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Introduction
The base-line direct-drive ignition target design for the Na-
tional Ignition Facility (NIF)1 is a thick cryogenic DT-ice layer
enclosed in a thin CH shell.2,3 In direct-drive inertial confine-
ment fusion (ICF)4 a spherical target is illuminated by a large
number of laser beams to provide a spherically symmetric
implosion. Target implosions with cryogenic DT fuel are
planned using the 60-beam OMEGA laser system5 to validate
the theoretically determined3 levels of laser and target unifor-
mity required to achieve direct-drive ignition and gain on the
NIF. The OMEGA cryogenic target designs are energy scaled
from the NIF ignition designs.2,3 In particular, the OMEGA
cryogenic targets, driven by an energy-scaled ignition pulse,
are designed to be as “hydrodynamically equivalent” as pos-
sible to the ignition capsule designs. In this context, the
constraints placed on the OMEGA cryogenic target designs
include peak shell velocities, hot-spot convergence, in-flight
aspect ratio, and stability properties similar to those of the NIF
designs. To compare igniting and non-igniting target designs,
we use the hot-spot convergence ratio, defined as the ratio of
the radius containing 90% of the yield when propagating burn
was deactivated compared to the initial ice–gas interface. In
addition, the principle sources of nonuniformity on OMEGA,
which lead to a degradation in target performance, are similar
to the NIF. For direct-drive ICF these sources are single-beam
nonuniformity (“laser imprint”), drive asymmetry, inner ice
surface, and outer-surface roughness.

Ignition with direct-drive ICF relies on the generation of a
“spark” in the compressed “hot spot” to begin the nuclear
burn.6 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. Target and laser illumination nonuniformities lead to
distortions in the hot spot due to secular (linear in time) growth
of low-order (l £ 10) modes, shell breakup, and mix due to the
Rayleigh–Taylor (RT)7,8 growth of high-order (l > 10)
nonuniformities. Previous cryogenic target experiments9–13

have used ice layers that were formed only by b-layering, but
not thoroughly and carefully characterized. The targets gener-
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ally performed poorly (the reported neutron yields did not
exceed 0.2% of the 1-D predictions10), and the results could
not be used to validate detailed multidimensional numerical
simulations because of the missing information on the inner-
ice-surface nonuniformity spectrum.

This article describes first experiments with layered and
characterized cryogenic targets on OMEGA. These experi-
ments have validated the technology to fill, layer, characterize,
and shoot cryogenic targets. The following sections present the
OMEGA cryogenic target designs, describe the results of the
characterization of the inner-ice-surface quality of the cryo-
genic targets, review the results from the first cryogenic D2
campaign on OMEGA, give an outlook on future improve-
ments, and present conclusions.

OMEGA Cryogenic Target Designs
The basis for the OMEGA cryogenic designs is the NIF

direct-drive, a = 3 ignition design, which consists of a 340-mm-
thick DT-ice layer encased in a thin (3-mm) plastic capsule of
1.69-mm outer radius.3 The laser pulse required for the igni-
tion design is a 9.25-ns shaped pulse consisting of a 10-TW,
4.25-ns foot rising to a 450-TW peak drive for 2.5 ns. Although
higher one-dimensional gains can be achieved for lower-
adiabat implosions, the highest multidimensional gains for
NIF energy and uniformity levels are predicted to be achieved
for implosions driven on an adiabat between 3 and 4. One-
dimensional hydrodynamic scaling arguments14 have been
used to design the cryogenic targets for OMEGA. It has been
shown14,15 that the energy, time, and laser power scalings are

E R t R P R~ , ~ , ~ .3 2and( )

