OMEGA Cryogenic Target Designs

The achievement of high-density implosions using ignition-
relevant pulse shapes and cryogenic targets on OMEGA isan
important milestone on the path to attaining direct-drive igni-
tion at the National Ignition Facility (NIF). The OMEGA
Cryogenic Target Handling System is undergoing final tests
and will soon be commissioned for D, implosion experiments.
Cryogenictargetshaveal so been designed for thissystemwith
the primary criterion of being hydrodynamically equivalent to
the ignition capsule designs. In this context, the constraints
placed on OMEGA cryogenic target designs include similar
peak shell velocities, hot-spot convergence, in-flight aspect
ratio, and stability properties asthe NIF designs. NIF designs
have been discussed previously in Ref 1. In this article, we
report onthe cryogenic OMEGA target design and compareits
physical behavior with the a = 3 ignition NIF design.

The basis for the OMEGA designs is the NIF direct-drive
a = 3ignition design, which consists of a340-um DT-icelayer
encased in a thin (<3-um) plastic capsule of 1.69-mm outer
radius. One-dimensional hydrodynamic scaling arguments?
can then be used to guide the design of OMEGA cryogenic
targets. The laser energy (E) required to contributeto agiven
plasma thermal energy scales roughly as the radius of the
capsule(R) accordingto E~R3. TheNIFisdesignedto provide

1.5 MJ of energy; OMEGA is capable of delivering 30 kJ.
Thus, theradius of an OMEGA capsulewill be approximately
0.3 times the NIF design (see Fig. 82.1).

Figure 82.2 shows the power history for the NIF and
OMEGA pulses. The NIF laser pulse irradiating the ignition
design is a 9.25-ns shaped pulse consisting of a 10-TW,
4.25-ns foot rising to a 450-TW pulse for 2.5 ns. The
corresponding laser pulse for the OMEGA design is deter-
mined by noting that the time (t) or duration of the laser pulse
scales as the confinement time and is roughly proportional
to the radius of the target; therefore? t ~ R. The scaling of the
peak power (P) in the laser pulse can be obtained from the
energy and time scaling; therefore,2 P ~ R2. Consequently, the
length of the laser pulse shrinks from 9.25 nsin the a = 3
ignition target design to 2.5 ns for the OMEGA cryogenic
target design. The peak power using P ~ R? then scales to
32 TW. Processesother than hydrodynamics, such asradiation,
thermal transport, and thermonuclear burn, do not scalein a
simple manner between the ignition designs and the OMEGA
cryogenic designs. We will show, however, that these energy-
scaled targets possess similar 1-D behavior and instability
growth as the ignition designs, thus meeting the requirement
of hydrodynamic equivalence.

NIF: 1.5 MJ
1.69 mm
OMEGA: 30 kJ
0.46 mm 1.35mm
0.36 mm
Figure 82.1

TC5126
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The NIF and OMEGA capsule designs. Theradius of the OMEGA designis
approximately 0.3 times that of the NIF design.
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Power ~ radius?; time ~ radius
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Figure 82.2

The NIF and OMEGA pul se shapes.

The timing of two shocks is critical to determining the
overall performance of the direct-driveignition target design.
The two distinct shocks in this design are launched into the
target at thestart of thelaser pulseand duringitsrisetothemain
driveintensity. The position of the shocks in the target can be
calculated from the radial logarithmic derivative of the pres-
sure. Figure 82.3 isacontour map of this quantity [d(InP)/dr]
as a function of the Lagrangian coordinate and time for the
ignition and the OM EGA design. Time hasbeen normalized to
theincident laser energy, witht = 1.0 corresponding to the end
of thelaser pulse. Thisnormalization will allow usto compare
thetwo designsat the same stage of theimplosion. The darker,
more-intense regions represent a larger gradient in pressure
and thus capture the position of the shocks. The OMEGA
design shows similar shock-timing behavior as that of the
ignition designfor thefirst shock. The second shock, however,
arrivesdlightly laterinthe OMEGA designthanintheignition
designinnormalizedtimeunits. Thisisaconsequenceof lower
laser-energy absorption in the OMEGA design. Absorptionin
direct-drive designs is primarily via inverse bremsstrahlung,
which depends on the density scale length. The NIF designs
typically have scale lengths that are 2 to 3 times longer than
OMEGA, whichleadsto an absorptionfractionfor theignition
design of 60% on the NIF and 40% on OMEGA.

