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Hydrodynamic simulations have shown that a picket pulse preceding the main target drive pulse in
a direct-drive inertial confinement fusion implosion can reduce both the ablation-interface
Rayleigh—Taylo{RT) seed and growth rate by increasing the adidtmtio of the plasma pressure

to the Fermi-degenerate pressuvehile maintaining the low adiabat in the inner-fuel layer for
optimal target compression and a minimal drive energy for ignition. Experiments with planar and
spherical targets have been carried out on the OMEGAR. Boehly, D. L. Brown, R. S. Craxton,

R. L. Keck, J. P. Knauer, J. H. Kelly, T. J. Kessler, S. A. Kumpan, S. J. Loucks, S. A. Letzring, F.
J. Marshall, R. L. McCrory, S. F. B. Morse, W. Seka, J. M. Soures, and C. P. Verdon, Opt. Commun.
133 495 (1997] laser system, showing that the RT growth of nonuniformities was reduced by
picket-pulse laser illumination. Adiabat shaping in spherical targets has been investigated with two
types of picket pulses—a “decaying shock wave” and a “relaxation” picket. Planar growth
measurements using a wide, intense picket to raise the adiabat of a CH foil showed that the growth
of short-wavelength perturbations was reduced, and even stabilized, by adjusting the intensity of the
picket. Planar imprint experiments showed the expected reduction of imprinting when a picket pulse
is used. The data show that the imprint level was reduced when a picket was added and for short
wavelengths was as effective as one-dimensi¢h@), 1.5 A smoothing by spectral dispersion. A
series of implosion experiments with a 130 ps wide picket pulse showed a clear improvement in the
performance of direct-drive implosions when the picket pulse was added to the drive pulse. Results
from relaxation-picket implosions show larger yields from fusion reactions when the picket drive
was used. These adiabat-shaping concepts make the likelihood of achieving ignition with
direct-drive implosions on the National Ignition Facil{ty. S. Hogaret al., Nucl. Fusion41, 567

(2001)] significantly more probable. @005 American Institute of Physics

[DOI: 10.1063/1.1882332

I. INTRODUCTION a, is the initial perturbation amplitudéhe seey v is the
growth rate, and\ is the wavelength of the perturbation.
A great deal of effort has gone into reducing the sesds
caused by illumination nonuniformitiggmprinting) and tar-
get imperfections. The effect of imprinting has been reduced
: 2.3 i by the number of beam-smoothing techniques, including dis-
mum ComPresSIonEny~ asiag ™~ The shell must be driven i vo phase plate®PPs, ™ polarization smoothingPS
on the lowest possible adiabat to minimize this energy. Th ith birefringent wedge& smoothing by spectral dispersion

performance of low-adiabat implosions is limited by hydro- (SSD,* and induced spatial incohereriéeThe effect of RT
dynamic !nstabllltles that tend to _dlsrupt the_ shell _d_urmg theinstability can also be reduced by lowering the RT growth
acceleration phase. The most important instability is th

Gate. Theoretical work that includes the effect of thermal
Rayleigh—Taylor (RT) (Refs. 4 and b instability that is ate eoretical work that includes the effect of therma

. . e transport shows that the RT-growth-rate dispersion formula
seeded by single-beam nonuniformities and surface rougr} b g P

or a DT target is gi
ness. The RT growth is reduced by mass ablation from theor a arget is given by

target surfac&;” characterized by the ablation velock. ] —3 5
Interface perturbations grow exponentiallp=age”) Yor = VAr(Lo, ¥)kg = Ar(Lo, »)kVaVio

during the “linear” phase of RT instability and reach a satu- = [1+Aq(Lg,v) KV,

ration phaséwhena~ \/10) where the growth continues at

a reduced rat&’ Here,a is the amplitude of the perturbation, WhereAq(Lo, ) is the Atwood numbefa function ofL, and
v), k is the perturbation spatial wave numbgiis the accel-