The NIF is designed to provide 1.5 MJ of energy with the
a = 3 pulse shape, while OMEGA is capable of delivering
30 kJ. Thus, the radius of an OMEGA capsule should be
approximately 0.3 times the NIF design, i.e., 0.46 mm, with a
100-mm DT-ice layer inside a 1-mm-thick plastic shell. The
equivalent OMEGA a = 3 pulse consists of a 0.75-TW foot
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rising to a 33-TW peak with an overall pulse length of 2.5 ns.
Figure 90.1 shows a comparison between the NIF and
OMEGA targets and pulse shapes. One-dimensional hydrocode
calculations predict a gain of 45 (neutron yield Yn = 2.5 ¥ 1019),
a hot-spot convergence ratio of 28, and a peak fuel areal density
rRpeak = 1300 mg/cm2 for the NIF ignition design. A neutron
yield of Yn = 1.8 ¥ 1014, a hot-spot convergence ratio of 20, and
a peak fuel areal density rRpeak = 300 mg/cm2 are predicted for
the scaled OMEGA cryogenic DT design.3 The “classical”
definition of convergence ratio (the ratio of the minimum to the
initial fuel–shell radius) is inappropriate for cryogenic targets
since the inner ice layer forms part of the hot spot; therefore we
use the hot-spot convergence ratio as defined in the introduc-
tion. A detailed analysis15 shows that the energy-scaled targets
exhibit similar 1-D behavior of the shock timing and fuel
adiabat as the ignition designs. The shorter density scale length
of the OMEGA target leads to a lower laser energy absorption
of 40% compared to 60% for the ignition design. Consequently
the energy-scaled target has a slightly higher adiabat and a
lower hot-spot convergence ratio of 20 compared to 28 in the
ignition design.

The RT instability can degrade target performance by break-
ing the spherical symmetry of the implosion. The RT instability
occurs twice during the implosion: at the outer ablation surface
as the shell accelerates inward and at the hot spot/main fuel
layer interface as the capsule decelerates at the end of the
implosion. The RT instability is seeded by single-beam laser

nonuniformity, drive asymmetry, feedout from the inner ice
surface, and outer-surface roughness. Detailed 2-D ORCHID
simulations3 have established the maximum levels of these
nonuniformity sources to achieve ignition and gain on the NIF.

The analysis of these results shows that, for an outer-surface
roughness of <115 nm and an inner-ice-surface roughness of
£1 mm rms, individual beam smoothing by two-color-cycle,
1-THz, 2-D SSD with polarization smoothing (PS), and an on-
target power imbalance of <2% rms, a gain of 30 is predicted
for the NIF (70% of 1-D). The OMEGA design has been
shown3,15 to be more sensitive to the nonuniformity seeds than
the NIF. This is attributed to the smaller hot spot in the OMEGA
design, which can be more easily disrupted by the penetration
of the cold spikes from the main fuel layer. For the same
uniformity conditions as described for the NIF, the OMEGA-
scaled a = 3 design is predicted to give 30% of 1-D yield.15

Target Layering and Characterization
To create a 100-mm ice layer, the ~3-mm-thick, high-strength

CH shells were filled with ~1000 atm of D2 in a permeation cell
inside the Fill/Transfer Station (FTS).16 The process of filling
these capsules takes ~24 h because the gas pressure can be
incremented only in very small steps (0.7 atm/min) to avoid
buckling of the thin shell due to the pressure gradient between
higher pressure outside and lower pressure inside the targets.
The targets are cooled very slowly (~0.1 K/min) to below the
triple point of D2 (18.72 K) to avoid bursting from the higher

Figure 90.1
The NIF and OMEGA capsule designs (a) and pulse shapes (b). The radius of the OMEGA design is approximately 0.3 times that for the NIF. The pulse duration
shrinks from 9.25 ns with a peak power of 450 TW to 2.5 ns with 32-TW peak power.
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pressure of the warmer gas inside the targets. After transferring
the targets from the FTS to the moving cryostat transfer cart
(MCTC), the target assembly is inserted into the characteriza-
tion station, where the targets are viewed using a high-magni-
fication, high-fidelity optical system during the layering process.
The layer is formed and maintained using an IR laser at
3.16-mm wavelength, which is preferentially absorbed in the
D2 ice. This creates a temperature gradient between the cooled
layering sphere, which surrounds the target, and the gas/ice
interface inside the target. Thicker parts of the ice layer are
heated preferentially, increasing the sublimation rate in the
hotter parts, while the gas preferentially refreezes at the colder
parts of the ice layer. This results in a net layering effect that
leads to an equal ice-layer thickness over the entire sphere.