At the time the first shock breaks out of the rear of theice
surface, ararefaction wave travels back through the ice layer
in the outward direction. This rarefaction wave results in a
decreasing density gradient intheinward radial direction. The
second shock, which is caused by the rise of the main pulse,
then travels through this decreasing density gradient. This

50

serves to increase the adiabat (a) of the ice layer. Since the
second shock in the OMEGA design arrives later (in normal-
ized time units) than in the NIF design, the rear ice surface
decompresses more than in the ignition design. Consequently,
the OMEGA design has a slightly higher adiabat (a = 3.2)
than the ignition design (a = 3).

The adiabat of the implosion is defined as the ratio of the
pressure of the cold fuel to the Fermi degenerate pressure and
isan important figure of merit for the overall performance of
target designs. Lower adiabat implosions have higher one-
dimensional performance since less laser energy is needed to

180 g—r—1——
160
140
120
100
80
60
40
20

oL— 1 v 1 . |
180

160
140
120
100

Lagrangian coordinate

~—
NS>
[

T T T T T

Lagrangian coordinate
o]
o

N
o
T

oo
N
o
N
o
o
o
(o]
'—\
o

TCs36 Normalized time

Figure 82.3

Shock propagation as shown by a contour map of the logarithmic derivative
of the pressure as a function of normalized time and L agrangian coordinate
for (a) theNIF and (b) the OMEGA designs. Timehasbeen normalized to the
incident laser energy, with t = 1.0 corresponding to the end of thelaser pulse.
Thisallowsthetwo designsto becompared at the same stage of theimplosion.
The darker shading indicates alarger pressure gradient and thus captures the
position of the shocks. The OM EGA design showssimilar timing for thefirst
shock but a delayed second shock compared to the NIF design.
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compress a cold fuel than awarm fuel. The ablation velocity,
however, depends directly on the adiabat (~a3°); thus, the
Rayleigh—Taylor (RT) growth rates decrease with the adiabat.
Higher adiabat implosions, therefore, are more stable to the
acceleration-phase RT instability. To ensure similar perfor-
mance between the NIF and OMEGA cryogenic capsules, the
cold fuel layer should have similar adiabats. Plotting the
pressure-density trajectory of the Lagrangian cellsused inthe
simulation will show the adiabatic history of target designs.
Figure 82.4 is such a plot for both the NIF design and the
OMEGA design; also shownisthe a = 3 adiabat line (dashed).
The NIF design obviously accesses a larger portion of phase
space than the OMEGA design. Only the extremely com-
pressed and high-density regionisinaccessibleby the OMEGA
design. Table 82.1, which lists other key one-dimensional
parameters, indicates that the OMEGA and NIF designs have
similar peak shell velocities, hot-spot convergenceratios, and
in-flight aspect ratios. To compareanigniting and non-igniting
target, we have defined the hot spot as the ratio of the initial
outer radiusto the radius that contains 90% of theyield at the
time of peak neutron production when propagating burn has
been switched off.

Implosion efficiency can be quantified in two ways: The
hydrodynamic efficiency is defined as the ratio of the kinetic
energy of the imploding target to the absorbed energy. The
coupling efficiency is defined as the ratio of the kinetic
energy of the imploding target to the incident energy.
Although OMEGA has a similar hydrodynamic efficiency to
the NIF, the reduced absorption fraction leads to a lower
coupling efficiency.

Pressure (Mbar)

Pressure (Mbar)

1005 o 0 2 3
10 101 10 10! 10 10

Density (g/cm3)

TC5327

Figure 82.4

The density-pressure trajectories for each Lagrangian cell used in the simu-
lations of (a) NIF and (b) OMEGA designs. Also shown (dashed line) isthe
o = 3 adiabat line.

Table82.I:  Comparison of one-dimensional parameters between the NIF and OMEGA
cryogenic target designs.
NIF OMEGA

