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Saturation of Laser Imprint on Ablatively Driven Plastic Targets
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The imprinting of areal density perturbations on thick planar plastic targets has been studied
numerically and analytically. Simulations predict that the target modulation saturates while still in
a small-amplitude regime. General scaling laws relating saturation times and amplitudes to mean
laser drive and wavelength, and perturbation amplitude and wavelength, are summarized from the
simulations. A linear gasdynamic model is used to study the physical mechanisms responsible
for the saturation, and provides strong evidence that mass ablation is the dominant stabilizing
influence. [S0031-9007(97)03946-X]

PACS numbers: 52.40.Nk, 52.35.Py

When a laser-driven inertial confinement fusion (ICF)followed by small amplitude saturation and subsequent
pellet is imploded, the ablative Rayleigh-Taylor Instability decay. This is a clear indication that some stabilizing
(RTI) [1] produces exponential growth of any initial mass process is at work.
perturbations on the pellet. The seed for the ablative RTI Both the early-time growth and the saturation of the
is provided by limitations in target fabrication, and by theareal mass perturbation amplituden in a laser-driven
imprint [2—4] of inevitable spatial nonuniformities in the target have been observed numerically, in isolated in-
laser beams. |If the laser has been optically smoothedtances [7], but there were no general scaling rules, and
then the imprint can be very small, but it can never behe saturation was not understood. In this Letter we
completely eliminated and is generally larger than targepresent scalings for imprint from numerical simulations,
nonuniformities resulting from the manufacturing processand a plausible model to explain the obsendd satu-
This means that imprint is the dominant seed of the RTl irration. The scalings apply over a wide range of condi-
direct-drive ICF, and so understanding and control of thdions relevant to the direct-drive laser-fusion problem, and
process is of paramount importance. During the majorityagree for the most part with those predicted by a linear
of a laser-driven implosion the laser absorption region isanalytical model similar to that describing the classical
radially farther out than the high-density ablation surfaceRMI [8]. Moreover, by means of comparison between
and so the driving pressure nonuniformities are rapidljthe numerical and analytical results, we demonstrate for
smoothed out by thermal conduction [5]. However, in thethe first time that the small-amplitude saturationsof is
very early part of the laser pulse the plasma corona is thirgrimarily due to mass ablation, which removes perturbed
and nonuniformity of the laser beam has a larger effect omaterial from the unstable target surface. Although the
the target. Laser imprinting is thus primarily an impulsiveimportance of mass ablation for the RTI has been under-
effect whose duration is short compared to a shock transgitood for many years [9], this is the first evidence of its
time through the pellet shell. relevance to early-time RMI-like mass imprinting.

Thermal smoothing stops the lateealcelerationof the The simulations reported here use #esT code [10],
material, but does nothing to remove the lateralocity =~ which has previously proved effective at reproducing
perturbation field already in place. Thus a situationexperimental observations of imprinting [3]. The code
akin to the Richtmyer-Meshkov instability (RMI) [6] can includes: FCT advection; inverse bremsstrahlung laser
be expected, where the passage of a nonuniform sho@nergy deposition; Spitzer-Harm thermal conduction;
perturbs an interface, and subsequent linear amplificatiomariable Eddington multigroup radiation transport with
of these perturbations is due to the velocity field thereby5TA-NRL [11] opacities and tabulated Henke [12] opaci-
generated. However, a more complex phenomenon ies at low temperatures; and, a tabulated equation of state
observed in numerical simulations of laser imprinting. An(EOS). In all cases, simulations are of semi-infinitely
early period of growth of the target mass perturbations ishick, planar polystyrene (CH) targets irradiated with a
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laser beam modulated by a sinusoidal perturbation imf saturationAs,, also varies linearly with the same
a transverse ) direction. There are at least twenty quantity, whereas the saturation timg, is independent
grid points per modulation wavelength i and the of it. This is illustrated by Fig. 1(b), which is a typical
laser-direction axial X) grid was designed such that sample from our database. Thus, a reduction in the beam
éx = 0.2 um from 5 um in front of the ablation front nonuniformity generates a corresponding reduction in the

through the entire ablation front region in the target. target imprint in all cases.
The parameters that were independently varied in this From our database of more than 200 simulations, we
study for each of the relevant laser wavelengiis=  have generated a predictive saturation scaling law that

0.249, 0.35, and 0.53wm include: the mean laser intensity agrees with the observetin amplitude(Ag,;, umg/cm’)

