Hollow-Shell Implosion Studies on the 60-Beam,
UV OMEGA Laser System

Direct-driveinertial confinement laser fusionisaccomplished
by uniformly illuminating spherical fuel-bearing targets with
high-power laser beams, ablatively driving implosions that
result in large increases in density and temperature. Current
large laser systems such as the University of Rochester’s
OMEGA laser, which is capable of both direct- and indirect-
drive implosion experiments,12 and the Lawrence Livermore
National Laboratory’s Nova laser,34 which is designed pri-
marily for indirect-drive implosions, are smaller in size and
total output energy than what is believed necessary to obtain
ignition and gain. Attaining conditions for ignition to occur
(densities of ~200 g/cm? and temperatures of ~3 to 4 keV)
awaits the completion of the National Ignition Facility® (NIF)
and other megajoule-classdrivers currently being planned. In
addition to the high temperatures and densities, ignition re-
quiresfuel areal densities(density—radiusproduct) =0.3g/cm?
to stop the 3.5-MeV alphaparticlesin order to obtain thermo-
nuclear burn propagation.6’ To reach these conditions in
direct-drive implosions requires controlling the growth of the
Rayleigh-Taylor (RT) instability, which is seeded by
nonuniformities in the laser illumination. The RT instability
can lead to shell breakup and mixing of shell material into the
gas-fill or central voided region in the case of evacuated
targets. We are currently studying the attainment of near-
ignition-scale areal densities on OMEGA and the effects of
beam smoothing and pul se shaping thereon, by using surrogate
cryogenic targets where the shell acts as the fuel layer. These
will befollowed by actual cryogenic (DD or DT) targets, when
the cryogenic target—handling facility is completed.

Previously reported direct-drive OMEGA experiments
havedemonstrated theability to achievehighrelativetempera-
tures® (KT, ~3 to 4 keV, KT; ~14 keV) attaining DT neutron
yields of >1014. Additionally, the acceleration- and decelera-
tion-phasetarget stability has been studied in spherical implo-
sions using thin polymer layers containing various high-Z
elements, suchasTi, Cl, and Si, with D, fillscontainingasmall
Ar component.®
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In the present experiments, we have studied the stagnation
phase (maximum density and temperature conditions) of the
implosionsdesigned to attain high areal densities(=0.1g/cm?d)
using both x-ray and neutron spectroscopic techniques. The
targets consist of both deuterated and undeuterated polymer
shells with either zero-pressure (evacuated) or |ow-pressure
(3-atm) D, or D3Hefills. The zero-pressure- or low-pressure-
fill targetsare“ surrogates’ for cryogenictargetssinceinactual
cryogenictargetsthegaspressurewill beat or below thetriple-
point vapor pressure of D, or DT gas (0.2 atm at 20 K).10 An
equivalent particle density is obtained for a pressure of 3 atm
at room temperature (300 K). The hydrodynamics of the
central gas-filled region of a 3-atm-filled target will therefore
be the same as an actual cryogenic target at the triple point.
Conversely, the shell of the surrogate cryogenic target is not
expected to evolve the same but will have a different in-flight
aspect ratio (mean radius/thickness) and convergence ratio
(initial radius/final radius). Also, the RT growth in a CH shell
will belarger than for aDT shell because the reduced ablation
velocity leads to a lesser ablative stabilization. Nevertheless,
high areal densities (=0.1 g/lcm?), high convergence ratios
(>20), and moderately high central temperatures (=2 keV) can
be studied with a surrogate cryogenic target. The measure-
ments described in this work have revealed significant infor-
mation about theimplosion of surrogate cryogenic targets and
the effects of beam smoothing and pulse shaping thereon.

