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Ignition target designs for inertial confinement fusion on the National Ignition Facility (NIF) [W. J.
Hogan et al., Nucl. Fusion 41, 567 (2001)] are based on a spherical ablator containing a solid,
cryogenic-fuel layer of deuterium and tritium. The need for solid-fuel layers was recognized more
than 30 years ago and considerable effort has resulted in the production of cryogenic targets that
meet most of the critical fabrication tolerances for ignition on the NIF. At the University of
Rochester’s Laboratory for Laser Energetics (LLE), the inner-ice surface of cryogenic DT capsules
formed using B-layering meets the surface-smoothness requirement for ignition (<1-um rms in all
modes). Prototype x-ray-drive cryogenic targets being produced at the Lawrence Livermore
National Laboratory are nearing the tolerances required for ignition on the NIF. At LLE, these
cryogenic DT (and D,) capsules are being imploded on the direct-drive 60-beam, 30-kJ UV
OMEGA laser [T. R. Boehly e al., Opt. Commun. 133, 495 (1997)]. The designs of these cryogenic
targets for OMEGA are energy scaled from the baseline direct-drive-ignition design for the NIF.
Significant progress with the formation and characterization of cryogenic targets for both direct and
x-ray drive will be described. Results from recent cryogenic implosions will also be presented. ©
2007 American Institute of Physics. [DOI: 10.1063/1.2671844]

. INTRODUCTION capsules for direct-drive ignition3 consist of a very thin plas-

tic shell surrounding a relatively thick DT-ice layer. When

Laboratory-based ignition via inertial confinement fu-
sion (ICF)" will be achieved by imploding a spherical cap-
sule containing a frozen layer of deuterium and tritium (DT)
fuel on the MJ-class National Ignition Facility (NIF)* cur-
rently under construction at Lawrence Livermore National
Laboratory (see Fig. 1). Virtually all ICF ignition target de-
signs are based on a spherical low-Z ablator containing a
solid, cryogenic DT-fuel shell surrounding a low-density DT
vapor at, or slightly below, the triple point. There are two
fundamental target designs for ignition—capsules directly il-
luminated by the laser (direct drive®) and capsules driven by
a uniform x-ray radiation field created by illuminating the
inside surface of a high-Z cylindrical hohlraum (indirect
drive®). Figure 2 illustrates the drive concept and capsule
design for both direct- and x-ray-drive ignition targets.
X-ray-drive ignition capsules5 are based on a thick, copper-
doped Be ablator surrounding a relatively thin DT-ice layer;
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these capsules are illuminated by either the laser or the x-ray
field inside a hohlraum, the ablator material is rapidly heated
and driven away from the capsule. The resulting shock wave
compresses the DT-fuel shell, raising the pressure in the cen-
tral gas region (or core) to several Mbar. Once the laser
irradiation ceases, the fuel shell begins to decelerate, further
compressing and heating the core as the shell kinetic energy
is converted to thermal energy via PdV work. To initiate a
thermonuclear burn, the temperature and areal density of the
core must reach approximately 10keV and 300-
400 mg/cm?, respectively.4 Under these conditions, the rate
of energy deposited in the fuel by the 3.5-MeV *He nuclei
from the DT-fusion reaction is greater than the energy lost by
electron conduction or x-ray emission and a thermonuclear
burn wave propagates through the dense fuel shell in a few
tens of picoseconds.

For nearly two decades, the University of Rochester’s
Laboratory for Laser Energetics (LLE) has been developing
the scientific and engineering basis to create and characterize
cryogenic DT capsules and to study the implosion perfor-
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Under construction

FIG. 1. The National Ignition Facility
(NIF) is under construction at
Lawrence Livermore National Labora-
tory and will begin ignition experi-
ments with cryogenic DT targets in
2010. The OMEGA laser at the Uni-
versity of Rochester’s Laboratory for
Laser Energetics is being used to de-
velop the scientific and technical basis
for ignition on the NIF. OMEGA per-
forms 40 to 50 cryogenic D, and DT
implosions annually in support of the

mance under scaled-ignition conditions. Cryogenic fuel
shells are the preferred configuration for ICF because the
fuel can be compressed isentropically, minimizing the laser
energy required to achieve ignition conditions.® Since begin-
ning cryogenic target implosions on the 60-beam, 30-kJ UV
OMEGA laser’ (see Fig. 1), 118 cryogenic D, (Refs. 8-11)
and 15 cryogenic DT capsules have been imploded. While
the compressed-fuel densities and core temperatures of these
cryogenic DT implosions will never meet the criteria for ig-
nition, measured fuel areal densities (the product of the fuel
density and the radial extent of the fuel) have been inferred
in excess of 100 mg/cm?. This is an important step toward
the demonstration of energy gain via ICF and ultimately the
realization of inertial fusion energy.1