This IR layering scheme uses more than one order of magni-
tude more heating power than b-layering of DT-filled cryo-
genic targets can provide, which suggests that active layering
might be necessary even for DT targets.

The inner-ice-surface nonuniformities are characterized
using a shadowgraphic technique as shown in Fig 90.2. The
parallel rays from a light source are refracted at the plastic shell
and reflected by total internal reflection from the inner ice
surface, thus forming a virtual bright ring. The bright ring in the
recorded image is unrolled using the center of the shadow of
the plastic shell as a reference point, providing a graph with the
distance of the inner ice surface from the center of the shell as
a function of angle. The difference in the measured distance of

Figure 90.2
Shadowgraphic layer characterization: (a) The target is illuminated by collimated white light. (b) Internal total reflection at the ice/gas surface produces a virtual
bright ring in the image. (c) The image is unrolled around its center, mapping the distance of the ice/gas interface as a function of angle around the target.
(d) The difference of the measured distance from a perfect circle is decomposed into cosine mode amplitudes.
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the ice surface from a perfect circle is then decomposed into
cosine modes, resulting in a nonuniformity spectrum of the
inner ice surface. These measurements provide only a 2-D
representation of the inner-ice-surface nonuniformity along
one circular cut through the sphere. Several such measure-
ments, along different lines of sight, can be performed to fully
map the 3-D nonuniformity spectrum.

Cryogenic Target Implosions
The cryogenic targets used in these first experiments were

~930-mm-diam, ~3-mm-thick shells of high-strength CH with
100-mm-thick D2-ice layers. The targets were characterized
along one line of sight and showed an inner-ice-surface rough-
ness of srms ≥ 9 mm, with the most power (~90%) in the three
lowest modes. A 1-ns square pulse at ~24-kJ laser energy was
used with the best single-beam smoothing available [distrib-
uted phase plates (DPP);17 polarization smoothing (PS) with
birefringent wedges;18 2-D, single-color-cycle, 1-THz
smoothing by spectral dispersion (SSD)19] and optimized
energy balance (<3% beam to beam).20 The calculated time-
dependent, on-target overlapped nonuniformity (l = 1 ~ 500)
due to single-beam nonuniformity, assuming perfect beam-to-
beam power balance for 1-THz SSD with PS, is less than 1%
after 300 ps.21 When beam overlap on target is included, the
on-target nonuniformity due to beam-to-beam energy imbal-
ance is less than 1% (l £ 12). This level of single-beam laser
nonuniformity and drive asymmetry is close to that specified
above; however, the current levels of inner-ice-surface rough-
ness (srms ≥ 9 mm) significantly exceed the design goal (srms
£ 1 mm). A 1-ns square pulse was used to make the implosion

less sensitive to instability growth than the a = 3 design in
Fig. 90.1. This pulse puts the target on an a = 25 adiabat and
leads to a predicted hot-spot convergence ratio of approxi-
mately 10. One-dimensional LILAC22 simulations predict a
neutron-averaged areal density of ~40 mg/cm2, an ion tem-
perature of approximately 2 keV, and a neutron yield of 1.0 ¥
1011. Five target shots were successfully performed in a two-
week experimental campaign. All targets showed good neu-
tron-yield performance (up to 3.5 ¥ 1010), ranging from 4% to
30% of the clean yield, denoted as yield over clean (YOC),
predicted by 1-D LILAC hydrodynamic simulations.

Table 90.I summarizes the performance measured by neu-
tron and particle diagnostics of two target shots, 24089 and
24096, having ice-layer nonuniformities of srms = 19 mm and
srms = 9 mm, respectively. The performance is compared with
1-D clean calculations. Secondary in-flight fusion reactions of
the tritium (T) and helium (He3) ions produced in the D2 fusion
reaction can be used to infer fuel areal densities.23–26 The areal
density of the hot neutron-producing core <rR>hot (Ti ≥
0.5 keV) is inferred using the ratio of the secondary proton to
the primary neutron, Y2n/Yn, from the in-flight fusion of He3

(Ref. 27). Due to the very short range of He3 in the colder fuel
(<1 mg/cm2 at Te < 0.5 keV),28 the secondary proton produc-
tion is confined to the hot parts of the core, if the electron and
ion temperatures are assumed to be equal. This measurement
saturates at about 10 mg/cm2 for a plasma electron temperature
close to 3 keV, which is consistent with the measured neutron-
averaged ion temperatures <Tion>n. The inferred values of
<rR>hot = 5 mg/cm2 and <rR>hot = 7 mg/cm2 for target shots

Table 90.I: Target performance measured by neutron and particle diagnostics and compared to 1-D clean
calculations for the two best-performing target shots: 24089 and 24096.