Experiments

The targets used for these experiments were manufactured
by General Atomics.1! Hollow spherical shellswere produced
by coating layers of deuterated plastic (CD) and then
undeuterated plastic (CH) over a depolymerizable spherical
mandrel. The coatings were accomplished by the method of
glow discharge plasma (GDP) polymerization. The CD-layer
thicknesses ranged from 5 to 10 um, while the CH-layer
thicknesses ranged from 10 to 30 um. Layer thicknesses were
measured to an accuracy of 0.5 um, and thetarget diameter was
measured to an accuracy of 1 um. In each casethetargetswere
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held in place in the target chamber using low-mass stalks
consisting of a short length of spider silk (~100 pm) that had
been previously overcoated with parylene to add mechanical
stability. The spider silksweregluedto boron fibers~20 umin
diameter, and the parylene-overcoated stalk end was attached
to thetarget with UV-curable epoxy. The UV epoxy glue spots
were the largest single mass perturbation introduced by the
stalks; thesespotsranged from 10to 30 ymindiameter. Targets
were either prepared and kept evacuated (<1073 Torr) or filled
with 3atm of D,, H,, or an equal molar mixture of D3He gases.

Three laser-irradiation conditions were used for these ex-
periments: (1) Coherent beam illumination (no beam smooth-
ing) wasused withthebeamsfocused soastonearly tangentially
illuminate the target at the beam edge. (2) Each beam was
modified using adistributed phase plate (DPP)2 at best focus
(diffraction minimum spot ~0.95 mm). (3) Beamswith DPP's
were smoothed using SSD13 along two axes (2-D SSD)12
withfrequenciesof 3.5and 3.0 GHz and bandwidthsof 1.7 and
1.2 A (0.25-THz bandwidth). The estimated illumination uni-
formity for 60 overlapping OMEGA beams (0, for /-modes
1t0500) was~15% for the coherent beam illumination, ~20%
for DPP-only illumination, and ~2.5% for the DPP+SSD
illumination. All values quoted are cal culated from the ideal -
ized effect on the beam distribution and averaged over the
length of the pulse. Whilethe distributed phase plates produce
asmooth envel opeto thebeam, they alsointroduce small-scale
laser speckle, hencethe larger value of o,,,s for the DPP-only
illumination. Although the value of oy, for the DPP+SSD
illumination is lower than the other cases, two additional
effects not accounted for by thistime-averaged quantity must
be considered: (1) Beam balance at current levels (~7% rms
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beam-to-beam energy variation) would produce an on-target
illumination nonuniformity of ~2.5% rms even with perfectly
smooth beams, with most of that contribution in modes 1
through 5. (2) The smoothing time of the present level of SSD
may not befast enoughto avoidimprinting laser-beam speckle
onto the target.

Thethree pul seshapesused intheseexperiments(Fig. 78.23)
were the 1-ns sguare pulse shape, the 1:6 ratio foot-to-main-
pulse shape (also known as PS26), and the 1:40 ratio pulse
shapeknown as a = 3. Examples of the actual pulse shapesare
shown along with the design shape. Good pul se-shape repeat-
ability wasobtained. The purpose of varying the pulse shapein
these experimentsis to investigate target performance versus
pulse shape. Ideally a gradually rising intensity, if properly
designed, will produce afinal target compression greater than
asharply rising pulse. Figures 78.24(a) and 78.24(b) show the
calculated primary neutron yield (D-D) and the fuel and shell
areal densitiesasafunction of timefor thethreedifferent pulse
shapes. All simulations (accomplished with the hydrodynam-
ics code LILAC as described in the next section) are for an
assumed total energy on target of 25 kJ, and in each case the
target was a0.95-mm-diam, 20-um-thick CH shell filled with
3 atm of D3He. For these conditionsit is clear that the highest
yield and compression are obtained for the highest-contrast
pulse shape. Thistrend also holds for the evacuated targets.

The two instruments used to obtain x-ray spectra of the
implosion cores were a Kirkpatrick-Baez-type (KB) micro-
scope outfitted with adiffraction grating!® and acrystal spec-
trometer outfitted with an imaging slit.1> The KB microscope
has Ir-coated mirrors and a sensitive energy band from ~2 to
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Figure 78.23

Thethree pul se shapes used in these experiments: (a) the 1-nssquare pul se, (b) PS26, a1:6 ratio foot-to-main pul se shape, and (¢) a =3, a1:40ratio pulse shape.
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8 keV. The absolute response of the microscope was deter-
mined bothinthelaboratory and in situ. Figure 78.25(a) shows
atypical grating-dispersedimage of animploded hollow-shell
target. The bright central peak isthe overexposed image of the
core (zeroth-order image), while the indicated lines are dif-
fracted images of the core (£first-order images). The spectrum
of the core emission, after correction for instrument response,
isshowninFig. 78.25(b) alongwithamodel fit to the spectrum
(thermal bremsstrahlung with absorption). (The details of this
analysis will be described in the next section.) The crystal
spectrometer consisted of animaging slitin front of adiffrac-
tioncrystal viewingthetarget. Diffracted x rayswererecorded
with DEFfilm aswerethespectrally dispersedimagesfromthe