The uniformity of the inner surface of the DT-ice layer is
one of the critical factors that determine target
performance.3’4 As the high-density fuel shell decelerates and
compresses, inner-surface perturbations grow due to the
Rayleigh-Taylor instability.13 These perturbations include
ablation-front features that feed through the fuel shell'* and
inner-ice-surface roughness from the layering process de-
scribed in Sec. III. The ablation-front perturbations are
seeded primarily by laser nonuniformities, outer-surface
roughness, and the feedout of inner-ice-surface perturbations
carried by the reflected shock. These ablation-front perturba-
tions can be controlled by conditioning the laser pulse15 or
by careful design of the hohlraum used to create a homoge-
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neous radiation field around the capsule for indirect drive.'®

If the initial amplitude of the inner-surface perturbations is
too large, the hot core is disrupted and the conditions for
ignition and burn do not occur. This leads to an ignition
requirement that the inner-surface ice roughness be less than
1-pm rms in all modes.**

The OMEGA Laser Facility is the only facility in the
world routinely imploding cryogenic D, and DT targets. The
target-handling concepts on the OMEGA laser are based on
work that began nearly 30 years ago. Section II will review
some of the historical accomplishments that had a direct im-
pact on the design of the OMEGA system. One of the fun-
damental breakthroughs for ignition was the realization of
B-layering in 1986. Section II will also describe the
B-layering process. The development of optical and x-ray-
characterization techniques to assess the quality of the DT
layers produced by [B-layering will be discussed in Sec. III.
The systems used to implode these targets on the OMEGA
and NIF lasers will be described in Sec. IV and the results of
the first cryogenic DT implosions on OMEGA will be dis-
cussed in Sec. V.

Il. HISTORICAL PERSPECTIVE

Following declassification, Nuckolls et al. first discussed
the concept of laser fusion in 1972." Powerful lasers would
be used to implode a shell or sphere of solid DT reaching

Indirect-drive target

FIG. 2. The basic ignition-target de-
signs are shown along with the funda-
mental concepts for direct and indirect
(or x-ray) drive.
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breakeven at relatively modest laser energies (at least by to-
day’s standards). While the physical assumptions in this and
other early work turned out to be overly optimistic with re-
spect to the required laser energy, the basic target design—a
shell of solid DT—has remained unchanged. After this semi-
nal publication appeared, work began on the development of
target concepts for creating thin cryogenic-DT layers (both
solid and liquid). The early work (throughout much of the
1970s and 1980s) focused on thin glass shells filled with
high-pressure DT gas. Typical scales were 100-um-diam
shells with up to 100 atm of DT gas. When cooled using
thermal conduction, the DT layers were typically less than
10 pwm thick.

In 1977, Henderson and Johnson at KMS Fusion!” re-
ported the first irradiation of a cryogenic DT capsule with a
laser. The target was a 60-um-diam, thin-walled glass shell
filled with 10 atm of DT (60:40). The capsule was cooled via
point-contact conduction and was exposed to the ambient
chamber infrared (IR) radiation (the point-contact cooling
overwhelmed the IR heating from the chamber). These cap-
sules were illuminated with a laser power of approximately
0.2 TW and produced a neutron yield (between 10° and 107)
an order of magnitude higher than the same capsules illumi-
nated at room temperature. This demonstrated the advantage
of using the high-density cryogenic-fuel layer for ICF. At
about the same time, Miller'® described a new method for
producing cryogenic-fuel layers based on what came to be
known as the fast-refreeze technique. This technique pro-
duced layers with a considerably more uniform thickness
than point conduction. Fast refreeze relies on a static heat-
exchange gas (He) for rapid cooling of the capsule. Once
frozen, the ice in the capsule is melted using a laser beam.
The vapor then condenses uniformly on the inside of a glass
shell and refreezes before gravity can induce the liquid to
flow. This technique quickly became the standard for cryo-
genic target development well into the 1980s.

In 1978, Musinski e al."® adapted the fast-refreeze tech-
nique for the targets being imploded at KMS Fusion. To
eliminate the He exchange gas prior to the laser illumination
and to minimize the exposure of the cold capsule to the
ambient IR radiation in the target chamber, they introduced
the principle of a cryogenic retractable shroud. Here, the ex-
change gas is limited to a small volume around the capsule
inside the shroud. Their calculations suggested that the ex-
posure time had to be less than 10 ms once the shroud was
removed or the thin DT-ice layer would melt due to the am-
bient chamber IR radiation. Thus, within only a few years,
three of the key concepts underpinning the success of the
OMEGA Cryogenic Target Handling System had been devel-
oped: (i) Redistribution of the ice using external radiation,
(ii) thermal control of the capsule isotherm via a cold ex-
change gas, and (iii) a fast retractable shroud to minimize the
target exposure to the ambient chamber radiation. These con-
cepts were employed on the 24-beam OMEGA laser® in
1987 and 1988 to implode over 100 cryogenic DT-filled,
fast-refreeze glass capsules leading to compressed DT densi-
ties of 100 to 200 times liquid density.”’