Absorption fraction 60% 40%
Hydrodynamic efficiency 11.0% 11.5%
Coupling efficiency 7% 4.5%
Peak shell velocity (cmy/s) 4.0 x 107 3.7 x 107
Hot-spot convergence ratio 28 20
In-flight aspect ratio 60 50
Peak areal density (mg/cm?) 1200 300
Neutron-averaged ion temperature (keV) 30 4
Neutron yield 2.5 x 1019 1.8 x 1014
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TheNIFdesignisexpectedto havedifferent plasmaphysics
issues compared to the OMEGA design. The density and
velocity scalelengthsat thetenth- and quarter-critical surfaces
primarily determine the intensity threshold for plasmainsta-
bilities such as stimulated Raman scattering (SRS), stimulated
Brillouin scattering (SBS), and two-plasmon decay (TPD).
These instabilities in the ablating plasma can significantly
influencelaser absorption, theoccurrenceof hot electrons, and
therefore the performance of the target. By comparing the
actual intensity tothe plasmainstability threshol ds, the suscep-
tibility of the designs to plasmainstabilities can be assessed.
Thequarter- and tenth-critical surfaceshavesimilar intensities
inboth cases, whichisnot surprising sincethelaser power was
scaled with the square of the radius of the pellet; the peak
intensity asaresult of overlapped beamsat the quarter-critical
surfaceis 1.0 x 101°W/cm? and 6.0 x 1014 W/cm? at the tenth-
critical surface for both designs. For the NIF the total over-
lapped intensity is well above the SBS threshold after about
6 ns; while the single-cluster intensity is comparable to the
threshold. Theintensity isalwaysbelow the SRSthreshold. As
mentioned, OMEGA has shorter scale lengths than the NIF
designs. During the riseto the peak of the laser pulsethe scale
length at the tenth-critical surface in the NIF design rapidly
increases to approximately 800 um™ and is typically three
times larger than the OMEGA design. Therefore, we would
expect the OMEGA design to be less susceptible to SRS and
SBS than the NIF design. However, both designs are well
above threshold for the TPD instability. The NIF design also
hasalarger volumethan OM EGA for thenonlinearly saturated
state of the TPD instability to generate hot electrons. Separate
experimentshavebeen conducted at L L Eto study theseplasma
physics issues. In these experiments, NIF-scale-length plas-
mashavebeen generated using alaser pulsesimilarinintensity
to the NIF pulse. Results to date3 of the high-intensity drive
portion of the NIF pulse show little evidence of SRS, suggest-
ing that thisinstability will have an insignificant effect on the
performance of the ignition design.

Hydrodynamic instabilities are the second source of devia-
tions from one-dimensional hydrodynamic simulations. The
RT instability can degrade target performance by breaking the
spherical symmetry of theimplosion. The RT instability occurs
twice during theimplosion: at the outer ablation surface asthe
shell accelerates inward and at the hot spot—main fuel layer
interface asthe capsul edecel erates at the end of theimplosion.
Four sources of nonuniformity primarily seed the RT instabil-
ity: (1) laser imprinting, (2) outside capsule finish, (3) drive
asymmetry, and (4) inner-DT-ice roughness. An important
component of the OMEGA campaignwill beto experimentally
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determine the maximum allowable levels of these sources of
nonuniformities for the NIF laser and direct-drive ignition
targets. OM EGA cryogenic targets must, therefore, have simi-
lar stability properties to the NIF designs to ensure that the
extrapolation of these results to NIF targets will be valid.

Imprint levels are expected to be smaller on OMEGA than
on the NIF. The level of laser imprint in both the NIF and
OMEGA direct-drive targets can be quantified in terms of the
imprint efficiency, which is defined as the ratio of the ampli-
tude of the ablation surface nonuniformity to the percent of
laser nonuniformity. We determine this quantity using two-
dimensional (2-D) ORCHID simulations, each with a single-
mode laser nonuniformity, for NIF and OMEGA designs.
These ORCHID simulations included the following laser-
smoothing techniques: (1) aphase-plate spectrum appropriate
to the spot size, (2) a polarization-smoothing wedge, and
(3) 2-D smoothing by spectral dispersion (SSD) at two UV
bandwidths (0.5 THz;,, and 1 THz,,). We find good agree-
ment between theimprint efficiency cal culated from ORCHID
and that obtained from the analytic theory of Goncharov.*
Using thisanalytic theory and ORCHI D simulations, themode
spectrumduetoimprint for theNIFand OMEGA designsat the
start of the acceleration phaseisshowninFig. 82.5. IntheNIF
design, the laser has imprinted a surface nonuniformity equal
to Oyms = 480 A (in modes ¢ < 1000). OMEGA has a corre-
sponding imprinted nonuniformity of o, =290 A. The cusps
observed in the mode spectrum are a consequence of dynamic
overpressure? that causestheimprinted modeto oscillate with
a period proportiona to the wavelength of the mode. The
accel eration phase begins when the rarefaction wave from the
rear surface reaches the ablation surface; therefore, the time
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Figure 82.5