KB microscope. The emission from the implosion core was
separated from thetotal flux by the narrow size of theimaging
dlit (~100 um). The spectrometer wasset to view aregion of the
spectrum from ~4 to 6 keV containing continuum emission
from the targets. This was compared to the KB microscope—
derived spectra on certain shots. A limited number of shots
were taken with targets containing a Ti-doped layer, and in
such cases the observed jump in the spectrum at the Ti K edge
was used to infer the shell areal density.1®

Primary neutron yield (D-D neutrons) was measured with
an array of cross-calibrated scintillator detectors. Secondary
neutron yield was measured with an 824 detector array of
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Simulations of the (a) D-D neutron-generation rate and (b) the fuel and shell
areal densitiesasfunctionsof timefor thethree pul seshapes. Thetargetswere
all assumed to be 20-um-thick CH shells, filled with 3 atm of D3He, imploded
by atotal energy of 25 kJ.

Grating-dispersed KB microscope image of OMEGA shot 9130 (see
Table 78.1V): (a) the zeroth-order image with £first-order diffracted images
of the core (indicated), and (b) the core spectrum after correction for instru-
ment response, along with 1-D (LILAC) simulations of the same.
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scintillators, each of which recordsthe neutron arrival timeto
an accuracy of ~0.5 ns, which translates into an accuracy in
energy of ~0.5 MeV. This instrument, called MEDUSA
(Multi-Element Detector Using a Scintillator Array),16 allows
for the determination of the much smaller secondary neutron
yield (D-T neutrons) due to their earlier arrival time at the
detector. Figure 78.26 shows an example spectrum from
MEDUSA on a 20-um-thick CD/CH shell imploded with a
1-nssquare pul seand coherent beamillumination. Thesecond-
ary neutron yield is clearly seen, appearing as the broad peak
between 12 and 17 MeV. The integral of this peak is propor-
tional to the secondary yield.
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Figure 78.26

Example of the neutron spectrum emitted by a CD target as determined by
MEDUSA. Theneutronswith energiesfrom12to 17 MeV arefromDT fusion
reactions generated by primary-fusion-product (secondary) tritons fusing
with primary deuterons.

Results

Several combinations of shell thicknesses (CD/CH and CH
only), fill gases, and pulse shapes were investigated. We
present here arepresentative set from which x-ray and neutron
spectral information was obtained. Table 78.1V isa sample of
thetarget shot conditionsand experimental ly measured val ues.
The conditions for each shot, illumination type, energy, D-D
yield, D-T yield (where measured), kT, and pR, along with
LILAC predictions of these quantities, are grouped by type of
pulse shape. The implosions were simulated with the one-
dimensional hydrocode LILAC, which usestabulated equation
of state (SESAME),1’ flux-limited electron transport, and
multi-group radiation transport using local thermodynamic
equilibrium (LTE) opacities, 18 and inverse-bremsstrahlung-
absorption energy deposition through a ray-tracing algorithm
in the underdense plasma. A flux limiter of f = 0.06 with a
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sharp cutoff was used. The primary fusion reaction products
were transported using a multi-angle straight-line method,
which also includes the production of neutrons from the
secondary D-T reactions. The detailed space-resolved x-ray
spectra generated for comparison with the observations were
calculated with a postprocessor.

Asshown in previous works, 1419 the x-ray spectrum emit-
ted by an undoped polymer shell can, to agood approximation,
be represented by

Iy = lhot e E/KThg e_<“(E)pR>sheu , 1)

where 1,4 is the intensity of the thermal bremsstrahlung
emission from the core region, which has a characteristic
temperature KT,:. Absorption will occur in the shell asx rays
exit the core through the surrounding colder shell whose
optical depth 7 = (u (E) pR), where u(E) isthe energy-depen-
dent mass absorption coefficient and pR is the areal density
(the brackets indicate an average over the shell). To a good
approximation u is given by

u=19 ><1O3%g(p, KT) (cmz/g), 2

whereEisinkeV and g < 1. Using thisapproximation, alower
limit on pR4,g Can be determined by fitting the observed
spectrum to | with the optical depth given by

r :1.9x103%, 3)

where pRqistheareal density of the cold shell material and,
therefore, a lower limit on the total PRy, Both pR. 4 and
the average el ectron temperature kT, are determined by fitting
Eq. (1) to the observed spectrum.