I, from 1 X 10'2 to 9 X 103 W/cn?; the laser spatial and time (t,, NS saturation values to an accuracy of
perturbation amplitudé//1 from 0.5 to 10.0%; and, per- better than~20% on average for both,, andAs,,. These
turbation wavelengthg; typical of laser speckle scales, are
from 7.5 to 60um. Following an initial 250 ps linear o= 0.06A1 38 )
ramp from3 X 10° W/cn? to I,, the irradiance is held sat s S0

constant in_ time_. I_:or a given run, bofii/I and A, are At = 0_052/\{11;;;2){{351/1, )
also held fixed in time. The scalings reported here con- ‘

firm many of those obtained with the hydrocoeleLLux ~ With

[13,14]. The temporal scalings are also observed in ISI fi = anhs + aphp + apl, + ais,

simulations, where laser perturbation amplitudes fluctuate , )

statistically iny andt. The scalings are qualitatively in- Where the parameters in the scaling are as follows:

dependent of both the EOS and radiation transport detaiIQ,erturb""tion13 wavelength (A;, um); mean inten-
sity (I,, 10 W/cn?); laser wavelength (Az, um);

and are computationally robust. . . : ~
The extent of the laser imprinting is measured'™S perturbation amplitude!/1); and, with coefficients
13 = _0.067, a4 = 1.49, a1 = 0.004, ) = _0.94,

by the modulation in target areal densitgm(r) = B 1 B B

8[[¢ p(x,y,1)dx], wherep is the mass density ans{ ] aZ‘(‘j_ 0408, a3 = 0'%037' a|3|3 - _O'OZ]’ @34 T _1|'13’_

denotes the rms variation of the enclosed quantity. The @1d @11, @12, @3, anda; all zero. The scaling law is
a good fit, with errors exceeding 20% only for runs at

int x; is far to the interior of the target, ahead of th -
poInt x1 1S far nrerior © a9 ead o ethe high{,, long-A,, and shortA; edges of the parameter

shock front. The poink; is taken~12 um beyond the . . . ! )
critical surface so as to include all significantly modulated>P2ce: In these equationg, is defined as the time just
prior to saturation when the time derivative &fn is 0.1

plasma. The pressure perturbatioBB at the ablation . X . ; .
front are smoothed out by thermal conduction by abouPf itS maximum value, ands,. is Smat that time. This

¢ =500 ps. Long after that, the perturbation growth definition reduces the statistical variation introduced by
slows down untilsm saturates and subsequently decaystN€ Sonic waves in the solution. In all casésp fully

see Fig. 1(a). This imprint saturation is not caused bf(_:lturates, as can be seen by 'ghe reprfesentative curve,
the modulation entering a nonlinear regime, which isr9- 1(8)- The temporal saturation scaling, Eq. (1), is

characteristic for both the RTI and the RMI. Rather, itShOWn as a funCtiO&%ﬂS, and I, in Fig. 2. Iqe Isat
dependence or,, I,3/3, is approximatelyP /2. A

is a linear, small-amplitude phenomenon. For all time . X .

through “saturation,sm(z) « 51/I while the time scale balance between the differences in mass ablation and

is independent oB1/1. Therefore, the final amplitude thermal smoothing accounts for the lack of laser wave-
length variation in Eq. (1). Figure 3 shows the scaling of
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FIG. 1. Target areal density modulatiomym, for I, =

3 X 102 W/cen?, A, = 30 um andA;, = 0.249 um. (a)dm  FIG. 2. Temporaldm saturation (ns) variation as functions
(umg/cnm?) as a function of time, for rm$1/1 = 0.05; (b)  of I, (10" W/cn?) and A, (um), for rms 81/ = 0.01. (a)

dm maximum as a function of rm$17/I. Saturation time Contour plot of Eq. (1); (b) Eq. (1) fon, = 30 um. For

e N Ns (solid line, symbols) is independent 6f/7, and  (b), simulation datapoints overlay the Eq. (1) scaling curves
saturation amplitudet,,, in umg/cm® (dashed line and open for: 0.249um (crosses); 0.3mm (circles); and, 0.5%m
symbols) varies directly a81/1. (diamonds)A,.
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FIG. 3. Amplitude §m saturation fmg/cn¥) variation as 0
functions ofl, (10'* W/cn?) andA, (um), for A, = 0.35 um. 0 t. ns 15
(a) Contour plot of Eq. (2), for rms51/I = 0.01; and, (b) ’

Eq. (2) scaling curve with simulation datapoints overlaid, for ;i 4 Time evolution ofSm (wm /cn?) for P, = 1 Mbar
As =45 um, and rms3//1 = 0.05. (I, =3 X 10> W/cn? for siréﬁati%ns),)rmsél/l = 0.05,
Ay = 30 um, ands; = 0.5 ns from: simulations: with radiation
. transport (solid line with solid circles); without radiation
Asat, EQ. (2), as a function of, and A, for the three laser transport (solid line with squares); and, by the gasdynamic
wavelengths. Despite the complexity of the expressiomodel for the same conditions angt = 0 (dashed line);

in Eqg. (2), the essentially simple nature of the scalinge = 0.1 (chain-dashed line); ands = 0.3 (dotted line with

is apparent from the contour plot, which is similar over©Pen circles).