The minimum energy required for ignition of the im-
ploding capsule in inertial confinement fustois a strong
function of the fuel adiabat,g4 (the ratio of the shell pres-

sure to the Fermi-degenerate pressatethe time of maxi-
1.9

Paper BI2 3, Bull. Am. Phys. S0d9, 23 (2004. e_ration,LO_ is the _ablation—interface thi_ckneaiﬁa i_s the abla-
Pinvited speaker. tion velocity, V,, is the “blowoff” velocity, andv is the ther-
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can be used to shape the shell adiabat by creating a decaying
shock wave'*® This technique modifies the adiabat by
modifying the pressure inside the shell. The ablation pressure
" from the picket pulse creates a shock wave that raises the
o _§“’ pressure at the ablation surface and propagates into the shell.
& A rarefaction wave propagates toward the shock wave at the
15 end of the picket pulse. The shock-wave pressure then de-

cays after the rarefaction wave overtakes it, reducing the
pressure and lowering the adiabat for the inner sections of

the shell.
- / \ - The shell adiabat can also be shaped by propagating a
Tnner mass Ablated mass strong shock wave in a fluid where the density increases
6.1 Sehematic of a shell showi oed adiabat b o ab) from the ablation surface to the inner shéllThis density
Eerécl;é a(r:ldetr;\q:tilﬁnoeraszrfzmz. ?’pv:enghzzezpre;gi?)nl?s ?;ee;:(\gvrﬁgg tofetr?e gﬂglh ape is created by a low-intensity, n.arrow picket pulse tha.'t
that is not ablated. The adiabat is higher in the ablated material and therefo@AUSES the shell to decompress after it is turned off, shown in
reduces the RT growth of ablation-interface perturbations. Fig. 2(b). Shell decompression creates a density profile that
is low at the ablation interface and high in the inner shell.
The pulse shape needs to be timed so that the shock wave
mal transport indexVy, is equal toV, times the ratio of the from the drive pulse reaches the shell-gas interface at the
blowoff plasma density to the ablation-surface density. Thesame time as the rarefaction wave from the picket pulse.
ablation velocity, in turn, increases with the adiaban the The Laboratory for Laser EnergetidkLE) has done
ablation region a¥,> «®5 (Ref. 19. This is the compromise planar RT growth experimentg, planar imprint reduction,
that target designers face: loweriagreduces the minimum and spherical implosions with picket pulses. An analytical
energy required for ignition, but increases the effects of RTunderstanding of adiabat shaping with picket pulses has been
instability. This paper describes recent results using a shapesstablished’™° The results from these early experiments
adiabat that increases the ablation-surface adiabat whilend our analytical understanding of picket pulses are being
maintaining a low adiabat for the compressed fuel. used to improve direct-drive target performance.

II. ADIABAT SHAPING Ill. PLANAR EXPERIMENTS

The conflicting requirements of the lower-adiabat fuel at Acceleration interface perturbation growth due to the RT
the maximum compression and the higher-adiabat ablatio[hst

region can be achieved by shaping the adiabat inside thg ability has been routinely studied in planar targets. A non-
i I t t all the whole foil t I
shell. A schematic of a shaped shell adiabat is shown in Fi onverging, planar target allows the whole foil to be placed

%n a high adiabat to study how the adiabat affects the RT

1.’ where the shell s rep'resented as a region of constant d.e rowth. The mass-modulated accelerated foil was composed
sity and the adiabat varies from 1.5 to 4. The shaded regio f a 20um thick CH foil with perturbations imposed on the

s the po_rtlon of the shel_l that remains _at the end O_f th_eside irradiated by the lasét.The initial perturbations have
acceleration phase of the implosion. The inner-fuel region i

| . ) ; 1) a wavelength o\=60 um and amplitudea=0.25 um;
on a low adiabat, while the adiabat in the ablated mass i ) A=30um and a=0.125 and 0.25um; and (3) A

high. The first published work on adiabat shaping used the

bsorpti fl Wto i the adiabat at =20 um anda=0.05 and 0.25um. The perturbation ampli-
absorption of low-energy x raysto increase the adiabat at v ja5 gecreased with decreasing wavelength to ensure that
the ablation surface.

o L N the growth was measured in the lindar<A/10) phase of
A short, high-intensity picket pulse, as seen in Fig)2 the RT instability. The 0.2%um amplitude perturbation at
wavelengths of 3Qum and 20um was used to study the
@ ® stability of this perturbation for large picket intensities where
20 . . little or no growth was expected and the smaller amplitude
perturbation was below the detection threshold. These targets
were accelerated using ten laser beams overlapped with a
total peak intensity of 1.% 10 W/cn?. The use of DPPs,
/ , M PS, and SSD resulted in a laser-irradiation nonuniformity
0 1 2 3 Time (ns) relative to the intensity envelope &f1% over a 600um
Time (ns) diameter region defined by the 90% intensity contour. Two

. ) ulse shapes were used for the drive beams: first, a pulse
FIG. 2. Laser pulse shapes for a decaying-shock-wave picket and a reIavE2 P P

ation picket.(a) The decaying shock wave is created by the short picket athth a Gaussian riseota 2 nsconstant mtensnyreferred to

the beginning of the pulse shape. The adiabat is shaped as the shock wa@6 the drive pulseand, second, this same pulse with a
decays. Figuréb) shows the pulse shape for a relaxation-picket drive. The Gaussian picket placed 2 ns ahead of the time when the

low-intensity, narrow picket in front creates a spatial density profile that is y,: : ; ; ;
low at the ablation region and high inside the shell. The strong shock Wavdnve pulse reaches constant intensity, shown in F(g) 3

resulting from the high foot intensity then propagates through this densit)?rhe. ma?(imum (_jrive imer‘Sity WasldeSigned to be the same
profile shaping the shell adiabat. for irradiation with and without a picket.