By the late 1980s, it was realized that the fast-refreeze
technique could not be used to create thick, uniform DT-fuel
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FIG. 3. Cartoon showing the basic concept behind S-layering in a cryogenic
DT shell. If the outside of the shell is maintained at a temperature slightly
below the DT triple point, a temperature gradient develops across the ice
due to the radioactive decay of the tritium; the emitted electron (average
energy of 6 keV) deposits energy locally heating the bulk of the ice. Con-
sequently, radially thicker (warmer) regions sublimate inside the shell and
condense on radially thinner (cooler) locations, eventually relaxing to a
uniformly thick shell.

layers. Thicker DT layers were required for the advanced
targets being designed for the proposed upgrade of the
OMEGA laser to 60 beams and 30-kJ UV. Fundamentally,
the thin glass shell cryogenic-DT targets used to date simply
did not scale to ignition. The demonstration of B-layering in
1988 by Hoffer and Foreman® revolutionized the develop-
ment of targets for ICF and fusion ignition. The “B-heating”
concept to produce highly uniform DT-ice layers inside cap-
sules had been suggested by Martin as early as 1985 (Ref.
23) and published formally in 1988 (Ref. 24). The concept is
deceptively simple. The radioactive decay of the tritium pro-
duces an electron with an average energy of about 6 keV. At
6 keV, the electron range in solid DT is only 2-3 um so the
energy is deposited locally and, consequently, the bulk of the
ice is heated uniformly. With a spherically symmetric iso-
therm on the capsule surface, the radial temperature gradient
induced by the S-heating causes DT to sublimate from the
slightly thicker and, consequently, slightly warmer regions
inside the capsule and deposit on the slightly cooler, thinner
regions (see Fig. 3). If the capsule surface is kept just below
the triple point, the ice will ultimately relax to a uniform
radial thickness.

In 1996, Collins ef al.” showed that IR radiation could
be used to excite the vibration-rotation band in solid D, (or
HD), leading to a redistribution or smoothing similar to that
induced by B-layering in DT. The process is virtually iden-
tical to B-layering as the IR heats the bulk of the ice. With
symmetric IR illumination and adequate power, the layer
uniformity in D, should be as good as in DT.* In this way,
cryogenic D, capsules can be used as ignition surrogates
without the radiological impacts associated with DT (e.g.,
tritium contamination, neutron activation, neutron-induced
radiation effects in diagnostics, etc.). As mentioned in Sec. I,
the initial ignition-scaled cryogenic capsule implosions on
OMEGA were based on D, fuel; DT was introduced only
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FIG. 4. (a) To create a cryogenic target, an 860-mm-diam CH shell is
initially mounted to a beryllium “C”-style frame using four strands of spider
silk. (b) Thermal modeling shows that the isotherm at the surface of a
cryogenic DT-filled capsule is highly uniform. (c) However, the IR radiation
used to layer D, ice also heats the beryllium “C”-mount and the spider silks,
causing a significant distortion in the isotherm at the surface of the capsule.
This can lead to a significant asymmetry in the ice thickness for cryogenic
D, targets.

recently following extensive operational experience and a
thorough systems readiness review.

lll. CRYOGENIC D, AND DT TARGET FABRICATION
AND CHARACTERIZATION

Mounting a capsule to be imploded by a multibeam laser
system presents a great challenge for both direct- and x-ray-
drive illumination. It can have a profound effect on the re-
sulting layer quality due to the thermal perturbations caused
by the structures around the capsule. Target performance re-
quires a high degree of irradiation uniformity (i.e., the cap-
sule surface cannot be shadowed) and minimal mass pertur-
bations on the surface of the capsule (some mechanical
structure must physically attach to the capsule).

To meet these criteria for a direct-drive capsule, LLE
implemented a concept based on spider silks?’ [see Fig.
4(a)]. The capsule is mounted at the center of a “C”-style
frame using four strands of spider silk (the silk diameter is
typically less than 1 wm). The strands are either glued di-
rectly to the surface of the capsule or the entire assembly is
overcoated with a thin layer (typically 0.2 wm) of parylene
to bond the silks to the capsule. The diameter of the cryo-
genic targets imploded on the OMEGA laser is set by scaling
the ignition target design for the NIF to the energy
available;’ this leads to a capsule diameter of 860 um for
implosions on the OMEGA laser.

