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High-Aspect-Ratio Laser-Fusion Targets Driven by 24-Beam uv Laser Radiation
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The implosions of thin-~aHed, large-diameter, deuterium-tritium-filled glass microballoon tar-
gets ablatively driven by the 351-nm, 2-kJ OMEGA laser are reported. Compressed-fuel diagnos-
tics, including the first direct simultaneous measurements of the fuel and shell areal densities, and
detailed hydrodynamic simulations determine the effect of illumination uniformity on implosion
symmetry.

PACS numbers: 52.50.Jm

Direct-drive laser fusion requires the uniform
compression of spherical DT fuel pellets to densities
& 2000 times liquid density by the creation of a high-

temperature, ablating, thermalized plasma uniformly
around the imploding target. Many experimental and
theoretical studies have established the advantages of
short-wavelength laser radiation for effective coupling
of the laser energy into a high-density collisional plas-
ma, ' s without the generation of copious superthermal
electrons, 5 6 and the creation of high ablation pres-
sures' & 50 Mbar for efficient compressions on low
isentropes. However, simple heuristic arguments8 and
predictions of two-dimensional hydrodynamic simula-
tions show that the implosion symmetry of spherical
shell targets driven to high final core densities will

only be maintained for modest initial ratios (R/AR)0
of shell radius (R) to thickness (3 R) under a high de-
gree (o.„,& 1/0) of illumination uniformity.

The implosions of large-(R/b R)o targets driven by
nanosecond 351-nm radiation at low intensities
( & 2X 10'4 W/cm2) are of interest for several reasons.
At these intensities the primary coupling mechanism is
inverse-bremsstrahlung absorption, and parametric
processes producing hot electrons capable of preheat-
ing the fuel are below threshold. 9 Optimal perfor-
mance of these targets results in the acceleration of
low-mass shells to high velocities, leading to high
compressed-core temperatures and high neutron
yields. The latter permits the deployment of diagnos-
tics of the fuel and shell areal densities.

In this paper we describe the first set of direct-drive
ablative-target implosion experiments produced by the
symmetric multibeam (24), 2.5-kJ, uv (351 nm)
OMEGA laser system. These experiments used
large-diameter, large —aspect-ratio [ (R/5 R)o

—200]
DT-filled glass microballoons. A large number of plas-
ma, x-ray, and nuclear diagnostics were used in these
experiments; however, in this communication, ern-

phasis is placed on those which diagnose the final core
conditions. Neutron yields in these experiments were
as high as 2.06X10". Simulations of these experi-
ments were made with the one-dimensional hydro-
dynamic code LILAC, 'o and the two-dimensional hy-
drodynamic code, ORcHID, both of which include tabu-
lar equation-of-state (SESAME), flux-limited electron
thermal transport, '2 multifrequency group radiation
transport with local thermodynamic equilibrium opaci-
ties, '3 and inverse-bremsstrahlung-absorption energy
deposition through a ray-tracing algorithm'~ in the un-
derdense plasma.

The predicted behavior of a typical target of —750
p, m diameter and (R/AR)a=185, filled with DT (10
atm) and irradiated with 2.2 kJ of 351-nm radiation in
a 600-ps (FWHM) Gaussian pulse is shown in Fig. 1.
Although (R/AR)0 is initially high, rapid expansion of
the shell [Fig. 1(a)] occurs during the acceleration
phase, resulting in a modest in-flight aspect ratio'
( —20) at the midradius point [Fig. 1(b)]. Absorption
of the laser radiation occurs efficiently ( —80%), prin-
cipally during the first half of the implosion [Fig.
1(c)], with intensities at the critical-density surface
(n, —1022 cm 3) never exceeding 1.0X10'4 W/cm2
[Fig. 1(d)]. Neutron generation commences with the
convergence of the first shock and results in a max-
imum yield of 2.4X 10'2 [Fig. 1(e)]. Upon stagnation,
the average DT-ion temperature is —6 keV with a
modest peak density of —0.7 g/cm3 [Fig. 1(f)]. The
rapid rises of the shell and fuel areal densities are
shown in Figs. 1(g) and 1(h).

The implosion experiments were made on DT-filled
(10 atm), 700—800-iM, m-diam, glass microballoon tar-
gets having a wall thickness in the range of 1.3—2. 1

p, m. Up to 2.5 kJ in 700-ps pulses (FWHM) with 3%
beam-energy variance from the OMEGA system'6"
was focused on target with 566-mm focal length
(f/ 3.7) single-lens optics having lateral and axial posi-
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FIG, 2. Comparison of measured and predicted x-ray im-

age distributions. (a) A contoured and shaded representa-
tion of an x-ray micrograph of a target implosion. The initial
target diameter was 760 p, m; the micrograph shows x-ray
emission predominantly from a stagnated core —125 p, m in
diameter. (b) The equivalent one-dimensional measure-
ments, as determined by the azimuthal average of the film-
density distribution about the implosion center, compared to
the LILAC prediction.
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tional accuracies of 20 and 50 p, m, respectively. From
a characterization of the beam intensity distribution in
the target plane, ' the illumination nonuniformity
(o.,~,) was estimated to be —15% (rms) for all beams
focused 10 target radii (F=10R) beyond the target
center, with corresponding peak-to-valley intensity
variations of —60'/o. The overall absorption, mea-
sured with an array of twenty differential plasma
calorimeters, was —80'/o. Measurements of the con-
tinuum x-ray emission spectrum indicated, as with ear-