Power (TW)
S
1
Laser power
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3 \.j“""“" 1 FIG. 4. Imprinting data for 12@m and 90um intensity perturbations. Data

with SSD off and no picket are plotted as solid diamonds. Data with SSD off
and with the picket are plotted as circles. Data for 1D, 1.5 A SSD without
the picket are shown as open squares.
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Noise level 2
SQuse eve,

Optical-depth modulation

001 | TR .
: i A AA ] CH shell and the hydrogenic layer causes a pressure gradient
0001 L yor o 100% picket to be established during the constant-intensity foot portion of
o 1 9 3 4 the laser illumination. The ablation surface is accelerated as a

Time (ns) result of the pressure gradient, and the laser imprint is am-
plified by the RT instability. A picket pulse mitigates the
FIG. 3. Planar RT growth experiments used the pulse shape shot@n in  pressure gradient and reduces the RT amplification of the

The 300 ps wide picket caused the foil to decompress, lowering the ablatior]-aser nonuniformities and thus reduces the RT seed from im-
interface density and raising the ablation velocity. The modulation in optical

depth is shown ir(b) for an imposed 2m wavelength perturbation. Plus  Printing for the target implosion. o _
signs represent data without a picket, solid circles represent data for a picket ~ Planar experiments were done to study imprint reduction

with an intensity of 50% of the drive, and open triangles represent data fofyith picket pulses for layered targets. The planar targets

a picket with an intensity of 100% of the drive. Dottédo picke}, solid - : i :
(50% picke}, and dashe00% picke} lines show 2D hydrodynamic simu- were constructed with a pm thick, solid-density CH layer

lations of the experiments. The noise level of the measurement is shown @&Nd @ 90um thick CH foam layer with a density of
the horizontal dashed line. 0.18 g/cni. This foil target acts as a surrogate for a section
of a cryogenic spherical target. Intensity perturbations with
wavelengths of 120, 90, 60, and 3@n using specifically
The calculated and measured amplitudes of the fundadesigned DPPs in a single beam were imposed on these pla-
mental Fourier mode of the optical-depth modulation for anar foils. Figures 4 and 5 show the experimental optical-
20 um wavelength perturbation are compared in Figp) 3or ~ depth-modulation amplitude for these perturbations. Data in
a drive pulse only, a picket 50% of the drive-pulse intensity,Figs. 4a) and 4b) show little reduction in the imprinting for
and a picket 100% of the drive intensity. The data with andong-wavelength perturbations when the picket pulse was
without the picket have been temporally shifted to match theused. There is no difference at 12t wavelength perturba-
start of the measured drive pulse. Multiple shots were per-
formed at each wavelength with the x-ray diagnostics using

different temporal windows covering the duration of the . (2) 60 um (b) 30 pm
drive pulse. A clear reduction in the 20n wavelength per- R
turbation growth rate is seen for the 50%81, data. Data for = i ‘0“ 1 I .0‘“

a picket with an intensity of 100% of drive pulse show that % Ky o 1 [ Re

the ablation velocity during the drive pulse is large enough to S 0lf g g0 L o* 000 g°
stabilize the RT growth at this wavelength. Two-dimensional Té E nB‘Po 1 ﬁ:n °
(2D) hydrodynamic simulations of the experiment are plotted < B

as a dotted linéno picke}, a solid line(50% pickej, and a

dashed line(100% npicket. The calculated optical-depth O e ws1s  Bs @
modulation agrees with the experimental data in all cases. Time (ns) Time (ns)
Both the experimental data and the 2D simulation of the & SSD off, no picket

optical depth for the 100% intensity picket pulse remain be- @ SSD on, no picket

low or close to the instrumental noise. O SSD off, picket

A picket pulse is also effective in reducing the imprint

; TP P ; ?%5(; FIG. 5. Imprinting data for 6Qum and 30um intensity perturbations. Data
seed for the RT InStablllty In cryogenic |mpI05|o urrent with SSD off and no picket are plotted as solid diamonds. Data with SSD off