For OMEGA, these thin CH shells are permeation filled
with an equimolar mixture of DT (or D,) to 1000 atm. At
pressure, the shell and gas are slowly cooled to a few degrees
below the DT triple point (19.8 K), while the pressure dif-
ferential across the shell is maintained below 1 atm to avoid
buckling. This is the most critical step in the filling process.
Once the DT gas solidifies, the capsule is transferred to a
moving cryostatg’9 that is used to maintain the appropriate
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thermal environment around the capsule until it is imploded.
Inside the moving cryostat, the capsule is kept at the center
of a gold-coated copper layering sphere with two orthogonal
viewing ports for alignment and ice-surface characterization
(discussed below). A thermal model of this system [see Figs.
4(b) and 4(c)] shows that the isotherm at the surface of a DT
capsule is spherical and that none of the target-support struc-
tures or layering-sphere asymmetries (e.g., sapphire windows
for viewing the target) influence the isotherm [Fig. 4(b)]. By
controlling the pressure of the exchange gas and the tempera-
ture of the copper layering sphere, a spherical isotherm at or
slightly below the DT triple point can be maintained at the
ice surface inside the capsule, and B-layering produces high-
quality layers within a few hours.

With IR illumination, the thermal model indicates that
there can be significant geometrical distortions in the capsule
surface isotherm [Fig. 4(c)]. These distortions are caused by
IR radiation absorbed on the target support structures (the Be
C-mount and the silks).?® For example, the D, ice facing the
Be C-mount is typically thinner since the Be frame is
warmer than the He exchange gas. This modeling suggested
three changes that significantly improved the D, ice-layer
quality: (i) the pressure of the exchange gas was increased to
further homogenize the thermal perturbations, (ii) the target
structures were plated with gold to reduce the IR absorption,
and (iii) a diffuser was added to the IR heating port to more
uniformly distribute the radiation in the layering sphere
(which acts as an integrating sphere for the IR). With these
improvements, the average ice-layer quality in D, capsules
improved by a factor of 2.

For x-ray drive on the NIF, Be capsules are mounted at
the center of a cylindrical high-Z hohlraum using a “tenting”
scheme.” The thermal environment around the capsule is es-
tablished by the hohlraum geometry. Azimuthally symmetric
heaters are placed along the hohlraum axis to produce a more
spherically symmetric isotherm at the capsule surface.” The
Be shells are filled in generally less than 30 min using a
narrow fill tube connected to a DT reservoir. Simulations
suggest that the fill-tube perturbation will not significantly
affect implosion performance.29 The B-layering process in-
side the hohlraum has been rigorously tested in the labora-
tory and will be incorporated into the Load, Layer, and Char-
acterization System (LLCS) under development for the NIF
Cryogenic Target System (NCTS). Once a uniform layer is
achieved, the temperature of the ice is cooled further to re-
duce the DT vapor density in the central void region. At
1.5 K below the triple point, the vapor density is 0.3 mg/cc,
the x-ray-drive ignition requirement. The cooling process is
generally done very slowly (of the order of 1 mK/min) to
minimize the creation of additional surface roughness as the
ice contracts. A ‘“thermal breathing” technique has been
shown to anneal some of the additional ice surface roughness
associated with the slow cooling.30 Once at 18.3 K, a peri-
odic temperature cycle is applied to the target for up to 2 h
with the amplitude of the temperature variation decreasing
with time. “Thermal quenching” has also shown promise as a
technique to minimize the creation of surface roughness as
the layer is cooled below the triple point.30 This technique is
based on the observation that the onset of layer degradation
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is delayed many seconds following rapid cooling of the
layer. Cooling below the triple point is not required for the
lower convergence direct-drive-ignition baseline targets.

Apart from the need to monitor the ice layers during
formation, simulation codes require inner-ice-surface charac-
terization information to properly predict target performance.
Therefore, it is important to image the liquid/ice-layer sur-
face with high resolution. For transparent ablators (e.g., CH
or CD shells), the location of the inner-ice surface is mea-
sured using optical shadowgraphy.31 The capsule is backlit
using an optical plane wave (typically a pulsed source with a
duration of less than 1 ms to minimize any motional blur-
ring; the energy absorbed by the capsule is negligible). The
light is totally internally reflected off the inner surface of the
ice creating a bright ring in the image plane that represents
the location of the inner surface relative to the center of the
capsule. This bright ring can be seen in Fig. 5(a), a shadow-
graph of the first DT capsule to achieve an inner-ice surface
smoothness of 1-um rms. The resolution of the shadowgraph
is less than 0.1 um. The ring represents an azimuthal mea-
sure of the radial variation of the ice along a slice through the
center of the capsule normal to the optical viewing axis. This
ring is “unwrapped” azimuthally around the center of the
capsule to form a line in radius-azimuth space. A power
spectrum of the ice roughness as a function of the mode
number is generated by fitting the Fourier amplitudes of the
radial variation as a function of the azimuth.*