The combined measurements of the primary neutron yield
from the D-D reaction and the secondary neutron yield from

the D-T reaction allow usto estimate the areal density of the
deuterium-bearing shell material pR-p using the following:

PRep = %D—D/Mxlo 20 (g/em?), (4)

where we have used the results of Azechi, Cable, and Stapf2°
scaled to CD (which has a 6:1 ratio of carbon to deuterium
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mass) and we have taken the maximum calculated ratio as a
function of temperature as the limit given above. Since the
range of the primary 1-MeV tritons may be smaller than the
total areal density of the CD layer pRcp and since pRqp is
lessthan thetotal pRy,q |, thisvalue again placesalower limit

on PRy -

Figure 78.27 shows the measurements of kT, and LILAC
predictions of these valuesfor the voided targetsimploded by
1-nssquare pulses. (The values obtained from simulations are
averaged over the stagnation, asisthe casefor all comparisons
to measurements that follow. The simulated x-ray measure-
ments are weighted by emitted x-ray intensity, whereas the
simulated neutron measurements are values averaged over
the time of neutron emission.) The measured values of KTg
show little discernible difference for the three illumination
conditions. (Notethat slightly lessenergy wasused toimplode
the targets with DPP+SSD illumination.) The thinnest-shell

targets have measured KT, values that are slightly lower than
the predicted values.

Figure 78.28 showsthe measured values of pR.yq fromthe
x-ray spectrafor 1-ns-square-pulseillumination. Herewehave
included both the voided CD/CH shells and the 3-atm-filled
CH shells. The higher measured values of pR.yq for the
thicker-shell targets are evident, following the trend of the
simulations, which is expected since the implosion cores of
thicker targets reach alower temperature. (Therefore the shell
material is less stripped and can more heavily absorb the
continuum emission from the core.) The significantly lower
values of pR.yq for the DPP-only cases are also noticeable.
This difference is largest for the 3-atm-filled CH targets
pointing to the gas—shell interface as a source of disruption to
the symmetry of the implosion. The differences between
DPP+SSD and DPP-only illumination for gas-filled targets
are further apparent when one compares their spectra

Table 78.1V: Measured and simulated values for a representative sample of voided CD/CH target experiments. The numbered columns contain
the following: (1) pulse type, (2) beam-smoothing condition, (3) shell thickness, (4) energy on target, (5) the measured D-D neutron yield
[Y,, (D-D)], (6) error of measurement of Y,, (D-D), (7) the measured D-T neutron yield [Y, (D-T)], (8) error of measured Y,, (D-T), (9) the CD layer
areal density pRcp determined from Eq. (4), (10) error of pRcp value, (11) LILAC-predicted value of Y, (D-D), (12) YOC (D-D), the ratio of the
measured-to-predicted values of Y,, (D-D), (13) LILAC-predicted value of Y,, (D-T), (14) LILAC-predicted value of pRcp, (15) LILAC- predicted

1 2 3 4 5 7 8 9 10 11 12

Shot Pulse Illumination CD+CH | Energy | Y,(D-D) | Ya(D-D) | Ya(D-T) | Ys(D-T) PRMED PRMED Y,(D-D) YOC

Type Condition (um) (kJ) error error (mg/cmz) error 1-D (D-D)

(mg/cmz)

