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sity by a factor of 2 in this-time interval.
In conclusion, we have demonstrated the record-

ing of transient x-ray line intensities and line
shapes from laser-produced plasmas. Observa-
tions of this type have considerable potential for
(a) verifying or correcting conclusions based on
line shapes and intensity ratios in time-integrated
spectra and (b) providing time scales for such
topically interesting processes as implosion of
microballoons, burn through by ablation of layers
of material where the layers are identifiable by
spectrally adjacent characteristic x-ray lines, '
and mixing through hydrodynamic instabilities in
similarly identifiable layers in ablatively im-
ploded laser fusion targets.

It is a pleasure to acknowledge the contribution
of E. Bateman in developing the more sensitive
low-density CsI x-ray photocathode. This work
was supported by the Science Research Council.
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Polymer-coated glass microspheres filled with DT fuel and argon seed gas were ir-
radiated with the SHIVA 1.06-pm laser using 4-kJ, 200-ps (full width at half maximum),
Gaussian pulses. Measured light absorption, x-ray spectrum, neutron yields, and x-ray
continuum images compared favorably with detailed computer simulations. Pusher neu-
tron activation and argon line imaging diagnostics were utilized to measure fuel density.
Fuel densities of 1—3 g/cm or 5-15 times liquid DT density were inferred.

PACS numbers: 52.50.Jm, 52.55.Pi

Recently, much laser-driven inertial-confine-
ment-fusion (ICF) research has turned towards
the next step in achieving high-gain targets: com-
pressing DT to high density. ' Earlier efforts con-
centrated on short-pulse (& 100 ps) exploding-
pusher targets' which achieved high final DT tem-
peratures (2-8 keV) but low DT densities (-0.2
g/cm'). However, to achieve high gain for an
ICF reactor, low-isentrope, ablatively driven
implosions are required to compress DT to high
densities (& 200 g/cm').

The work reported here employed thick-walled,
coated microspheres, intermediate pulse lengths,
and fairly high laser irradiance to operate be-
tween these two regimes. The target designed
for these experiments is shown in Fig. I. The
twenty SHIVA beams were tangentially focused
with p polarization. With 4 kJ incident in a 200-
ps Gaussian pulse, intensities at the poles (near
the beam-cluster axis) and the equator were -4
x 10" W/cm', while at intermediate latitudes, in-
tensities were —2x 10"W/cm'.
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Simulations of the performance of this target
have been performed using the hydrodynamic
code LASNEX in one and two dimensions. Recent
improvements include a more detailed scaling for
suprathermal electrons produced by resonance
absorption and a solution of the full nonlocal-
thermodynamic-equilibrium ionization and radia-
tion rate equations. '

The one-dimensional (1D) calculated time his-
tories for pusher and ablator temperatures, pres-
sures, and radii are presented in Fig. 2. We cal-
culate that - 50% of the incident light is backscat-
tered before reaching the critical surface and 2(P/p

absorption occurs mainly by resonant absorption.
Suprathermally heated electrons are produced at
an effective temperature of 30 keV. The implo-
sion compresses the DT to a final density of 2-3
g/cm' and a peak temperature of & 3 keV for ions
and - 1 keV for electrons. Calculated neutron
yields are 10'-10', showing moderately strong
sensitivity to model assumptions.

Since this design operates at fairly high shock
and preheat levels, the implosion stagnation is
mistimed. As seen in Fig 2(c), t.he incoming
pusher is first sharply decelerated as a large
stagnation pressure develops in the DT fuel, then
more gently slowed over the remainder of the
compression. Thus, peak fuel ion and electron
temperatures occur significantly before peak fuel
compression, and, further, pusher-fuel mixing
may occur at the unstable glass-DT interface.
These complications introduce factor-of -2 model
dependences into the inference of final density,
as discussed below.

The data on absorption and heating support cur-
rent theoretical models. Arrays of plasma cal-
orimeters, laser calorimeters, and photodiodes
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FIG. 2. &As NEx-calculated histories: (a) temperatures
(b) pressures; (c) radii; and (d) detailed stagnation
timing.

provide two independent absorption measurements
which indicate an absorption fraction of 0.23
+ 0.05. A filter fluorescer was used to measure
the fluence of 50-80-keV x rays produced by
bremsstrahlung of the suprathermal electrons.
We measure a fluence of —10 ' J/keV at hv=50
keV and a slope of 24 keV (with uncertainty of a
factor of 2), consistent with calculated values.

Neutron yields were measured with lead- and
copper-activation detectors. For seven shots
with average incident energy of 3.8+ 0.4 kJ the
average yield obtained was 3.1+0.5 x 10'.

Determination of the compressed fuel density
was the most formidable task in these experi-
ments. Unfortunately, we cannot completely di-
agnose the fuel conditions. Instead, we use two
complementary measurements, ' supplemented by
detailed modeling: (1) imaging of the z-ray line
emission of Ar seed gas in the DT fuel and
(2) neutron activation analysis of the glass push-
er. We discuss each of these in turn.

Imaging the line emission from a seed gas
mixed with the DT fuel provides a direct indica-
tion of fuel compression which is not available
with x-ray continuum imaging. However, the
line imaging used here was 1D; so we must sup-
plement the measurement by continuum two-di-
mensional (2D) images and detailed simulations.