FIG. l. One-dimensional LILAC simulations of the implo-
sion of a DT-filled (10 atm), 700-p, m-diameter, 2-p, m-wall

glass microballoon irradiated with 2-kJ, 700-ps pulses of
351-nm laser light. (a) The R Tplot of the La-grangean ele-
ments. (b) The in-flight-aspect ratio. (c) The integrated
fractional absorption. (d) The intensity at the critical surface
as a function of time during the implosion. (e) The integrat-

ed and rate of generation of neutrons. (f) The average ion

temperature and density. (g) The average fuel areal density.
(h) The average shell areal density.

lier six-beam experiments on solid spherical targets,
that less than 10 4 of the absorbed energy was coupled
to coilisionless superthermal electrons.

Final compressed-target conditions were inferred
from a number of x-ray and neutron diagnostics
described fully elsewhere. '9 Figure 2(a) shows film-
density contours superimposed on a digitized ( —4
keV) x-ray micrograph. Much of the x-ray emission
originates from a central ring, —125 p, m in diameter,
from the target shell during the final stages of the im-
plosion. Figure 2(b) shows a comparison of the az-
imuthal average of the film density versus radius from
the image of the implosion of shot No. 11233, and the
radial profile predicted by L(LAc. This target was irra-
diated with F= 68, for which an overall cr, , —20% is
estimated. The 1arger diameter of the measured x-ray
emission from the stagnated core is probably due to
departures from spherical symmetry as described
below. Neutron activation of compressed shell materi-
al via the reaction2o 2sSi(n, p)2sAi provided a measure
of the shell (pb, R ); spectrometry of DT ions scattered
by 14.1-MeV neutrons ' was used to estimate (pR ).'9
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TABLE 1. Neutron yield and fuel and shell areal densities.

Shot No. 10"V„
Expt. LILAC

(pR) (10 ' g/cm')
Expt. LILAC

(phd) (10 ' g/cm')
Expt. LILAC

11200
11233
11306
11309
11310
11311

2.70
11.30
20.60

1.93
6.70

13.20

124
233
801

92
244
416

5.8 + 10
21.3 + 4.4

71.4 + 14.0

25.0
25.1

39.5
25.7
31.4
34.1

11.0 + 1.0

10.0 + 1.0
20.7 + 0.8
1S.3 +0.6

31.6
27.5
33.8
38.3
38.0
36.6

This technique is most suitable for targets such as
those used here, where negligible moderation of the
DT-ion energy distribution occurs in the fuel and
compressed shell. A technique using neutron activa-
tion of soKr tracer gas in the fuel 3 is under develop-
ment for targets which do not satisfy this condition. 24

An understanding of the effects of implosion
nonuniformities on the final core conditions is ob-
tained by comparing experimental data with UI.AC and
ORCHID code simulations. Table I shows that the mea-
sured shell (pb, R) values are consistently less than
those predicted for perfect symmetry, while there is

more variability in the measured fuel (pR). The
greatest disparity occurs in the neutron yield. More-
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FIG. 3. T~o-dimensional hydrodynamic code, OacHID,
simulations of shot No. 11233. (a), (b) The mesh plot at
r = 0 and r = 1.50 ns. (c) An expanded view of (1) with con-
tours of constant areal density superimposed. (d) The
fluid-velocity vector plot at 1.50 ns, superimposed on the
mesh plot, ~here the fuel region has been shaded.

over, the average ion temperature ( T;), deduced from
neutron time-of-flight spectrometry, '9

T; —3.5 keV,
was significantly less than predicted, Fig. 1(f). Much
closer agreement with experiments is obtained with
the two-dimensional code oRCHID, when account is
taken of the estimated illumination uniformity. This
was approximated by the assumption of contributions
from the three dominant spherical harmonic ( I)
modes, I = 2, 4, and 8, totaling an overall o, ,—12.5%. An ORCHID simulation of shot No. 11233,
Fig. 3, shows that serious deformation (48% peak to
valley) of the shell has occurred by the time the shell
stagnates, Fig 3(b). However, despite this level of im-
plosion asymmetry, Fig. 3(c), the entire fuel region
has a density of —0.5 g/cm3, and an overall fuel

(pR ) —1.5 x 10 g/cm2, comparable to those in
Table I. Moreover, the predicted values for the neu-
tron yield and average ion temperature, 5 x 10" and
4.2 keV, respectively, are close to those measured. An
explanation for the reduced thermonuclear burn con-
ditions is gained from the velocity vector diagram su-
perimposed on the Lagrangean mesh, at stagnation,
Fig. 3(d). This shows considerable material swirling,
indicating the likelihood of high-Z shell material being
transported into the fuel„ lowering the fuel-ion tem-
perature, and partially quenching the thermonuclear
burn.

These experiments establish for ablatively driven
high-aspect-ratio targets a quantifiable relationship
between illumination uniformity implosion symmetry
and final core conditions. They show that the peak fi-
nal density can only be estimated with confidence
through simultaneous measurement of core condi-
tions, particularly the fuel and shell areal densities. By
comparison of these measurements with numerical
simulations a perspective on the complex processes oc-
curring in the compressed target can be obtained.
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