For opaque ablators (e.g., Be or low-density foams),
x-ray phase-contrast imaging is used to determine the loca-
tion of the inner-ice surface.’® Phase-contrast imaging relies
on spatial gradients in the real part of the refractive index to
produce image contrast. These gradients occur at the Be/ice
and ice/vapor (the central void region) interfaces of a layered
target causing local curvature in the transmitted wave leading
to interference and a modulation in the x-ray intensity. Even
for a virtually transparent medium (e.g., the region around
the interface of the ice and DT vapor), phase gradients
modulate the intensity of an x-ray wave and can be used to
determine the precise location of the ice surface along a slice
through the capsule normal to the x-ray-propagation axis.
Figure 5(b) shows an example of an x-ray phase-contrast
image (the expanded images show the level of detail avail-
able with phase contrast imaging). The capsule is a
105- um-thick Be shell containing an ~ 180-um-thick DT ice

! DT ice/vapor
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FIG. 5. (a) A typical optical shadow-
graph of a cryogenic DT layer inside
an OMEGA target. The bright band is
a measure of the radial variation of the
inner-ice surface for a slice through
the center of the target. (b) A typical
x-ray phase-contrast image of a beryl-
lium shell containing a DT-ice layer.
The phase-contrast image provides
structural detail within the shell and
the ice. The inner band represents a
measure of the radial variation of the
inner-ice surface along a slice through
the center of the capsule.

105-pm-thick
Be (0.9% Cu) shell

layer. The ice/vapor interface is unwrapped in radius-azimuth
space and a power spectrum as a function of the mode num-
ber is generated as described above.

Because of the symmetry of the direct-drive layering
sphere, it is possible to rotate a direct-drive capsule with
respect to the viewing axes in the characterization station. By
rotating the capsule, any number of independent shadow-
graphs can be obtained and used to create a 3D representa-
tion of the inner-ice surface. Such a representation (based on
48 independent shadowgraphs) is shown in Fig. 6 for two
different DT ice layers. Since the viewing axes are not or-
thogonal to the rotation axis, the poles of the capsules cannot
be characterized. The contours represent surface deviations
in micrometers relative to a perfect sphere at the average
ice-surface radius. The peak-to-valley surface variation for
both capsules is ~2 um out of a total ice thickness of
~95 um. Full Y, Legendre amplitudes can be fit to this

Bottom View

Shot 44848 -
0.72-um rm5/

Top View

S a—

Y.

2x20996
2y20997

2x20996
2y20997

)

' 0.68-pm rms
Not shot

/lx21113

1y21114

1x21113
1y21114

FIG. 6. A 3D representation of the inner-ice surface of an OMEGA target is
created by fitting to a large number of independent shadowgraphs. A top and
a bottom view are shown for two different capsules that meet the direct-
drive-ignition requirement for the inner-ice smoothness. The contour map-
ping represents deviations of the inner-ice surface from a sphere at the
average radius. Because the viewing axes are not orthogonal to the rotation
axis, there are no data at the poles.
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FIG. 7. The power per mode for six DT cryogenic targets as a function of
mode number. These targets were shot consecutively over a period of sev-
eral weeks on OMEGA. The direct-drive-ignition specification for the inner-
ice smoothness is shown as the thick solid line. The consistent deviation of
the spectra at the midmodes has been traced to small outer surface devia-
tions (caused by the glue spots used to attached the capsules to the silks) that
distort the incoming and outgoing light.

surface for modes up to 12 (the limiting factor is the missing
data at the poles). The procedure described by Hatchett and
Pollaine™ is used to estimate the 2D equivalent of the Leg-
endre modes for €>12. The ignition specification is typi-
cally quoted as a power spectrum for modes from 1 to 1000,
although in practice the resolution of the measurement limits
meaningful power to modes less than 100.* For direct drive,
this specification is 1.0-um rms in all modes and =0.25-um
rms in modes greater than 10. Both of the targets shown in
Fig. 6 meet the inner-ice-surface smoothness requirement for
direct-drive ignition on the NIF. Figure 7 shows a compari-
son between the power-spectrum decomposition of the ice-
surface roughness for six targets imploded consecutively on
the OMEGA laser and the ignition specification (thick solid
line). For the best capsule, the measured power spectrum is
0.72-pm rms in all modes and 0.24-um rms above mode 10,
comfortably exceeding the ignition requirement.

Layering and characterization of a DT-fuel layer in a
hohlraum for x-ray-drive ignition present significant chal-
lenges. For capsules in a hohlraum, the presence of the fill
tube can create a thermal asymmetry leading to a low-mode
variation in the ice thickness around the fill tube (generally
thicker ice as the fill tube is colder). Furthermore, as the ice
is cooled below the triple point, mid- and high-mode rough-
ness begins to appear as the ice contracts and the B-layering
process begins to shut down due to the reduced radial tem-
perature gradient across the ice. However, by slowly cooling
from the triple point to 18.3 K (the ignition requirement), the
ice roughness remains at the ignition specification for modes
10 and above. The behavior of the ice roughness in modes 10
to 128 as a function of ice temperature is shown in Fig. 8.