7817 | 1-nssq Coherent 31.8 26.2 2.3(8) 6.7(6) 4.9(8) 0.47
9130 | 1-nssq Coherent 394 | 28.4 7.4(7) | 2.5(6) 1.1(8) 0.66
9266 | 1-nssq Coherent 25.6 | 29.2 5.4(8) | 7.0(6) 6.1 (9 |0.09
9267 | 1-nssq Coherent 34.4 | 30.2 1.6(8) | 3.7(6) 5.2(8) 0.31
14010 | 1-nssq | DPP'sonly 21.2 | 28.0 1.4(9) | 3.2(7) | 4.1(6) | 2.6(5) 69.0 4.8 1.7(10) | 0.08
14012 | 1-nssq | DPP'sonly 31.0 | 27.2 2.5(8) | 1.4(7) | 5.0(5) | 8.6(4) 45.4 8.3 5.9(8) 0.43
11561 | 1-nssq | DPP's+SSD 19.9 | 27.3 2.6(9) | 2.0(8) | 7.3(6) | 3.7(5) 64.9 6.1 1.8(10) | 0.15
11562 | 1-nssq | DPP's+SSD 30.9 | 28.3 2.5(8) | 6.4(7) | 4.6(5) | 8.3(4) 42.2 13.2 5.7(8) 0.44
11576 | 1-nssq | DPP's+SSD 38.9 | 27.7 1.4(8) | 1.6(6) | 1.8(5) | 5.1(4) 30.1 8.7 6.7(7) 2.03
12538 | 1-nssq | DPP's+SSD 21.1 | 24.0 1.4(9) | 5.5(7) | 6.0(6) | 3.3(5) | 102.3 7.0 5.9(9) 0.23
12548 a=3 | DPP's+SSD 21.1 | 20.6 1.7(8) | 2.6(6) | 7.2(4) | 3.2(4) 9.7 4.4 8.6(9) 0.02
12549 a=3 | DPP's+SSD 26.9 | 21.2 1.1(8) | 2.0(6) | 5.7(4) | 2.9(4) 12.5 6.3 1.3(9) 0.08
12551 a=3 | DPP's+SSD 30.8 | 21.0 4.4(7) | 1.3(6) | 2.8(4) | 2.0(4) 15.0 10.6 3.8(8) 0.12
12562 PS26 | DPP's+SSD 21.3 19.6 7.8(7) | 1.3(7) | 1.1(5) | 4.1(9) 34.4 13.5 1.0(10) | 0.01
12563 PS26 | DPP's+SSD 26.9 19.8 6.5(7) | 1.2(7) | 1.4(5) | 4.5(4) 50.9 18.6 3.0(9) 0.02
12567 PS26 | DPP's+SSD 30.7 | 20.0 7.8(7) | 1.3(7) | 2.9(5) | 6.4(4) 85.6 24.0 1.7(9) 0.05
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value of pR4e averaged over the time of neutron production, (16) LILAC-predicted value of the ion temperature (kT;) averaged over the time
of neutron production, (17) the x-ray-spectrum determined electron temperature (kT,), (18) error of (kTe), (19) the LILAC- predicted value of
the kT, as would be determined from the x-ray spectrum, (20) the x-ray spectrum determined cold shell density (0Rqg), (21) error of pRgg(gs
(22) the LILAC-predicted value of pR.g g, (23) the inferred shell area density (0Rqhq), @nd (24) error of experimentally determined value of
PRehail- [*Numbersin () indicate the power of 10; i.e., 2.3(8) = 2.3 x 108].

13 14 15 16 17 18 19 20 21 22 23 24
Ya(DT) | PRyEp <pR>p, <kTi>n | KTg(KB) [ KTe KTe PRcold PRcold PRcold PRspell PRghell

1-D 1-D 1-D 1-D (keV) error 1-D (KB) error 1-D (KB) error

(mg/em2) | (mg/cm?) (keV) (keV) (keV) | (mg/ecm?) | (mg/em?) | (mg/em2) | (mg/em?) | (mg/cm?)