cryogenic targets are thip~3-5 Mm) C"_' shells with @ 100 pq with the picket are plotted as circles. Data for 1D, 1.5 A SSD without
um layer of DT or D, ice. The density mismatch between the the picket are shown as open squares.
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FIG. 6. Pulse shapes used for decaying-shock-wave picket-pulse experi- (a) (b)

ments. The picket drive is shown as the solid curve and the no-picket drive

as the dotted curve. The targets used are shown as an inset. The shell thidkG. 7. DD fusion neutron yield from the decaying-shock-wave picket-pulse

ness in microns is noted by brackets and the gas pressure in atmospheresitplosions. The absolute yields are showr(@and the normalized yields

parentheses. in (b). The picket data are plotted as the solid squares, nonpicket data are
plotted as open diamonds, and 1 ns, square-pulse implosions are plotted as
open circles.

tions[Fig. 4(a)] with and without the picket. The data for a

90 um wavelength perturbatiofFig. 4(b)] and with the ) _ )
picket pulse lie between the data without the picket and witfh€ 27um thick shells is only 50%. Both the 3 atm,{Dlled
SSD off and SSD on. The shorter-wavelength perturbationgnd the’He—-Dy-filled, 33 um thick shells show an improved

show a greater effect on optical-depth modulation for thefusion yield by a factor of 2. The ratio of the measured
picket pulse[Figs. 5a) and Fb)]. primary neutron yield to the neutron yield predicted by the

Modulation in optical-depth data shows that the ampli-One-dimensionallD) hydrodynamics simulatiofusually re-
tude of the imprint with the picket is the same as that wherférred to as yield-over-cleaffOC)] is plotted in Fig. Tb)
SSD is on and there is no-picket pulse. The DPPs used t8nd shows that the 15 atm,filled, 33 um thick shell im-
impose the intensity perturbations are refractive optics, s@roves from 0.03 to 0.19. In all cases, the YOC can be seen
SSD will not affect the perturbation wavelength but will re- {0 improve significantly. The results from high-adiabat im-
duce the contrast and thus, the perturbation amplitude. Thelosions with 1 ns square drive pulses are also plotted in
picket is as effective as 1D, 1.5 A SSD at reducing the im-Figs. 1&) and 1b). The absolute fusion yield from the 1 ns
print for 60 um wavelength[Fig. 5@&] and 30um wave-  Square data is between welds me_asure_d wnhput the picket
length[Fig. 5(b)] perturbations. and with the picket pulse. A high-adiabat implosion will have

The temporal evolution of the optical-depth data shown® lower calculated yield, and therefore the YOC data for the
in Figs. 4 and 5 show that only the 36n wavelength per- 1_ns’- implosions are higher than either the nonpicket or
turbation has its RT growth rate reduced. This is not unexPicket YOCs. Measurements were made for both the DT and
pected. Previous planar growth experiments with picke?°He secondary reactions forflled targets and the Be
pulse$® have shown that the RT growth of long-wavelength Primary reaction in the BHe-filled targets. There is |nsuff|-_
perturbationg\ =60 um) is less affected by the picket pulse Cl€nt space to present these data, but in all cases, the yields
than the short-wavelength perturbatioias=30 and 20um). ~ Were higher for the picket pulse than for the nonpicket-pulse

This is a result of thé dependence of the ablation-velocity /lumination.
stabilization term in the dispersion formula for the RT  The OMEGA laser system was also used to study the
growth rate. effect of relaxation-picket target designs on imploding CH

shells. A relaxation-picket implosion uses a picket in front of
a drive pulse that has a high foot intensity. The picket is
separated from the drive pulse by a region of zero intensity

The OMEGA(Ref. 23 laser system imploded spherical during which time a rarefaction wave causes the shell to
targets with the pulse shapes shown in Fig. 6. The targetdecompress. These pulse shapes are shown in Fig. 8. The
used for these measurements are shown as the inset in Fig.ficket pulse had a full width at half maximum ef60 ps.

The shells were made of either 33 or @7 thick polystyrene  The targets shown schematically by the inset in Fig. 8 were
and filled with three gas-fill conditions: 15 atm of8 atm  designed for a total laser energy of 18 kJ. They are @70

of D,; and a mixture of 12 atm ofHe and 6 atm of B. The  diameter, 35um thick CH shells and are filled with 15 atm of
target diameters ranged from 901 to 928. D..