At present, characterization of x-ray drive capsules can
be performed only along the hohlraum axis, i.e., only a
single slice through the ice layer can be used to infer the
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FIG. 8. The power-spectral density for a prototype x-ray-drive cryogenic
DT target as a function of the ice temperature. The PSD is summed for
modes 10 to 128. The ice-temperature requirement for x-ray-drive ignition is
18.3 K. This target meets the ignition requirement over this mode range at
the required ice temperature.

quality of the full inner-ice surface. An optical technique is
being developed to give layer thickness information at the
poles of the capsules36 (the regions of the capsule closest to
the hohlraum laser entrance holes). This technique should be
able to provide low mode information on the ice surface with
respect to the hohlraum axis.

IV. IMPLODING CRYOGENIC TARGETS ON OMEGA
AND THE NIF

The original cryogenic target handling system (CTHS)
on the 24-beam OMEGA laser™ incorporated the concepts
discussed in Sec. II. These included an opposed-port shroud-
retraction scheme using a linear induction motor and He gas
cooling to support the fast-refreeze layering process. A shear-
ing interferometer was implemented for layer characteriza-
tion (thickness and uniformity). The thermally passive
shroud and the actively cooled target stalk are shown in Fig.
9. The inset picture in Fig. 9 shows the “horseshoe” target
assembly with a 300-um-diam glass shell mounted using
several strands of spider silk (rather than using glue to bond
the silks to the capsule, the capsule and silks were over-
coated with 0.2 um of parylene following assembly). During
the late 1980s, this system imploded over 100 glass shell
targets with 5-um-thick DT layers achieving 200 times lig-
uid density in the DT.*!

By the early 1990s, ignition target designs were being
developed that required considerably thicker DT layers with
very high layer uniformity.37 The fast-refreeze technique and
thin glass shells were no longer adequate. New concepts
were developed by General Atomics and LLE to support
scaled-ignition target implosions on the new 60-beam
OMEGA laser (completed in 1996). The new requirements
for the CTHS included (i) a separate high-pressure D, and
DT permeation fuel-filling system, (ii) variable ice-layer
thickness up to 100 wm in mm-diam-scale, thin-walled CH
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FIG. 9. The shroud and target inserter from the 24-beam OMEGA Cryo-
genic Target Handling System are shown. The thermally passive removable
shroud is the structure at the lower left. The inset shows a picture of the
“horseshoe”-style mount for the capsule. Spider silks are used to mount the
capsule between the tips of the mount.

capsules, (iii) the capability to fill up to 12 targets per week,
(iv) IR-enhanced layering for D, and B-layering for DT fuel,
(v) an independent layer-characterization station based on
optical shadowgraphy, (vi) a moving cryostat to deliver the
target from the tritium facility to the target chamber, (vii)
target-alignment accuracy relative to the target chamber cen-
ter (TCC) of 5 um, (viii) an opposed-port shroud-retraction
scheme with a target exposure time of less than 100 ms be-
fore laser irradiation, and (ix) a vertical shroud pull.

The operation of the CTHS on OMEGA has been well
documented.*"" Since 2001, 118 cryogenic D, and 15 cryo-
genic DT capsules have been imploded. The key to the suc-
cess of the OMEGA CTHS is the moving-cryostat concept.
Figure 10 shows a photograph of the moving cryostat with
and without the thermally passive upper shroud. The moving
cryostat includes a local He-gas cryogenic cooler on the ther-
mally controlled lower shroud, a four-axis position controller
(X, Y, Z, and 6) for the target stalk, a rigid docking interface

‘With upper ‘With upper
shroud removed shroud in place
Target
assembly
Moving
cryostat Upper
stalk shroud
Docking
R interface to —E——3 Lower
lower pylon shroud
Four-axis
target
positioner

24 Cryocooler

FIG. 10. The 60-beam OMEGA moving cryostat with (right) and without
(left) the upper shroud. The moving cryostat is the heart of the OMEGA
Cryogenic Target Handling System. The upper shroud is removed to expose
the capsule at shot time. The capsule exposure time is approximately 90 ms.
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X-ray pinhole

Shadowgraph camera

44602
‘_,_‘/ Shroud

retractor

“C” mount

Tritium Facility
Existing -
tritilum Permeation
equipment cryostat
pr &

Characterization

Station
Moving Cryostat
S i v Transfer Cart (MCTC)

FIG. 11. Target-handling operations are conducted away from the target
chamber to increase the utilization of the laser facility. This includes the
filling, layering, and characterization steps that are done within the LLE
tritium facility. Once a target is ready to implode, the Moving Cryostat
Transfer Cart (MCTC) is positioned below the chamber and the moving
cryostat with the target is raised 22 ft to dock with the support structures on
the target chamber. The entire shot sequence can be repeated approximately
every 2 h.