We have utilized a post-processor coupled to
LASNEX to solve the ionization and radiation rate
equations for an Ar seed gas at 0.3 atm partial
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pressure. The core stagnation conditions effi-
ciently populate the He-like Ar'" ionization state.
For the 1s2p('P, )- 1s'('S,) line at 3.14 keV, we
calculate optically thin emission of - 10"keV/
keV with attenuation 1/20 in transport through
the compressed glass pusher. This gives net in-
tensity a factor of —3 above the calculated con-
tinuum background from the laser-heated corona
and the compressed core. The Ar-line radiated
power vs time is shown in Fig. 2(d).

An x-ray crystal spectrometer with high sen-
sitivity and low energy dispersion was developed
to image the Ar line emission. The crystal pro-
vided spectral resolution of about 10 eV in one
film dimension, while a slit 20 pm wide yielded
25 gm spatial resolution in the other film dimen-
sion along the target pole-to-pole axis.

We obtained images of the Ar line on four shots,
two of which were simultaneously diagnosed by
radiochemistry. The actual Ar seed gas partial
pressure was 0.05-0.10 atm, lower than optimal.
The observed signal-to-noise ratio of 1.5-2.0
and the 25-pm spatial resolution introduce sig-
nificant uncertainty into determining the spatial
extent of the line emission. A plot of the line
emission versus position is shown in Fig. 3(a)
after continuum subtraction. The average line-
width [full width at half maximum (FWHM)] after
slit deconvolution is 30+ 5 pm.

We can determine characteristics of theheat-
ing and implosion symmetry using 2D continuum
x-ray images. Here, we employ an equatorial-
viewing x-ray microscope in the energy band 3.0-
4.5 keV. A typical experimental image is shown
in Fig. 3(b). We note clear evidence of enhanced
polar heating, and an oblate stagnation image
with widths (FWHM) of 28 pm vertically and 48
pm horizontally.
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A rough lower limit on the fuel density can be
obtained from the Ar line image by assuming in-
stantaneous, uniform emission from an ellipsoid
of eccentricity 1.7:1, as estimated from the x-
ray continuum image. This gives roughly 0.4-
1.2 g/cm'.

To infer a DT density more accurately, we
compare detailed 2D LASNEx simulations to both
the continuum image at - 3.5 keV and the Ar line
emission image. These calculations, with the in-
strumental resolution folded in, are shown in
Fig. 3(c) and 3(a), respectively. The 2D calcula-
tion attains a DT density of 2 g/cm' at peak com-
pression, and matches (to -15%) both the sym-
metry and extent of the continuum image and the
extent of the Ar emission from the core. From
this, we infer an average DT density of 0.8-3.5
g/cm' at peak compression.

Neutron activation analysis of the glass pusher
is the most reliable density diagnostic available
for current experimental conditions. From the
measured cross section for the reaction "Si(n,
p)2sAl, the measured number of activated "Al
atoms A, and the neutron yield Y, we can calcu-
late the effective pusher areal density (in g/cm')
as (pbr), if =480A/1', where we have averaged
over the burn time. We have performed this
measurement on three target shots and obtain the
mean value (phr), ff =5.8+ 1.0 mg/cm'.

A simple ideal-gas model can be used to relate
the pusher phr to the fuel density at burn time.
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FIG. 3. X-ray images: (a) measured (solid line) and
calculated (dashed line) 1D Ar line emission trace;
(b) measured and (c) calculated 2D continuum x rays at
-3.5 keV.

I

[~Exp't

10'
10 3

I i

10—2

Effective pusher p-hR, g/cm

I I

10

FIG. 4. Calculated fuel density vs pusher areal den-
sity (p~x) gf f showing model dependence; experimental
(pbr)off and inferred fuel densities are shown.
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TABLE I. Summary of density determination results.

Argon line imaging results
Image wi.dth (FWHM), p.m
Eccentricity (continuum)
Inferred DT density, g/cm

at peak compression
Radiochemical activation results

Pusher areal density, mg/cm
Inferred DT density, g/cm3

at peak burn
at peak compression

30 +5
1.7+ 0.2

2 0+1~ 5
0

5.8+ 1.0

6+0 ~ 8-0 ~ 6
+2 6

1 ~ 5

Assuming that a fraction ~ of the initial pusher
mass surrounds the fuel in a spherical, isother-
mal, isobaric core, we obtain p&=2000m "
&& (phd)~" (cgs units), for the pellet configuration
used here. We can also use this simple model to
estimate the fuel density attained experimentally.
Taking e =0.5, we obtain fuel densities of 1.5-2.5
g/cm' from the measured pb.x. With e = 1, we
obtain a rough lower limit to the densities of 0.8-.

1.4 g/cm'.
The LASNEX simulations allow more detailed

modeling of the activation dynamics, as shown in
Fig. 2(d). The plot of Fig. 4 gives the relation-
ship between DT density and pusher areal density
at two times; peak burn rate and peak DT com-
pression. The densities differ by about a factor
of 2, with the latter density significantly more
model-dependent than the former. Two-dimen-
sional effects may modify the density attained,
but affect the p vs (phr), «relationship only in

quite pathological cases. From Fig. 4, we infer
densities of 1.0-2.5 g/cm' at peak burn, and 1.8-
5.9 g/cm' at peak compression.

The results presented have demonstrated the
feasibility of a number of design and experimen-
tal ideas. We have used polymer-coated targets
to produce a moderate-isentrope, partly ablati-
vely driven implosion. We have found good agree-
ment with detailed simulations based on familiar
plasma processes. We have simultaneously used

multiple diagnostics to determine the density of
the imploded fuel. The results, summarized in
Table I, strongly support compression of DT to
more than 2 g/cms or ten times liquid DT density.

The need for more complete diagnosis of the
imploded configuration can be seen. Other ex-
periments at higher densities are in progress.
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