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Reconstruction of Three-Dimensional Piston Model for Analyzing Implosion
Asymmetry Growth

Huang Tian-Xuan, Jiang Wei, Yao Pei-Lin, Pu Yu-Dong, Yan Ji'
(National Key Laboratory of Plasma Physics, Laser Fusion Research Center, China
Academy of Engineering Physics, Mianyang 621900, China)
Abstract:  The three-dimensional (3D) piston model provides a convenient framework for investigating the
growth of implosion asymmetries. In the conventional approach, the imploding shell is discretized into multiple
small conical pistons, each constrained to move radially and coupled through an isobaric core. However, this
method is susceptible to numerical instabilities and entails complex input-output dependencies, which limit its
broader applicability in asymmetry analysis.
To address these limitations, the 3D piston model is reconstructed using a spherical-harmonic expansion, through
which the original governing equations are reduced to a set of ordinary differential equations describing the
time-dependent coefficients of each mode. This reformulation explicitly characterizes the coupling mechanism
between the evolution of low-mode asymmetry perturbations and the primary quasi-one-dimensional implosion
dynamics, while also improving numerical stability. Analytical solutions, including zeroth- through second-order
perturbative terms, are derived and subsequently validated against numerical integrations performed with a
high-order Runge—Kutta solver, thus confirming the reliability of the reconstructed model.
Subsequently, the general characteristics of asymmetry growth during the deceleration and stagnation phases of
implosion are systematically investigated. The key findings are summarized as follows: (1) First-order
perturbations at stagnation scale linearly with the initial asymmetry seeds, with the sensitivity coefficients
depending on the convergence ratio while remaining independent of “different modes. (2) Second-order
perturbations, comprising both nonlinear and mode-coupling terms, are quadratic polynomials of the initial seeds.
(3) Mode parity plays an important role in asymmetry evolution, where reversing an odd mode yields mirror
symmetry, or reversing an even mode alters both the image and the process, with more pronounced differences in
the nonlinear growth stage. (4) The self-coupling effect of each mode can excite harmonic-like even-mode
perturbations, with the second harmonic being the most prominent.
Based on the preceding methods and results, as-illustrated in Fig. 11, a generalized scaling relation between the
normalized residual kinetic energy (nRKE) and the asymmetry metric o2 is derived: nRKE ~ 1 — (1 + ¢2)~*.

Here, o2 serves as an alternative to the conventional metric f2, where both are defined from the angular
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distribution of the shell areal density at stagnation, y,(£2), which is measurable via neutron diagnostics in
experiments. Moreover, the difference in the mappings of 62 and f2 to nRKE is investigated in detail using
spherical-harmonic expansion. In the small-amplitude limit or for a single odd-mode case, f2 is approximately
proportional to nRKE; however, for even modes, the mapping varies significantly with both the sign and
magnitude of the perturbation amplitude. Owing to its susceptibility to mode parity, f2 cannot provide a unified
scaling relation with nRKE. In contrast, 62 effectively tracks the relative variation in core volume induced by
asymmetry perturbations at stagnation. Based on the dependence of internal energy on core volume and the
principle of energy conservation, o2 exhibits a monotonic mapping to nRKE, which is less sensitive to mode
parity. Although this generalized scaling relation is derived in the small-amplitude limit, it remains approximately
valid under even-mode-dominated or multi-factor/multi-mode perturbations, demonstrating broader applicability

across a wide parameter range, as exemplified in Fig. 11(b).
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Fig. 11. (a) Stagnation fractions versus velocity seed u;, foreven modes i=2, 4, 6 at C, = 7 (convergence

ratio). o = ()(5_3/2)()(5_

Y2y=3 _ 1 and f2 = 1= (y.)"Nxs!)"! are asymmetry metrics, with 7;; denoting
mode-i shape asymmetry. For even modes, implosion dynamics and morphology depend on the perturbation sign.

Both metrics reflect this, but 62 tracks the trend in nRKE (normalized residual kinetic energy) much more

closely than f2.(b) nRKE versus g2 for all modes i=1-6 at C, = 7. For both odd and even parities, the
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dependence closely follows the scaling relation nRKE = 1 — (1 + 62)™* for velocity seeds.

In summary, this study offers an efficient, numerically stable tool for analyzing multi-factor, multi-mode
asymmetry growth. The o2-based scaling relation enables experimental inference of asymmetry-induced nRKE,
providing a unified framework for quantitatively evaluating performance degradation in asymmetric implosions.
This framework supports diverse applications, including parameter sensitivity analysis, uncertainty propagation
modeling, design margin allocation, and experimental attribution analysis.

Keywords: piston model; implosion asymmetry; normalized residual kinetic energy (nRKE); performance
degradation
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