1-D 24089 24096

Roughness (µm) 19 9

Neutron yield 1.0 × 1011 (1.26±0.1) × 1010 (3.05±0.1) × 1010

Yield compared to 1-D 16% 30%

<Tion>n (keV) 2.1 2.9±0.5 3.5±0.5

Bang time (ns) 1.8 1.8±0.1 1.7±0.1

Y2n/Yn 9.0 × 10−3 (8.0±0.4) × 10−3 (9.0±0.5) × 10−3

Y2p/Yn 1.2 × 10−3 (0.6±0.1) × 10−3 (0.8±0.1) × 10−3

<ρR> hot (mg/cm2) 14 5±1 7±1

<ρR>total (mg/cm2) 40 20–30–58 12–25–38
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24089 and 24096, respectively, are well below the saturation
level. The predicted areal density of the hot neutron-producing
core <rR>hot (Ti ≥ 0.5 keV) at peak neutron production in the
1-D clean calculations is 14 mg/cm2. The total areal density
<rR>total is measured using the downshift of the secondary
proton spectrum.27 A relatively large spread is seen in the data,
recorded by five proton detectors located in different ports
around the target. Table 90.I shows the minimum, average, and
maximum values inferred. The predicted 1-D <rR>total is
given by the neutron-averaged areal density. The measured
average total areal densities are more than 60% of the 1-D
clean predictions. The ratio of the secondary neutron to the
primary neutron, Y2n/Yn, can also be used to infer the total areal
density.25,27 However, secondary neutron ratios are also sen-
sitive to the temperature profile through the slowing down of
the primary triton of the D2 fusion reaction and the energy-
dependent cross section of the reaction. In these experiments it
is most probably saturated, given the relatively high <rR>total
as inferred from the downshift of the secondary proton spec-
trum. In addition, secondary neutron ratios close to 1 ¥ 10-2 are
seen in this model only if all the fuel has a temperature higher
than 1 keV,25,28 which is a highly unlikely scenario in these
experiments. The measured and predicted bang times are very

close, indicating that the laser absorption and hydrodynamic
response of the cryogenic targets are accurately modeled in the
1-D clean calculations. The experimental data show that the
YOC and <rR>hot are most sensitive to the inner-ice-surface
nonuniformities and improve significantly as the nonuniformity
decreases. The neutron-averaged ion temperature and the bang
time exhibit little sensitivity to the ice nonuniformity. Fig-
ure 90.3 shows static x-ray pinhole camera (XRPC) images
and snapshots taken by an x-ray framing camera (XRFC) with
an exposure time of 40 ps at peak compression compared with
shadowgraphic images taken before the target shot. The XRPC
images display the entire implosion from the thin plastic shell
lighting up on the outside of the target at the beginning of the
pulse to the formation of a core in the center of the image. A
comparison of the two experiments clearly shows that shot
24096 starts with lower inner-ice-surface nonuniformities that
carry over into a more integral and symmetric core. Neutron
data confirm this behavior with shot 24096 achieving 30%
YOC while shot 24089 had 16% YOC. This should be com-
pared to noncryogenic implosion experiments on OMEGA that
have achieved YOC of ~30% for targets with acceleration-
phase-stability properties similar to the future a = 3 cryogenic
implosions described earlier.20