Modal spectrum of the surface amplitude due to imprint from a 1-THzyy
2-D SSD smoothed laser for the NIF and OMEGA designs at the start of the
acceleration phase.
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when this phase begins is roughly proportional to the shell
thickness. Thecuspsintheimprint spectrumwill consequently
occur for wavelengths that are at a minimum when the accel-
eration phase begins. For the NIF design, the period of oscil-
lation isthreetimes that of the OMEGA design; however, the
accel eration phase begins approximately threetimeslater than
the OMEGA design, so the cusps occur at the same part of the
¢-mode spectrum for both designs. Scaling arguments can be
invoked to determine the relation between imprint levels on
OMEGA and NIF targets. Since the laser energy deposited at
the critical surface is thermally conducted to the ablation
surface, significant reductionsin the level of imprint-induced
nonuniformities can be obtained by thermal smoothing over
this stand-off distance. Dimensional considerations suggest
that imprint levelsshould vary askD. (wherek isthe perturba-
tion wave number and D, is the distance between the energy
absorption regionandtheablation surface). Imprint essentially
ends when the laser decouples from the target, i.e., when kD,
~1; therefore, alonger wavelength should imprint lessthan a
shorter wavelength. A given ¢ mode on OMEGA has awave-
length that is approximately one-third of the same ¢/ mode on
the NIF direct-drive target. Thus a single beam on OMEGA
will imprint one-third as much as on the NIF for the same ¢
mode. However, since NIF has approximately four times the
number of overlapped beams, imprint for OMEGA designwill
be two-thirds that of the NIF design.

Next, we study the evolution of the shell during the accel-
eration phase of the implosion. The OMEGA designs have an
overdense shell thickness that is approximately one-third the
NIF-shell thickness, wherethe shell thicknessisdefined asthe
distance between the 1/e points of the maximum density. If the
two designs have the same initia seed and RT e-foldings
during the acceleration phase, the OMEGA design’s mix-
width region will be a greater percentage of the overdense
shell. Figure 82.6 shows the results of an instability post-

processor to 1-D hydrocode LILAC simulations. This post-
processor uses a self-consistent model® to study the evolution
of perturbationsat the ablation front and the back surface of an
accelerated spherical shell. The model includes the ablative
Richtmyer—Meshkov (RM),6 RT, and Bell-Plesset (BP) insta-
bilities, and 3-D Haan saturation.” The model consists of two
differential equations (describing the ablation- and inner-
surface perturbations) obtained by solving the linearized con-
servation equations in the DT gas, the shell, and the blowoff
plasma regions. The seeds for the nonuniformity processor
were (1) theimprint caused by 1-THz;,, 2-D SSD; (2) an outer
capsuleroughnessof 840 A (inan /-mode spectrumtaken from
Weber8); and (3) an inner-ice-surface roughness of 2 um[with
a spectrum of the form o ~ /715 (Ref. 9)]. Figure 82.6 shows
theoverdenseshell thicknessandthemix widthfor theNIFand
OMEGA designs. Both designssurvivetheaccel eration phase,
i.e., themix widthislessthantheshell width; however, theNIF
mix width is approximately 30% of the overdense shell,
whereasthe OMEGA design’s mix width isamost 90% of the
shell thickness. Thus the OMEGA design has a lower safety
factor for survival through the acceleration phasethanthea =3
NIF design for agiven level of laser and target nonuniformity.

During the implosion the outer-surface perturbation feeds
through to the inner surface, which can then grow viathe RT
instability during the deceleration phase. The feedthrough for
agiven ¢ mode scales approximately as kD, where D isthe
overdenseshell thickness. Sincetheincreasein shell thickness
for the NIF target is compensated for by the smaller wave-
length for the same ¢ mode, the NIF and OMEGA designsare
predicted to have similar amounts of feedthrough. Figure 82.7
showsthe mode spectrum at theinner surface of the DT icefor
both designs at the onset of the deceleration phase. The mode
spectrum is heavily weighted toward the low ¢ mode of the
spectrum, with most of the power contained below ¢ ~ 20. The
higher level of imprintintheNIF design comparedto OMEGA

OMEGA
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Thickness (um)

Figure 82.6

The overdense shell thickness and mix width for
the NIF design and the OMEGA design during the
acceleration phase. In both cases the overdense
shell thicknessislarger than the mix width, which
impliesthat both designswill survivethe accelera-
tion phase.
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hasledto ahigher amount of feedthrough in therangeat which
imprint dominates (10 < ¢ < 100). For low ¢ modes (¢ < 10),
wheretheeffect of theinner ice surfaceis dominant, the mode
amplitudes are comparablein both cases. Theinstability post-
processor cannot self-consistently determine the degradation
in target yield for a given initial nonuniformity level. We
therefore use a limited number of ORCHID simulations to
determine the effect of these levels of inner-ice distortions at
the start of the deceleration phase (predicted by the instability
postprocessor) on the overall target performance.