1.3(6) 199 0.67 0.64 0.05 0.78 31 6 67 93 18
2.3(5) 170 0.58 0.68 0.05 0.65 61 7 74 140 16
2.6(7) 268 1.083 0.76 0.05 1.083 26 5 76 92 18
1.3(7) 196 0.68 0.71 0.05 0.72 38 6 74 100 16
9.0(7) 127.3 320 1.19 1.02 0.03 1.19 8 1 89 29 4
1.5(6) 58.6 196 0.68 0.94 0.03 0.73 22 1 69 63 3
9.7(7) 128.6 312 1.22 1.04 0.03 1.30 13 1 58 71 5
1.4(6) 59.1 201 0.68 0.74 0.04 0.73 27 3 70 78 9
1.3(5) 43.5 165 0.54 0.62 0.03 0.60 52 7 76 113 15
2.4(7) 96.2 329 1.02 1.03 0.05 1.16 16 3 38 139 22
4.3(7) 117.4 323 1.11 0.81 0.07 1.19 0 3 111 0
4.0(6) 72.9 254 0.75 0.72 0.04 0.85 16 2 91 45 6
9.3(5) 56.9 224 0.61 0.72 0.05 0.66 22 3 92 54 7
5.4(7) 123.1 346 1.25 1.30 150
1.2(7) 95.1 338 0.88 0.86 0.09 0.89 29 4 179 54 7
6.6(6) 88.2 368 0.80 0.94 0.03 0.85 42 2 209 74 4
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[shown for two different shell thicknesses, 20 and 25 um, in
Figs. 78.29(a) and 78.29(b)]. The low-energy portions of the
spectra exhibit a marked difference indicative of lower com-
pression for the DPP-only cases, despite thefact that the high-
energy portionsof thespectraarenearly identical. Thisindicates
that conditions in the highest-temperature regions of the im-
plosion (i.e., the gas-filled cores and inner edge of the shell)
were unaffected by the different conditions obtained in the
shell. Additionally, differences between the three pul se shapes
are seen in the measured values of pR.yq (Fig. 78.30). The
shaped-pulse implosions have lower measured shell areal
densities than with a square pulse (see Fig. 78.28), with the
highest-contrast-pul se-shape implosions (a = 3) having the
lowest values. All DPP-only casesarelower than the compari-
son DPP+SSD cases.

The measured primary (D-D) neutron yields of the voided
CD/CH targetsfor all pulse shapesare shownin Fig. 78.31(a).
The ratios of the measured primary yield to the LILAC-
calculatedyield (normalizedyield) areshowninFig. 78.31(b).
Theprimary yieldsobtainedfromimplosionswith 1-ns-square-
pulse illumination follow afairly well-defined trend with the
highest yields obtained for the thinnest shells (highest calcu-
lated central temperatures and areal densities). Little differ-
ence is seen for the three uniformity conditions, indicative
of theinsensitivity of the shell/void interface to the illumina-
tion conditions employed. Lower absolute yields were ob-
tai nedfor theshaped-pul seimplosions[Fig. 78.31(a)]; although,
due to current OMEGA laser operation conditions, the maxi-
mum on-target energy is less for the shaped pulses (~21 kJ).
Nevertheless, lower normalized yields were obtained for the
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The measured and predicted core x-ray spectrafrom two DPP-only/DPP+SSD pairs of CH targets filled with 3 atm of D3He and imploded with 1-ns square
pulses: (a) a 20-um-thick pair and (b) a 25-um-thick pair. Note the agreement between KB-microscope- and crystal-spectrometer-determined spectrain (a).
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shaped pulses [Fig. 78.31(b)] with the lowest yield for the
PS26 pul se shape.

Figures 78.32(a) and 78.32(b) show the measured primary
and secondary neutron yields along with the LILAC-simulated
yields for the voided CD/CH shells imploded with the 1-ns-
pulse shape. Again the trend is to lower yields for thicker
shells, with the measured yieldsfor thicker shellscloser to the
simulated yields, indicating less disruption during implosion
for thethicker shells. Asdiscussed previously, alower limit on
PRahel 1S determined from the simultaneous measurements of
primary (D-D) and secondary (D-T) neutron yield. Fig-
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Figure 78.30

The measured values of pRco|q for 3-atm-filled CH targets from shots with
(a) 1-ns square, (b) PS26, and (c) a = 3 pulse illumination.
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ure 78.33 showsthe values so obtained for the voided CD/CH
shellsalongwith LILAC predictions of the measurements. The
thinner targets have both higher measured and predicted
PRahel vVl Ues, oppositeto thetrend seenin thex-ray measure-
ments, because of the larger range of tritons in the higher-
temperature conditions, expected and obtained, for the thinner
shells. Quitestrikingisthetrendtolower pRy,g for thethinner
shells imploded with shaped pulses, which is lowest for the
highest-contrast pulseshape (a = 3). Thisagainisindicative of
shell disruption for the shaped-pulse implosions (resulting in
lower apparent compression at the time of this measurement).
The trend is similar to that seen for pRg, Measurements
obtained from the x-ray spectra (Fig. 78.29). The observed
compressionislessfor the shaped-pul seimplosionsfrom both
sets of measurements.