Figure 90.3
Shadowgraphic images of the targets for shots
24089 and 24096 shown in comparison with
static x-ray pinhole camera (XRPC) images and
x-ray framing camera (XRFC) snapshots. The
XRPC images show the lighting up of the thin
plastic shell on the outside of the target and the
formation of a core in the center of the image.
The XRFC images are recorded at peak com-
pression with an exposure time of 40 ps. A clear
correlation of the layer quality in the shadow-
graphic images and the core quality in the
XRPC and XRFC images can be seen.
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Both the nuclear and x-ray data indicate that at the present
level of inner-ice-surface nonuniformity, the target perfor-
mance as measured by the YOC, the areal density of the hot
neutron-producing core, and the integrity and symmetry of the
x-ray core image are strongly affected by the quality of the
inner ice layer. The other nonuniformity sources including
laser imprint and drive asymmetry, which did not vary signifi-
cantly during the experimental campaign, appear to be less
important in these experiments.

Near-Term Developments
Recent layering studies have produced a much better layer

quality (srms = 3 mm), with most of the amplitude in the two
lowest-order modes. Figure 90.4 shows a shadowgraphic im-
age of such a layer, together with the mode-amplitude spec-
trum. If the two lowest-order modes of the inner-ice-surface
nonuniformity are caused by nonuniformities in the tempera-

ture profile inside the layering sphere, they are relatively easy
to improve by minor changes in the layout of the layering
geometry.29 Other sources of ice-surface nonuniformity, like
enhanced thermal resistivity at the plastic/ice interface, are
under active investigation. Future experiments will use lower-
adiabat pulse shapes like the ramp-to-flat pulse shown in
Fig. 90.5 together with targets with recently improved ice
layers, to achieve higher areal densities. When the layer quality
reaches the design goal of srms £ 1 mm, low-adiabat pulses like
the a = 3 pulse will be used to obtain peak areal densities of
more than 200 mg/cm2 using D2-ice layers. Table 90.II sum-
marizes the calculated clean 1-D performance and adiabat for
the three different pulse shapes. Future cryogenic experiments
using DT-ice layers, which are more massive than pure-D2
layers, should extend the accessible parameter space to peak
areal densities of ~300 mg/cm2.

Table 90.II: Calculated clean 1-D performance of D2 cryogenic target for three pulse shapes with
different predicted fuel adiabats. The hot-spot convergence ratio is defined as the ratio of
the radius containing 90% of the yield compared to the initial ice interface when
propagating burn was deactivated.

Pulse Adiabat Energy (kJ) <ρR>peak

(mg/cm2)

D2 yield Hot-spot CR

1-ns square 27 24 43 1.0 × 1011 10

Ramp to flat 17 18 63 1.2 × 1011 11

α = 3 3 30 212 8.8 × 1011 20

Figure 90.4
Shadowgraphic image (a) of a cryogenic
target shown together with the mode-am-
plitude spectrum (b) of the inner-ice-sur-
face nonuniformities and demonstrating as
low as 3-mm rms ice roughness.
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Conclusion
The first experiments with the recently commissioned

OMEGA Cryogenic Target Handling System have been de-
scribed. The cryogenic target design is energy scaled from the
direct-drive ignition designs for the NIF. The major goal of
these experiments is to study the various sources of
nonuniformity and their influence on target performance.
Similar one-dimensional behavior and stability properties of
the OMEGA and NIF cryogenic target designs will facilitate
the extrapolation of the cryogenic target studies on OMEGA
to NIF targets. In particular, NIF direct-drive ignition targets
will be less sensitive to instability growth because the hot spot
in the NIF design is bigger than in the OMEGA cryogenic
targets. The first cryogenic targets, using 1-ns square pulses,
achieved 30% of 1-D yield and more than 60% of the predicted
neutron-averaged areal density with an inner-ice-surface
nonuniformity of srms = 9 mm. At the present level of inner-ice-
surface nonuniformity, the target performance is strongly
affected by the quality of the inner ice layer. Recent improve-
ments in the layering technique make it possible to produce
much better ice layers, srms = 3 mm, with the prospect of
achieving the design goal of 1 mm in the near future. Targets
with improved inner-ice-surface quality will be used with
lower-adiabat pulses to substantially increase the fuel areal
density. In summary, these very encouraging initial results are
a major step on the path leading to high-density compressed
cores in direct-drive target implosions on OMEGA and to
direct-drive ignition on the National Ignition Facility.
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