the range ofi, investigated. For the relevant parameter

ranges considered, 1% KrF (0.248n), blue (0.35um),

and green (0.53.m) laser light imprint saturate at a maxi- The linearized perturbation problem is solved analyti-
mum amplitude of about 0.7, 0.5, arl3 umg/cm’,  cally as in [8] for the classical RMI. In Fig. 4, the analyt-
respectively, withr,, between 2 and 10 ns. ical results forom are compared to the simulation. With-

In order to investigate the influence of the various pro-outm (u = 0) the model predicts typical RM behavior—
cesses at work in imprinting, the problem was exam-unlimited linear growth ofém, with superimposed sonic
ined analytically with a gasdynamic model similar to thatoscillations. However, the late time evolution is qualita-
presented in [8]. Consider a half space filled with uni-tively different withm included, in that the model predicts
form ideal gas whose density jg. Attime =0, a saturation ofém, as observed in the simulations. To ex-
shock wave is driven into the gas by an ablative presplain it, we note that, in the absence of lateral pressure
sure P, so that the shock propagates at constant speegtadient, the linear growth of the RM-like instabilities is
D, compressing the gas to the density. The veloc- essentially due to vorticityo, both initially deposited at
ity of the shock front with respect to the shocked ma-the interface and generated by the rippled shock front; see
terial is thusD; = poD/p;. A single-mode pressure [8,15]. Since the fluid particles carrying are constantly
perturbation is imposed upoR, at the ablation front: removed from the flow through the ablation front, and
SP[x = x,(1),t] = 6P,f(t) expliky), whereSP,/P, =  production at the shock front decreases as the ripples de-
0.758 1/1, and the decaying functiofi(s) describes ther- cay, the shock-compressed plasma at the ablation front
mal smoothing as the corona develops. For this we useventually becomes irrotational, stopping the perturbation
the expressiory(r) = exp(—t/t1), with #; = 500 ps, as growth. Both the model,; andt,, agree well with the
taken from the simulation. The effect of mass ablationsimulation, although the decay after saturation is not ob-
is modeled by removing the fluid particles from the abla-served. These discrepancies result from the omission of a
tion front at the velocityw, = m/p; relative to the fluid, vortical flow effect similar to that described in [10]. The
wherem [g/(cn? )] is the mass ablation rate. The impor- early-time 8P accelerates the plasma in the lateral direc-
tant parameter of the model with mass ablation becometon, producingw that supports lateral motion long after
the ratio of the two velocitiesu = v,/D; = m/poD  the lateral pressure gradient is smoothed out. This motion
and0 = u < 1. The limiting casex = 0 corresponds generates a more intense downstream axial plasma outflow
to absence of mass ablation, whereas the laggethe through the pressure valleys. In both cases of classical
more importantn is. Values foru are extracted from RMI and RTI, the mass is driven laterally from the bubble
the simulation. In the simulation, the unperturbed ax-area and then falls axially into the spike, increasing areal
ial p and P profiles are not flat and steady, as assumednass. In our case, however, the mass driven to the spike
in the model, so that the estimate @f should refer to  (pressure valley) is lost from there at higher rate through
a certain density level. For our baseline case (Fig. 4the outer boundary of thém integration surface. Thus
solid line with closed circles)D = 1.24 X 10° cm/s,  dmdecays instead of growing, and the bubble-spike struc-
and the mass flow rate through the surface= 1 g/cm®  ture flattens instead of sharpening. Our analytical model
is aboutl.25 X 10° g/(cn? s), henceu = 0.1. Choosing does not account for the lateral nonuniformity of effective
p closer to the actual value @f, = 2.5 g/cm® would in- 7z, nor for the vortical flow in the low-density plasma. It
crease the effective value of up to 0.2-0.3. describes only the effect of lateral mass redistribution in
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the dense plasma and predicts its saturation solely due tmth,,, andAs,, are determined by a finite surface layer
the uniform loss of thev-carrying fluid particles. For the within a finite time interval. This provides us with an in-
conditions of Fig. 4, the nonuniformity of the axial massteresting concept that may prove extremely useful in the
losses and the vortical flow of the low density mass fromdevelopment of an ablator for high-gain direct-drive laser
spike to bubble, which both act to decrease the 6mg  fusion, i.e., mass ablation is the dominant control parame-
are responsible for the decay &m. ter in the problem of laser imprinting.
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In summary, saturation of laser imprinting has been ob-
served in single-mode imprint simulations across a broad
range of parameters relevant to ICF. In this Letter we
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