The combined measurements of PRy from both the
X-ray spectraand the primary-to-secondary-yield ratio for the
voided targets are shown in Fig. 78.34. The dotted line and
arrows indicate the lower limit on pRy,y, obtained from the
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Figure 78.31

Measurements of the primary (D-D) neutron yield from voided CD/CH
shells for al three pulse shapes versus shell thickness: (a) the absolute
measured yield and (b) the normalized yield (measured/cal cul ated).
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Measurements of (a) primary (D-D) and (b) secondary (D-T) neutron yield
from voided CD/CH shells imploded with 1-ns square pul ses from the three
beam-uniformity cases versus shell thickness. LILAC predictions of the
measurements are also shown.
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combined measurements. The estimates of pRy,q; obtained
from Ti-doped shells as reported by Yaakobi and Marshall1®
arealso shown (thesevaluesarelower limitsaswell). Both sets
taken together indicate that PRy, in excess of ~60 mg/cm?
has been obtained in every case. Assuming that the ionization
state of the target is properly predicted by the hydrocode
simulations, an estimate of the full pRy,q can be determined
by correcting the x-ray measurements of pR 4 by the pre-
dicted ionization fraction. Values so determined are shownin
Fig. 78.35. The estimated x-ray—averaged pRq,g ranges from
~60 to 130 mg/cm?.

Conclusions

In conclusion, we have performed experiments on hollow-
shell (CD/CH and CH only), evacuated or low-pressure-filled
(3-atm) targets with the OMEGA laser system demonstrating
compression of theshell material (surrogate-cryogenicfuel) to
areal densities of ~60 to 130 mg/cmZ. The survey of various
implosion conditions (unsmoothed to smoothed beams; high-
intensity, short-pul se shapesto ramped-intensity, longer-pul se
shapes) has yielded information about the target performance
as a function of illumination (laser drive) relevant to cryo-
genic-target experiments to follow. Specifically for a 1-ns
square pulse and evacuated targets, the primary neutron yield
from the core is not greatly affected by the differences in
illumination uniformity at current levels; however, both the
illuminationuniformity andtheinitial shell thicknessaffect the
final shell areal density. The thicker-shell targets compressto
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Figure 78.33

The measured lower limits on pRghe Of the voided CD/CH shells from
MEDUSA measurementsversusshell thicknessfor the various casesof pulse
shape and beam uniformity. The values expected from LILAC simulations
are shown for comparison.

Figure 78.34

Combined upper-limit values on pRghe Of the voided CD/CH shells im-
ploded by 1-ns sguare pulses determined from both the x-ray and neutron
spectra. Additional measurements determined from Ti-doped targets are
shown to give consistent lower limits.
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Estimates of pRghe| for the voided CD/CH shells imploded by 1-ns square
pulses determined from the lower limits (pRco1g) given in Fig. 78.28. The
values are determined assuming the ionization fraction predicted by LILAC.

areal densities as high asthethinner shells(at least asinferred
by currently available techniques) despite the lower specific
energy applied to the target, which implies that they are less
affected by instabilities. All targets perform more poorly
(lower yield, less compression) when imploded by the longer,
shaped pul ses because they have higher levels of laser imprint
and lower ablative stabilization, which leads to large growth
rates; thus, shaped-pulse implosions place more stringent
reguirementson power balanceand initial target and illumina-
tionuniformity. For all pulseshapes, thegas-filledtargetshave
the most significant increase in measured shell areal density
when SSD is turned on (compared to DPP's only). This
demonstrates the benefit of SSD in reducing the added insta-
bilitiesthat occur at the gas—shell interface. It is expected that
as more-uniform illumination conditions are obtained, the
thinner targets will outperform the thicker targets. Thiswould
be evidenced in higher neutron yields and higher areal densi-
ties as measured by x-ray and neutron spectral diagnostics.
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