapes, and the temperature is inferred
from the relative distribution of the various absorption charge
states.13-32:35 An Al 1s—2p absorption spectrum recorded after
a single, strong laser-ablation—driven shock wave propagated
through the buried Al layer is shown in Fig. 118.8(b). The drive
intensity was 4 x 101 W/cm?. Prominent F-like and O-like Al
1s—2p features are observed.!> Higher charge states of Al are
ionized in succession and absorbed in 1s—2p transitions as the
electron temperature increases. A time history of the inferred
temperature in the buried Al layer is presented in Fig. 118.8(c)
and compared with different models of electron thermal con-
duction.!> The nonlocal model and the flux-limited model with
f=0.06 show good agreement with the experimental results

(2)
GEKKOII: 1w, 8to 18], 120 ps (implosion)
and 25 J, 120 ps (backlighter)

4

Glass shell
(1 pm thick)

Ne-fill gas
3.5 atm

E17261JR

for this drive condition.!® Dense, Fermi-degenerate Al cre-
ated using multiple shock waves was diagnosed with Al 1s—2p
absorption spectroscopy to be compressed to 4x solid density
(11£5 g/cm3) and heated to 20+2 eV (Refs. 15 and 16).

4. Multispectral Monochromatic X-Ray Imaging

Azechi et al. obtained the first multiple monochromatic
images of implosion cores by placing a pinhole array in front
of a flat Bragg crystal.!” Thin glass shells (I gm thick and
60 um in diameter) filled with 3.5 atm of Ne, as shown in
Fig. 118.9(a), were imploded on the two-beam, 1@, 45-J, 120-ps
GEKKO II Laser System? and backlit with x rays to diagnose
the temperature and areal density of the implosion core.!” The
experimental setup for the backlighting using multifrequency
x rays (i.e., multiple monochromatic x-ray images) is shown in
Fig. 118.9(b). The concept of combining a pinhole aperture with
a Bragg crystal spectrometer to achieve multiple monochro-
matic x-ray images was extended to hundreds of pinholes nearly
two decades later on OMEGA.1® As shown in Fig. 118.10(a),
a plastic shell target (28 um thick and 920 gm in diameter)
with an inner Ti-doped plastic layer and a 10-atm-deuterium-
gas fill was driven with a 30-kJ, 1-ns square laser pulse. The
time-integrated multiple monochromatic images recorded
during the implosion are presented in Fig. 118.10(b), with the
prominent Ti K-shell emission and Ti K, emission identified.

(b)
Spherical target Image of
X-ray source
Shadow of

microballoon

_::_ and slit

Be il "
window /_\,/ .

Thallium acid phthalate crystal

Figure 118.9

(a) Schematic of a direct-drive glass-shell-implosion target filled with Ne gas and used in multifrequency x-ray backlighting experiments on the GEKKO II
Laser System. (b) Schematic of the experimental setup for multifrequency x-ray backlighting.
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(a)
OMEGA: 3w, 30 kJ, 1 ns

4

CH, 14 um

Ti-doped CH,
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Kg He, Hg
4.50 4.75 4.97
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Figure 118.10

(a) Schematic of a direct-drive plastic-shell-implosion target used to dem-
onstrate the pinhole-array x-ray spectrometer. The inner layer of the plastic
shell is doped with trace amounts of Ti and the target is filled with deuterium
gas. (b) A multiple monochromatic image recorded with a pinhole-array x-ray
spectrometer with the prominent Ti K-shell emission identified. (c) Image
highlighting the cold Ti-doped portion of the shell pumped by an x-ray con-
tinuum from the core emits Ti K, emission.
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The outermost ring of emission is from the coronal plasma and
the bright central spot is emission from the hot spot. The cold
Ti-doped portion of the shell pumped by an x-ray continuum
from the core emits Ti K, emission, as shown in Fig. 118.10(c).
The vertical profile of the Ti K, emission shows the true dimen-
sion of the cold shell at peak compression.!8

Current state-of-the-art multiple monochromatic imaging
involved synchronized, time-resolved images from mul-
tiple lines of sight for direct-drive implosions on OMEGA of
Ar-doped-deuterium—filled plastic-shell targets recorded by
Roberto Mancini’s research group.2? Multiple monochromatic
images from three quasi-orthogonal lines of sight of the Lyg
emission profiles of a direct-drive implosion are shown in
Fig. 118.11(a). Koch et al. designed a multiple monochromatic
imager for Ar K-shell emission from indirect-drive-implosion
cores.”® Welser-Sherrill ef al. used the images of the Ar K-shell
emission lines to diagnose electron density and temperature
spatial profiles in the cores of indirect-drive implosions.!?
Tommasini redesigned a multiple monochromatic imager for
Ar K-shell emission for direct-drive-implosion cores,% which
have better diagnostic access, simpler targets, and higher
electron temperatures in the implosion core than indirect-
drive implosions on OMEGA. The multiple monochromatic
imaging using multiple lines of sight [see Fig. 118.11(a)] for the
Heg and Lyg emission profiles were used to infer the electron-
temperature profile of the direct-drive-implosion core shown
in Fig. 118.11(b).%!

Conclusions

X-ray spectroscopy has been used to chart the remark-
able progress of laser-fusion experiments over the last three
decades. Hans Griem provided the foundation for this research.
He studied the effect of plasma particles, in particular the
fast-moving free electrons, on the Stark-broadening of spec-
tral line shapes in plasmas. Four areas of x-ray spectroscopy
for laser-fusion experiments were highlighted: K, emission
spectroscopy to diagnose target preheat by suprathermal elec-
trons, Stark-broadened K-shell emissions of mid-Z elements to
diagnose compressed densities and temperatures of implosion
cores, K- and L-shell absorption spectroscopy to diagnose
the relatively cold imploding shell that does not emit x rays,
and multispectral monochromatic imaging of implosions to
diagnose core temperature and density profiles. The seminal
research leading to the original x-ray-spectroscopy experiments
in these areas was discussed and compared to current state-of-
the-art measurements.
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Figure 118.11

(a) Schematic of an experimental setup for time-resolved multiple monochro-
matic imaging of a direct-drive implosion in Ar Lyg emission performed along
three quasi-orthogonal views. (b) Temperature profile inferred from analyzing
time-resolved multiple monochromatic imaging of a direct-drive implosion
in Ar Lyg and Heg emissions performed along three quasi-orthogonal views.
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