compressor

Y
A

to the target chamber, He exchange-gas regulation, and a
thermally passive upper shroud with windows aligned to the
OMEGA target viewing system. With the moving-cryostat
concept, critical target functions are performed away from
the target chamber (i.e., permeation filling, layering, and
characterization). Consequently, there is little or no impact
on the utilization of the laser system when imploding cryo-
genic targets. An overview of the target handling process is
shown in Fig. 11. The targets are permeation filled in a sepa-
rate cryostat over a period of approximately four days and
then transferred to the moving cryostat. The moving cryostat
is then mated to the Characterization Station (still within the
tritium facility). Once the appropriate layer is achieved (this
typically requires 1 to 2 days for D, and less than 1 day for
DT), the moving cryostat is taken to the bay beneath the
OMEGA target chamber (a distance of about 200 ft). The
moving cryostat is aligned with the lower pylon and then
raised 22 ft through a vacuum interface to the center of the
target chamber. Target alignment is performed using an au-
tomated centering routine to predetermined coordinates that
account for static alignment offsets due to the sapphire win-
dows in the view ports of the upper shroud. At shot time, a
linear induction motor (LIM) removes the upper shroud us-
ing a precise acceleration/deceleration trajectory. The trajec-
tory minimizes mechanical coupling between the LIM mo-
tion and the target. The target is exposed to the ambient
chamber radiation for 90 ms prior to laser irradiation.

The conceptual basis for the NIF cryogenic target system
(NCTS)®™*® is significantly different from the OMEGA
CTHS. A Load, Layer, and Characterization System (LLCS)
is being developed to operate just outside the NIF target
chamber but mechanically integrated with the target inserter
and target chamber. Using the LLCS, DT will be loaded at
about 50 psi into a l-cc reservoir at the target base. This
reservoir is connected to the Be capsule via a narrow (of the
order of 10 um OD) fill tube. The entire assembly is cooled
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Cryogenic
Target
System

inside base ~5 Ci ~18
tritium at ~3 atm

Hohlraum 2
supported by
cooling rings

FIG. 12. An x-ray-drive target on the NIF will be protected from the ambi-
ent chamber radiation using a clam-shell-style retractor. The clam-shell re-
tractor can be opened slowly to avoid inducing excessive vibration because
the target can withstand several seconds of chamber exposure before signifi-
cant temperature perturbations develop on the capsule surface. The
hohlraum/reservoir schematic shown in the inset fits on the end of the cold
head in the middle of the figure.

to within a few degrees of the DT triple point (19.8 K). The
reservoir is then heated to between 50 and 70 K causing the
DT to condense inside the Be shell. X-ray phase-contrast
imaging will be used to monitor the DT meniscus (and con-
sequently the amount of fuel in the shell) during the fill.
Once the required amount of fuel is in the shell, the layering
and characterization process proceeds as described in Sec. II.
Following the final characterization, the target is moved to
the center of the NIF target chamber and aligned with the
192 laser beams. The target is protected from condensation
and room-temperature IR radiation from the chamber by a
clam-shell shroud (Fig. 12). Several seconds before the shot,
the shroud is opened. Heaters on the hohlraum compensate
for the sudden IR illumination and maintain a constant hohl-
raum temperature. Any target vibration induced by the
shroud opening damps during the 1-2 s prior to laser illumi-
nation.

V. CRYOGENIC DT TARGET PERFORMANCE

All of the DT (and a few of the recent D,) capsules
imploded to date on OMEGA have been driven with a laser
pulse designed to keep the fuel on an adiabat « of approxi-
mately 1 to 3, where « is the ratio of the internal pressure to
the Fermi-degenerate pressure.3 These drive pulses scale to
ignition and the areal densities during the fusion burn are
expected (based on a 1D radiation hydrocode simulation™)
to be in excess of 200 mg/cm? (this corresponds to ~300
X liquid density for the DT) and to approach 250 mg/cm? at
peak density. The areal density monotonically increases dur-
ing the fusion burn and the neutron or burn-averaged areal
density (pR), will be less than the peak areal density pR ey
The fusion burn truncates prior to peak density (or compres-
sion) due to the thermal quenching caused by mixing of
colder fuel with the hot spot.40 Charged-particle diagnostics41
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FIG. 13. A measured secondary proton spectrum (solid circles) from a cryo-
genic D, implosion (a~2) is compared with the expected birth spectrum
(shaded box). The protons lose energy as they pass through the dense fuel
layer surrounding the hot core. The energy loss is proportional to the areal
density of the dense fuel layer. For this implosion, the energy loss implies an
areal density in excess of 100 mg/cm?; the low-energy tail suggests the
peak areal density is well above 100 mg/cm?.

are used to infer (pR)n from D, implosions while x-ray
diagnostics42 are used to infer pR.y from both D, and DT
implosions.

