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Abstract. The ablation front Rayleigh Taylor hydroinstability growth dispersion curve for
indirect-drive implosions has been shown to be dependent on the Richtmyer Meshkov growth
during the first shock transit phase. In this paper, a simplified treatment of the first shock
ablative Richtmyer-Meshkov (ARM) growth dispersion curve is used to extract differences in
ablation front perturbation growth behavior as function of foot pulse shape and ablator material
for comparing the merits of various ICF design option.

1. Simplified Indirect-Drive Ablative Richtmyer Meshkov Model
Ignition requires a pulse shape with a low power foot designed (see figure 1) to send a carefully timed
series of shocks through the DT shell such that they overtake each other soon after they travel into the
enclosed DT gas [1]. This minimizes the in-flight adiabat of the fuel and hence increases its
compressibility and the final fuel areal density that can be achieved.
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L 4 Figure 1. Schematic of laser pulse profile for the example of a 4-shock

drive with launch times of shocks identified. The low power section
between the first shock picket and 2™ shock launch is denoted the
trough.
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However, the amplitude of any perturbations of transverse wavenumber k at the capsule surface
will begin evolving as a function of k after first shock launch. Extensively evaluated both
theoretically and computationally for direct-drive [2-4] where labeled an ablative Richtmyer-Meshkov
(RM) instability, the shorter wavelengths even have enough time to oscillate in sign before second
shock launch after time t = t, - t;. Specifically, the ablation front perturbation growth after shock
transit but before acceleration [5] that is seeded over a depth = 1/k will initially grow, then decay and
eventually reverse phase [6] under sustained drive and ablation at a rate V,. The drive during the
picket and trough, by virtue of its long duration compared to the successive shock phases, dominates
this ablative RM growth phase. We define the longest transverse wavenumber (= shortest
wavelength) that does not undergo phase reversal as k, which also makes it by definition the first node
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on a plot of growth factor vs wavenumber. We seek to understand the dependence of the perturbation
node k, reached at time t, on foot pulse shape and ablator material since that largely sets the later
acceleration-driven Rayleigh-Taylor (RT) dispersion curve for the case of indirect-drive [7]. In
particular, it is advantageous if the node k, can be set at = 1/in-flight shell thickness AR, the most
potentially damaging ablation front mode based on the combination of RT growth and feedthrough
[8].

Noting that for all the indirect-drive ICF foot drive cases of interest shown in Table 1, k,V, tis < 1,
so we can approximate the dominant terms in [4,7] as follows:
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where 7 is the linear amplitude growth factor, c, is the postshock sound speed, Vy, is the k dependent

blow-off velocity = V,/(2.4kL/v)">, L is the ablation front width, v is the thermal conductivity
exponent > 1, and C is the first shock compression jump p/p,. Conveniently, the arguments
(\/(C/3)k0Vat + 1) and (kox/(VaVbl)t + 0.3) cluster around m/2, so setting the sine terms = 1 and 1 =0 to
find the mode number node ¢, = Rk, where R is the average capsule outer radius up to time t, (> 95%
of Ry), yields:
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This is reasonably consistent with the more exact equation (2) in [7] where for the specific case C =
3, by ~ Ve v IL % Ignoring for the moment the weaker log term dependence, equation (2)
shows that the node mode number will not depend on capsule scale if the shock merge depth x ~ t is
scaled with R. The additional scaling here of interest is with first shock compression, accurate to 5%
over relevant C = 2 — 4. We note that as one approaches the incompressible limit (C = 1)
corresponding to near zero particle speed behind the shock, there will be little transverse motion and
RM growth consistent with simulations [9] and hence no time for phase reversal at any k consistent
with equation (2).
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2. Model Results
Table 1 lists 8 prior and current implosion designs using either partially Si-doped CH polymer
capsules (CH) [10,11], undoped High Density Carbon (HDC) [12] or partially Cu-doped beryllium
(Be) [13]. The designs with lower trough T, have lower fuel adiabat. The drives are designated by the
number of shocks, by SS if sub-scale capsule, and by adiabat-shaped (AS) [10,11] in the CH cases
where picket and/or trough T, are modified relative to the regular NIC 4-shock and High-Foot 3-shock
designs to create a more strongly decaying first shock [14,15]. Because V, is typically only 10% of
the first shock speed u,, we can assume the ablation front never reaches the inner mass elements that
are either doped or sensing the decaying portion of the first shock. The first shock compression ratios
C vs T, can then be extracted from undoped material shock Hugoniot experiments and simulations of
shocked p vs pressure P for CH [16], HDC [17] and Be [18,19] and simulations relating P to picket T,.
The conductivity exponent v as inferred from code-calculated ablation front density profiles [7] is 1.3
and approximated as the same for all designs since a 30% uncertainty in v translates to only a 10%
(3% per [7]) change in /,. We note that this value of v = 1.3 is well below the radiative diffusion
value of 3 because low Z x-ray ablation is only a weakly diffusive process even for NIF timescales. It
is also below the electron thermal conduction exponent of = 1.5-2 predicted [20] for dense partially
ionized low Z plasmas, suggesting volumetric x-ray bleaching is probably dominant.

