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In inertial confinement fusion (ICF), small hot spots are desirable because they lower the threshold hot-spot energy required for 
ignition, Ehs > 16 kJ (Rhs/50 nm)2 (Refs. 1–4). However, they generally lead to greater implosion asymmetry due to the growth 
of the Rayleigh–Taylor (RT) instability on the inner shell surface during the deceleration phase. A challenge then arises of how to 
attain a high convergence ratio (CR, defined as the ratio of the initial inner shell radius to the hot-spot radius at peak compression), 
without excessively high RT growth. In this study we show that lowering the central density [by a factor of 5 or more compared 
to the vapor density of deuterium–tritium (DT) at triple point] has the greatest leverage in achieving small hot-spot sizes without 
excessive amplification of deceleration-phase RT.

First, we review some basic aspects of deceleration-phase RT growth. During the deceleration phase, initial perturbations on 
the inner shell surface grow exponentially because the less-dense hot spot pushes against the denser shell. Neglecting convergence 
effects and including only the instability drive term, ,A kg tdTdriveC = #  where AT is the Atwood number, g is the inner surface 
acceleration, and lk Rhs,  is the effective wave number l [the inner surface perturbations are decomposed in spherical harmon-
ics with the mode number  (see also Ref. 5)] and Rhs is the position of the shell’s inner surface. We postpone defining AT until 
later in this summary and assume for now that .A 1T ,  Evaluating this integral from the start of the deceleration phase until peak 
compression (when the hot-spot radius reaches its minimum value Rhs,m), it can be shown that l ,arcsin2 1h CRdrive d-C = ` j  
where R RCRd hs0 hs,m/  is the maximum hot-spot convergence ratio during shell deceleration and Rhs0 is the hot-spot radius 
at the beginning of deceleration. So, to decrease the instability drive term, CRd should be decreased, but to reduce the ignition 
threshold, Rhs,m must also be reduced. This means that the deceleration phase should start later (i.e., at a smaller radius); therefore, 
Rhs0 needs to be reduced as well as CRd.

Now we turn to scaling laws for CRd and Rhs0 to identify the target design parameters that can achieve these desired reduc-
tions. It can be shown (following from Ref. 3) that 

	
v

,
p

CR
/ /

/

inf
1 5

0
2 15

2 3

d
sh

imp
+

a
	 (1)

where vimp is the peak implosion velocity, ainf is the in-flight shell adiabat, and psh0 is shell pressure at the onset of decelera-
tion. Also,
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where R0 is the initial inner surface radius and p0 is the initial vapor (central) pressure of the target. Equations (1) and (2) show 
that CRd and Rhs0 can be reduced by lowering the initial vapor pressure p0 and/or increasing the shell pressure at the start of 
deceleration psh0. The remaining reduction in RT growth for the lower-central-density design comes from the increase in the 
ablative stabilization and reduction in the Atwood number.

Mass ablation from the inner shell surface, characterized by an ablation velocity va, reduces RT growth since the hot spot 
preferentially ablates the RT spikes that contact the hot spot at higher temperature gradients. It can be shown (following from 
Refs. 6 and 7) that
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As with the deceleration-phase convergence ratio and hot-spot radius at the onset of deceleration, the mass ablation velocity 
va increases with a lower initial vapor pressure. Meanwhile, density scale lengths Lm that are higher correspond to lower Atwood 
numbers AT. Following from the previously written scaling laws and Ref. 6, it can be shown that
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Equation (4) shows that Lm is larger in designs with increased shell pressure at the onset of deceleration, psh0. Taken together, 
the scaling laws in Eqs. (1)–(4) for CRd, Rhs0, va, and Lm show the beneficial stabilizing effects of reducing the initial vapor 
density and increasing the shell pressure at the start of the deceleration phase. This is accomplished most efficiently by reducing 
the initial vapor pressure p0. A lower initial vapor pressure leads to extra convergence of the central region necessary to build 
up its pressure and begin shell deceleration; then, because of the convergence effects, the shell pressure psh0 at the beginning of 
deceleration increases as well. Furthermore, as will be shown in an upcoming paper, 1-D simulations in LILAC8 show that low-
central-density designs experience reduced CRd and Rhs0, as well as increased va and Lm. However, the fairly weak dependence 
of the hot-spot convergence ratio and stabilizing terms on the initial vapor density requires that it must be significantly reduced 
(factor of 5 or more). While this is not feasible with nominal cryogenic targets, the new dynamic shell formation concept can 
achieve this reduction by controlling the strength of the blast wave and the duration of the target expansion phase.9

To validate these predictions, we use 2-D hydrodynamic simulations in DEC2D10 to study perturbation amplification during shell 
deceleration for two dynamic shell designs driven by shorter and longer laser pulses. In Ref. 11, one can find details of the target 
dimensions and pulse shapes that produce central densities of 0.6 mg/cm3 and 0.12 mg/cm3, respectively. Figure 1 shows density 
maps for the two dynamic shell designs taken at times when the neutron production reaches .N 5 10 s26 1#, -o  The perturbation 
amplification is significantly reduced in the lower-central-density design [Fig. 1(b)] compared to the high-central-density design 
[Fig. 1(a)], despite the smaller hot-spot size, in agreement with the scaling arguments described earlier. Similarly, Fig. 2(a), which 
shows the mode l = 20 growth for the two dynamic shell designs, again confirms larger stabilization effects in the lower-density 
design. Figure 2(b) compares even-mode spectra for the two designs. The greatest RT growth suppression for the lower-density 
design occurs at mid- and higher-mode numbers, while the improvement for the low-mode numbers is slightly more modest.

Motivated by various scaling laws, we have demonstrated with 2-D simulations that reducing the initial central density in ICF 
targets leads to smaller hot spots (reducing hot-spot energies required for ignition) and, at the same time, suppresses deceleration 
RT growth. The required central-density reduction can be achieved using the new dynamic shell-formation concept. These results 
show a promising path to achieving ignition and high gains in laser-direct-drive designs at moderate laser energies Elaser + 1 MJ.
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Figure 1
Two-dimensional density maps from mode l = 20 DEC2D simulations for the dynamic shell designs with (a) higher and (b) lower central densities (as described 
in Ref. 11), near stagnation at times of an equal neutron-production rate of .N 5 10 s26 1

#, -o

Figure 2
(a) Deceleration RT mode l = 20 evolution for dynamic shell designs with high/low central densities and alpha heating turned on or off. (b) Deceleration RT 
mode spectra with alpha heating turned on, taken at a neutron-production rate of N 5 10 s26 1

#, -o  for the dynamic shell designs with high/low central densi-
ties. (Lines are used to guide the eye and do not represent fits.)
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