Results from the DD fusion neutron measurements for The measured experimental yields increased when a re-
three shots for each target and pulse shape are shown in Fidaxation (RX) picket pulse was used. The neutron yields
7(a) and 1b). For the 15 atm Dilled, 33 um thick shell  shown in Table | were taken for laser drives with and without
[Fig. 7(a)], there is a factor of 3 increase in the number gf D SSD and with and without a picket pulse. With either SSD
neutrons from the target irradiated with a picket pulse tharon or SSD off, the neutron yields were higher when a picket-
that from the target without a picket. The experiment waspulse drive was used. The yield increased by a factor of 2.5
optimized for the 33um thick shells; the improvement for with SSD off. The laser energyl7.3+0.2 kJ was very

IV. SPHERICAL EXPERIMENTS
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FIG. 8. Pulse shapes used for relaxation-picket-pulse experiments. The g Ab]:gi‘:l‘);ft"’m
picket drive is shown as a solid curve and the no-picket drive as a dashed g
curve. The targets used are shown in the inset. g 6
<
4
_ _ _ _ _ 2 T .
stable for these implosions, allowing for the direct compari- 0 . . .
son of measured yield data. The clean 1D hydrodynamics 0 20 40 60 80
simulation yield with and without the relaxation-picket pulse Mass (ug)

is also shown in Table I. The simulations show a 25% in- . I - .

. , FIG. 9. Shell adiabat shapes for the relaxation-picket drive implosions plot-
crease from & 10" to 5x 10'° when the relaxation-picket- ieq as a function of Lagrangian mass. Shapes for the start of the acceleration
pulse shape is used. are shown in@) and those for the peak of the acceleration are showh)in

One-dimensional hydrodynamic simulatiéheere used The_ nonpicket drive is shqwn as a dashed curve while the picket drive
to calculate the adiabat shapes shown in Fig. 9 at the start 8f°flles are shown as a solid curve.
acceleration and at peak acceleratibh. AC simulations in-
dicate that RX adiabat shaping in CH is effective throughout
the acceleration phase. The adiabat without a picket pulse is
illustrated as the “flat” case. At the start of shell accelerationfrom the ablation interface to the inner shell surface produces
the adiabat is nearly constantat 2 when no-picket pulse is an adiabat that is high in the ablated material and low in the
used. The RX drive has an adiabatawf ~ 12 at the ablation compressed material.
interface and amv=2 for the inner shell layer. The shape of Planar experiments with picket pulses show a reduction
the adiabat is still steeper for the RX drive at the time ofin RT growth and imprinting, and spherical experiments with
peak acceleration, thus maintaining the effect of a high adiapicket pulses show increased fusion yields when a picket
bat at the ablation interface while keeping a low=2) adia-  pulse is used. With a picket-pulse intensity equal to 50% of
bat in the shell’s interior. the drive-pulse intensity, the RT growth was reduced for a 20
um wavelength surface perturbation and no significant RT
growth was measured for a picket intensity equal to 100% of
the drive pulse. Imprint experiments demonstrated that
Picket pulses coupled to a low-adiabat drive pulse repicket pulses were as effective as 1D, 1.5 A SSD at the
duce both imprinting and perturbation growth. Adiabat shap+eduction of imprint for both 6@um and 30um wavelength
ing has the potential to improve target stability without sig- perturbations. Spherical target experiments were done with
nificantly increasing the energy needed for compression angicket pulses that generate a decaying shock wave and a
ignition. The ablation surface has a high adiabat to increaseelaxed density profile. The yields of fusion products are
the ablation velocity and therefore reduce the RT growthimproved both in terms of the absolute value and in terms of
This is done while maintaining the inner portions of the shellthe comparison to 1D hydrodynamic simulation output for
on a low adiabat so that the energy needed to compress thiee decaying-shock-wave picket and the absolute yield in-
core is minimized. The adiabat can be shaped either bgreased with SSD on and SSD off when the relaxation picket
launching a decaying shock wave that has a high pressure afas used.
the ablation surface and a low pressure at the inner shell Results with warm CH targets and calculations with
surface, or by using a picket pulse to produce a spatial dereryogenic targets indicate that picket pulses can be used for
sity distribution so that a strong shock wave propagating\NIF direct-drive implosions. Either the decaying-shock-wave

V. CONCLUSIONS

TABLE I. Measured experimental yields increase when a relaxation picket is used.

SSD off yield (x10°) SSD on yield(x10°) Clean 1D yield(x 10")
Picket 5.6+0.2 6.8+0.2 5.2+0.5
No picket 2.2x0.1 5.5+0.5 4.0+0.2
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