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            Abstract
Focusing laser light onto a very small target can produce the conditions for laboratory-scale nuclear fusion of hydrogen isotopes. The lack of accurate predictive models, which are essential for the design of high-performance laser-fusion experiments, is a major obstacle to achieving thermonuclear ignition. Here we report a statistical approach that was used to design and quantitatively predict the results of implosions of solid deuteriumâ€“tritium targets carried out with the 30-kilojoule OMEGA laser system, leading to tripling of the fusion yield to its highest value so far for direct-drive laser fusion. When scaled to the laser energies of the National Ignition Facility (1.9 megajoules), these targets are predicted to produce a fusion energy output of about 500 kilojoulesâ€”several times larger than the fusion yields currently achieved at that facility. This approach could guide the exploration of the vast parameter space of thermonuclear ignition conditions and enhance our understanding of laser-fusion physics.
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                    Fig. 1: Target and laser pulse shape in the first phase of the Optimization Campaign.[image: ]


Fig. 2: Prediction performance of the statistical model.[image: ]


Fig. 3: Application of the statistical model to the experimental design of the DT target.[image: ]


Fig. 4: Comparison of prediction accuracies of the statistical model and the simulated 1D yield.[image: ]


Fig. 5: NIF-extrapolated fusion yields for selected OMEGA implosions.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Posterior predictive distributions for the parameters in equation (6).
The intercept parameter refers to the constant Cj in equation (5), Îµ refers to the noise parameter in equation (8) and the remaining parameters are the Î¼i values for the corresponding simulated quantities, as in equation (5). The Markov chains for each parameter are converged over 5,000 steps. The tails of the distributions have the same sign as the mean and are not excessively wide when compared to the mean. All these indicate that the model is well specified.


Extended Data Fig. 2 Posterior predictive distributions for the parameters in equation (7).
The intercept parameter refers to the constant Cj in equation (5), Îµ refers to the noise parameter in equation (8) and the remaining parameters are the Î¼i values for the corresponding simulated quantities, as in equation (5). As in Extended Data Fig.Â 1, these results indicate that the model is well specified; we note that this does not guarantee that the model will have any predictive power.


Extended Data Fig. 3 The effect of RT on the yield is less than 10% for the vast majority of implosions.
Vertical error bars are one standard deviation of \({R}_{T}^{-0.6}\). Because the yield is proportional to \({R}_{T}^{-0.6}\) in equation (7), and the vast majority of implosions carried out at OMEGA are repeatable, the empirical correction factor in equation (7) varies by less than 10% for most OMEGA implosions. This justifies the use of this parameter to account for the occasional shot with large random nonuniformities.


Extended Data Fig. 4 Areal densities for high-convergence implosions are well predicted.
The dashed line is the yÂ =Â x line on which the data points would lie if the experimental areal density were perfectly modelled by the power-law dependence. As the convergence increases, the safety margin for a nominal implosion becomes thinner and makes designing these implosions more challenging. A predictive model for the areal density was built using the framework presented in this paper (training data are shown by blue circles). The areal density was increased from that of shot 87266 (green circle) over four shot days (orange circles) until the highest values were reached in July 2018. The yields for these implosions are marked.


Extended Data Fig. 5 Comparison of prediction accuracies of the statistical model and 1D simulations.
a, b, Predictions for the areal density (a) and neutron yield (b) including the second phase of the Optimization Campaign. The predictions from the statistical model (blue) remain accurate for implosions from both phases of the Optimization Campaign, whereas the corresponding simulated 1D quantities from LILAC (red) remain inaccurate and overpredict potential increases in performance. Horizontal error bars and centre values represent one standard deviation and mean, respectively, for 500 draws from the posterior distribution of the statistical model. Vertical error bars represent one standard deviation for the neutron yield and areal density detectors. The dashed line is the yÂ =Â x line on which the data points would lie if the prediction perfectly matched the measurement.


Extended Data Fig. 6 Power-law dependence of the simulated yield on simulated parameters for initial conditions used in the Optimization Campaign.
The dashed line is the yÂ =Â x line on which the data points would lie if the simulated yield were perfectly modelled by the power-law dependence. The simulated yield (Ysim) is well represented by power-law relations to the simulated implosion velocity (\({V}_{{\rm{i}}{\rm{m}}{\rm{p}}}^{{\rm{s}}{\rm{i}}{\rm{m}}}\)), mass (\({M}_{{\rm{s}}{\rm{t}}{\rm{a}}{\rm{g}}}^{{\rm{s}}{\rm{i}}{\rm{m}}}\)) and areal density (Ï�Rsim). Although the exponents are not identical to those from analytical theory, physical intuition has provided a good basis for variable selection.
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