101|||||||||||||||||||

100
101
102

rms (um)

10°3
104
10°

vl Gl vl vl vl 3

0 50 100 150 200

£ mode
TC5262

Figure 82.7
The mode spectrum of the NIF (solid line) and OMEGA (dashed line)
designs at the onset of the deceleration phase.

The ORCHID simulations are initialized at the start of the
laser pulsewith perturbationson therear inner icesurfaceonly
(the outer surface and laser are assumed to be perfect). Aswe
have seen above, most of the power on the rear surface at the
onset of deceleration isconcentrated inthelow-/-mode part of
the spectrum, sothe ORCHI D cal culations contain only modes
up to ¢ =50 (in contrast, the postprocessor calculations take
into account modes up to ¢ = 1000). Variousinitial spectra of
the form o ~¢ P were simulated to take into account the four
seed terms.? The ORCHID calculations simulate the implo-
sion through peak compression and burn. The spectra at the
start of the deceleration phase obtained from the ORCHID
simulations are compared to the spectra obtained from the
instability postprocessor. Thiscomparisonisusedtorelatethe
postprocessor analysis to the full 2-D ORCHID simulations
and obtain the yield for a given level of laser and target
nonuniformity. It has been shown previously® that the a = 3

NIF target gain can be written as afunction of &, where
52 = 2 2 .
0° =006 07 19+ 07510,

02 10 and 02, arethe rms nonuniformity of modes below
and above 10, respectively. Theinstability postprocessor gives
o at the onset of the deceleration phase for different initial
conditions (laser imprint and surface roughness.) By compar-
ing theamplitude and mode spectrumitispossibletorelatethe
reductionintarget performancefor agiveninitial nonuniformity.
For the a = 3 NIF design theinstability analysiswith aninitial
1 um of inner ice nonuniformity, 840-A outer surface rough-
ness, and 1-THzy,, 2-D SSD illumination, theresulting @ is
1.3 um.Aswehave already seen, the OMEGA designimprints
lessthat the NIF design. Power balance and inner-ice-surface
roughnessarelikely to besimilar for both laser configurations.
We use the same characterization of the nonuniformity in the
deceleration phase for the non-igniting OMEGA target to
obtain the neutron yield as afunction of . For the OMEGA
design the instability analysiswith the sameinitial conditions
asthe NIF capsuleleadsto a & of 0.9 um. Figure 82.8 shows
the normalized (to 1-D) yield asafunction of the deceleration
nonuniformity parameter . The OMEGA design hasalarger
reductioninyield for agivenlevel of G thanthe NIF design.
Thiscanbeattributed to the OM EGA design’ssmaller hot-spot
radius compared to that of the NIF design, which makes the
OMEGA hot spot more easily disrupted by the penetration of
cold spikes from the main fuel layer. For the same initial
conditions, however, the value of @ is different between the
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The yield, normalized to the 1-D result, as a function of &, the total
nonuniformity at the start of the deceleration phase.
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two designs. For the case outlined above, the NIF hasa & of
1.3 um, which leadsto areductionto 60% of 1-D yield (giving
again of 28), whereasthe OMEGA designhasa & of 0.9 um
for the same conditions, which leadsto ayield of 30% of 1-D.

Thisarticle has described the current target designs for the
soon-to-be-commissioned OMEGA Cryogenic Target Han-
dling System. These designsare energy scaled from thedirect-
drive ignition designs for the NIF with a mgor goa of
experimentally studying the various sources of nonuniformity
and their influence on target performance. The OMEGA and
the NIF designshave been shown to have similar 1-D behavior
and stability properties, which will facilitate the extrapolation
of the cryogenic target studieson OMEGA to NIF targets. The
smaller hot spot in the OMEGA design implies, however, that
OMEGA cryogenictargetswill be more sensitiveto instability
growth than the NIF direct-driveignition targets. Our stability
analyses are consistent with this observation and predict that
with1-THz,, 2-D SSD, and 1 ym of inner-ice-surfacerough-
ness we should obtain approximately 30% of the 1-D yield
from the OMEGA cryogenic targets. Using the same analysis
toolsand similar target and laser uniformity levels, we predict
that the a =3 direct-driveignition design will giveagain of 28
on the NIF, areduction to 60% of the 1-D yield.
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