The energy loss of secondary protons in the compressed
D, fuel shell shows that the neutron-averaged areal density
for @~ 2 implosions is as high as 100-110 mg/cm?. A sec-
ondary proton spectrum from shot 45009 is shown in Fig. 13.
The figure shows both the measured spectrum (solid circles
with statistical error bars) and the birth spectrum (shaded
region) in the core. The average energy loss in the dense fuel
shell is several MeV corresponding to an areal density of
110 mg/cm?. The low-energy tail suggests considerable low-
mode instability growth late in time. These late-time protons
probe regions of significantly higher fuel areal density but
not necessarily regions representative of the overall shell ar-
eal density. For example, the end point of this spectrum (at
about 7 MeV) would correspond to an areal density of ap-
proximately 250 mg/cm? (based on a total dE/dx of over
5 MeV). For higher-yielding implosions, the areal density
evolution during the burn, pR(f), can be fit based on the
technique described by Smalyuk and Frenje.43

The pRc, can be inferred from the opacity of the shell
by using the core self-emission to effectively backlight the
shell. Figure 14 shows the measured x-ray spectrum from the
core of shot 44948. This shot used a drive pulse that put the
fuel shell on an adiabat close to 1. Since the x rays are
generated by bremsstrahlung in the hot core, the spectrum is
expected to be exponential with the slope related to the elec-
tron temperature near peak compression. If the fuel shell is
sufficiently dense, x-ray absorption (free-free scattering) oc-
curs and the spectrum deviates from the expected exponen-
tial behavior and this deviation can be used to infer the den-
sity of the compressed fuel.** The x-ray spectrum in Fig. 14
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FIG. 14. Significant absorption is seen in the continuum x-ray spectrum
emitted from the core of a cryogenic D, implosion (a~ 1) at x-ray energies
below 2 keV. The emitted spectrum is expected to be exponential and the
deviation at low-x-ray energies is consistent with a significant fuel areal
density. The compressibility of the fuel shell in the 1D radiation hydrocode
LILAC can be modified to fit the emitted spectrum to estimate the fuel
density. The dashed line shows the expected exponential behavior of the
x-ray emission if the opacity is artificially removed in the simulation.

indicates significant absorption between 1 and 2 keV. The
opacity of the fuel shell is proportional to p?> RT~4, where p
is the mass density of the compressed fuel, pR is its areal
density, and T is the electron temperature (inferred from the
slope of the spectrum). The 1D radiation hydrodynamic code
LILAC® is used to estimate the mass density p and minimum
temperature of the compressed fuel by adjusting the tempera-
ture of the cold fuel and the thermal conductivity of the hot
core to match the emitted spectrum in both absolute fluence
and shape (these adjustments mimic multidimensional mode
growth and the consequent reduction in shell compression).
The LILAC simulation that best agrees with the data is
shown as the solid curve. The fuel density in the simulation
suggests that pR, may be as high as 190+20 mg/cm?.
Two-dimensional simulations are underway to confirm this
1D fuel-density estimate. The dashed curve in Fig. 14 is the
predicted x-ray spectrum based on zero opacity. The curve is
not purely exponential below 2 keV. If the opacity is calcu-
lated based on a purely exponential source spectrum and the
density is taken from the LILAC simulation, the inferred
PRcq Would still be 130 mg/ cm?. Note that, if confirmed by
further simulations, this estimate of the density represents a
lower limit on the inferred peak areal density—if the density
is less than predicted by the simulation, the measured opacity
suggests that pR., must be larger than the 180- to
190-mg/cm? estimate.

VI. SUMMARY

Cryogenic DT targets are being imploded on the
OMEGA laser at the Laboratory for Laser Energetics. These
targets are energy-scaled versions of the baseline direct-
drive-ignition design for the National Ignition Facility. This
is the culmination of nearly three decades of research and
development. Most of the components for the x-ray-drive
ignition targets are at or near specification.

Phys. Plasmas 14, 058101 (2007)

The SB-layering process produces a smooth inner-ice sur-
face in the direct-drive cryogenic DT targets imploded on
OMEGA and is well understood. The most important aspect
of this process is controlling the symmetry of the isotherm
on the outer surface of the capsule. This is now done rou-
tinely, and over half of the cryogenic DT capsules imploded
on OMEGA have met the ignition requirement for the
smoothness of the inner-ice surface (<I-um rms in all
modes) at shot time. Optical shadowgraphy and phase-
contrast imaging are used to characterize the inner-ice sur-
face for transparent (e.g., CH or CD shell) and opaque (e.g.,
Be and foam shells) ablators, respectively. The resolution of
these techniques is adequate to characterize the ice smooth-
ness to well below the ignition requirements for direct and
x-ray drive.

The Cryogenic Target Handling System on the OMEGA
laser has deep roots in past work. Many of the fundamental
concepts employed today were developed nearly three de-
cades ago to perform the first cryogenic DT implosions using
DT-filled thin glass shell targets and two-beam irradiation.
While these early target designs ultimately did not scale to
ignition, the success of the current OMEGA program and the
anticipated success of the future NIF ignition experiments
owe much to these early pioneers.
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