The key parameter, the ablation rate V, = dm/dt/p, is scaled either from simulations for CH [7] or
higher T, planar HDC and Be data [21]. Defining an exhaust velocity v, and ablator albedo a, we can
write the generalized form of the mass ablation rate assuming ablated T, ~ T, as:
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C is not fully ionized at these foot T, drives, leading to (1 - a.) scaling as T,°* [22]. By contrast,
we assume fully ionized Be for a relevant ablated T, = T, > 80 eV and hence a T, independent lower
average albedo (=15 vs 30%). The specific heat (Z+1)/A of Be is taken to be 4/9, while for CH it is
assumed to be between 8/13 and 8.5/13 and for the higher T, HDC designs, 6.5/12. Combining this
information while ensuring consistency with existing data and simulations, V, becomes 4.4T,*"/p,
5.3T,*"/p and 8.0T,’%p um/ns with T, in heV and p in g/cc for CH, HDC and Be, respectively. The
ordering in mass ablation rate follows from the lower (Z+1)/A of HDC and Be vs CH and the lower
albedo of Be [23]. We also assume isentropic decompression at the ablation front Pyouen/Pshock =
(Ptmugh/Ppickm)y5 when the trough T, < picket T, in calculating an average V,. Since V, ~ 1/C, current 4%
uncertainties in first shock compression C lead to only a 1-1.5% uncertainty in ¢, through largely
cancelling C dependent terms in equation (2). The ablation front widths L are based on CH implosion
simulations [7], scaling as T,'"”/p. We approximate the multiplicative constant on L as the same
between C and Be since the Planck mean free path at relevant 50 < T, < 100 eV is an average below
and above the more absorptive C K edge while it predominantly senses above the less absorptive Be K
edge [24]. Moreover, a 30% uncertainty in L only translates to a 5% uncertainty in /.

Table 1. Capsule and foot drive design values, calculated first shock RM relevant parameters and
calculated first RM node by 2™ shock launch and first RT node mode numbers at peak acceleration.

Picket Trough

R T, T, C <L> <Vp> t Iy Iy

Ablator Design (um) (eV) (eV) (um) (um/ns) (ns) RM RT

CH NIC 1126 63 63 24x 0.7 0.5 115 116 160
CH HF 1132 93 85 31x 1.2 1.1 7 65 90
HDC 4-Sh 1110 105 105 1.8x 0.7 1 2.5 298 260x15
HDC 3-Sh 1110 123 115 2X 09 1.3 2 242 20015
HDC 3-ShSS 910 123 115 2X 09 1.3 1.5 242 235

Be 4-Sh AS 1051 100 80 23x 1 1.6 7.7 62 73

Be 3-Sh AS 1050 120 103 27x 1.3 2.6 55 43 28

CH 4-Sh AS 1126 85 63 3x 1 0.8 8 85 75

CH 3-Sh AS 1132 93 70 31x 1.1 1 9 63 75

A comparison of the last 2 columns on Table 1 shows that the RM node [, analytic scaling from
equation (2) quantitatively tracks the calculated RT growth node [10-12,25], confirming the
importance of the first shock in setting the hydroinstability dispersion curve. The RT node locations
for the four CH designs have already been confirmed by RT experiments [15,25] and all but the Be 4-
shock design have been shot as DT implosions. The capsule hydrodynamics simulations used the 2D
version of the radiation-hydrodynamics code Hydra [26] with the hohlraum drive inferred from
measured Dante spectra, shock strengths, timings and backlit shell trajectories as inputs [27]. We
caution that we only expect rough one-to-one correspondence between RM and RT modes since
simulations and a more accurate analytic model [7] show that the CH node shifts 20-50% to higher
mode number between shock breakout and peak acceleration. Nevertheless, we can understand the
trends in [, relative to the CH 4-shock NIC [, as follows: HDC [, is substantially greater as the product
of V, ~ T.27/Cp, and t = AR/, ~ 1/pou, ~ 1/T,"*Vp, yields V,t ~ T,"*/Cp,'* which is dominated by the
3.5x larger p, of HDC. The Be [ is less as has = 2x higher mass ablation rate at a given T,. The CH
3-shock High-foot and AS [, with higher picket and trough T, are less as V, ~ T,>' (substituting for the
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CH Hugoniot scaling [16] Cp, ~ T.®) increases faster than t ~ 1/u; ~ 1/T,'* decreases. This also
explains why all 3-shock designs have lower predicted [/, than the companion lower foot T, 4-shock
designs. The 4-shock AS [, is less as the larger picket V,, L and C overcomes a shorter t.

3. Conclusions

We have derived a simple, approximate formula for the first shock driven ablation front dispersion
node [, of indirect-drive implosions for arbitrary foot pulse shape and ablator material. The scaling
explains why the 3-shock and 4-shock AS CH and all Be ignition designs can provide lower [,. Such
designs will be crucial in mitigating the RT mode of greatest concern for feedthrough / = R/AR = 40
which is also the dominant mode seeded by the contact discontinuity of the thin plastic membranes
[28,29] currently used for capsule support. The scaling also explains why all current and conceivable
HDC-only implosion designs (adiabat-shaped or not) are susceptible to higher mode 100-150 growth,
those seeded by small isolated surface features, for example, the 10 um diameter filltube [30]. From
the standpoint of minimizing /[, while keeping the fuel on a low adiabat, the most favorable design is
the 4-shock AS Be.
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