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            Abstract
The phase behaviour of warm dense hydrogen−helium (H−He) mixtures affects our understanding of the evolution of Jupiter and Saturn and their interior structures1,2. For example, precipitation of He from a H−He atmosphere at about 1−10 megabar and a few thousand kelvin has been invoked to explain both the excess luminosity of Saturn1,3, and the depletion of He and neon (Ne) in Jupiter’s atmosphere as observed by the Galileo probe4,5. But despite its importance, H−He phase behaviour under relevant planetary conditions remains poorly constrained because it is challenging to determine computationally and because the extremes of temperature and pressure are difficult to reach experimentally. Here we report that appropriate temperatures and pressures can be reached through laser-driven shock compression of H2−He samples that have been pre-compressed in diamond-anvil cells. This allows us to probe the properties of H−He mixtures under Jovian interior conditions, revealing a region of immiscibility along the Hugoniot. A clear discontinuous change in sample reflectivity indicates that this region ends above 150 gigapascals at 10,200 kelvin and that a more subtle reflectivity change occurs above 93 gigapascals at 4,700 kelvin. Considering pressure–temperature profiles for Jupiter, these experimental immiscibility constraints for a near-protosolar mixture suggest that H−He phase separation affects a large fraction—we estimate about 15 per cent of the radius—of Jupiter’s interior. This finding provides microphysical support for Jupiter models that invoke a layered interior to explain Juno and Galileo spacecraft observations1,4,6,7,8.
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                    Fig. 1: Experimental configuration used for laser-shock experiments on pre-compressed targets, and representative line-imaging pyrometer (SOP) and interferometric Doppler velocimeter (VISAR) data.


Fig. 2: Ratio of VISAR output at the shock front in the 11 mol% He in H mixture over that in quartz versus shock velocity through the H−He mixture.


Fig. 3: Reflectivity versus temperature along the Hugoniot for H−He mixtures with 11 mol% He (blue) and 33 mol% He (inset, green).


Fig. 4: Phase diagram of a near protosolar H−He mixture and implications for Jupiter’s interior.
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              The data that support the findings of this study are available in Extended Data Table 1, Extended Data Table 2 and in the Supplementary Information. Upon request, the raw VISAR and SOP images could be transferred to anyone willing to redo the data analysis from the start.
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Extended data figures and tables

Extended Data Fig. 1 Compression data for the 11 mol% He mixture pre-compressed to 4 GPa.
Full and open circles indicate experimental data obtained using diamond and sapphire anvils, respectively, with error bars including both random and systematic uncertainties (red shading indicates the pressure range over which our reflectivity measurements indicate immiscibility. Yellow and grey lines show simulation results for a 8 mol% He mixture29, and the Rostock equation of state (REOS) linear mixing calculation for the 11 mol% He mixture, respectively36. The theoretical Hugoniot curves begin at the same initial density as the experimental data points.


Extended Data Fig. 2 Temperature (dark blue, left scale) and pressure (black, right scale) versus shock velocity for the 11 mol% He mixture.
Orange and red triangles denote, respectively, the temperatures and pressures at the shock velocities for which the two discontinuities in sample optical properties are experimentally observed (Figs. 2 and 3); these correspond to the two red triangles determining the immiscibility boundary in Fig. 4 (values and uncertainties are listed in the table below).Yellow and red dashed lines connect the corresponding two points on the immiscibility boundary, and are distinct from the lower-pressure trends (black and dark-blue solid lines are illustrative guides to the eye). The breaks in trends shown here for temperature and pressure as functions of shock velocity in the H–He sample, T(Us) and P(Us), offer independent evidence (from SOP intensities and VISAR timing, respectively) for the discontinuities identified in Fig. 2 from VISAR intensities. Based on thermodynamic scaling46, and not evident at the present scale, the low-pressure trends are expected to have positive curvature, T′′(Us) and P′′(Us) > 0. The apparent temperatures obtained between shock velocities of 23 km s–1 and 28 km s–1 lie below the red dashed line, implying anomalous thermal (temperature, thermal energy, specific heat) and/or optical properties in the region of immiscibility. The two experimentally determined (P, T) points on the immiscibility boundary line obtained from the figure are given in the table (uncertainties in last digit(s) given in parentheses).


Extended Data Fig. 3 Reflectivity of pure hydrogen versus temperature and density.
Circles are the experimental data, previously published for densities below 0.32 g per mole (see ref. 24) and unpublished for higher densities. The colour of each point indicates the measured reflectivity at the shock front, with background colour filling giving the fitted reflectivity. The hydrogen density is estimated using the ab initio equation of state of ref. 44, which is in good agreement with experiment24. The density−temperature paths of the two H−He Hugoniot curves measured here, for 11 mol% He at 4 GPa pre-compression and for 33 mol% He at 2 GPa pre-compression, are plotted as full and dashed black lines respectively. The error bars have been estimated by propagating the random and systematic uncertainties in the case of pure hydrogen as for the present H–He measurements, as explained in Methods.


Extended Data Fig. 4 Saturated value of reflectivity along the Hugoniot of the pre-compressed H-He mixture, shown as a function of He concentration.
Squares give the experimental values, as indicated by horizontal dashed lines in Fig. 3: blue and green for the 11 and 33 mol% He mixtures, respectively. Black points are from the calculations of ref. 25. The error bars are estimated from those of the reflectivity at saturation in pure hydrogen and in the H–He mixture.


Extended Data Fig. 5 Energy versus temperature along the H−He Hugoniot for 11 mol% He mixture pre-compressed to 4 GPa.
Full and open circles are experimental data for diamond and sapphire anvils, respectively (red shading indicates the pressure range over which our reflectivity measurements indicate immiscibility); the orange solid line is the Hugoniot calculated for an 8 mol% He mixture29. Experiment and calculation are expected to have similar slopes below 2 kK, in the homogeneous H2−He mixture, and above 12 kK in the homogeneous H−He mixture. The dashed line is a smooth curve connecting these two slopes. The deviation from this smooth curve is associated with dissociation of molecular hydrogen, according to the calculation. A similar bump is observed in the experiments, concomitant with the sudden rise in reflectivity and thus signalling the transition to an electronically conducting state. Error bars are estimated by propagating random and systematic uncertainties as described in Methods.


Extended Data Fig. 6 Boundary for He ionization.
Blue shading indicates where a few per cent ionization of He first appears, based on experimental He reflectivity measurements21, subsequently analysed by Soubiran30 in the framework of an intrinsic semiconductor model with a bandgap energy depending on density and temperature. The blue dashed line is drawn using this He gap model30, and the REoS table to estimate the He density36. The intrinsic ionization fraction of He depends exponentially on the ratio of gap energy to temperature, Eg/kBT. He ionization is considered sufficient to perturb H−He miscibility properties when the temperature exceeds T = Eg/3kB, upon entering the blue-shaded domain. The present Hugoniot data (open circles) are far from this boundary. Jupiter’s internal isentrope crosses into the He ionization domain only near its central maximum pressure, implying that no He ionization should take place inside the planet. Error bars are those of the data in Table 1.


Extended Data Fig. 7 Relative contributions of random and systematic uncertainties illustrated by the pressure-versus-compression and reflectivity-versus-temperature data points.
In both figures, the inset is a zoom of the data point indicated by the circle.


Extended Data Fig. 8 Reflectivity versus shock velocity obtained from the decaying shock analysis for all experiments.
a, The plot is constructed by adding the reflectivity evolutions obtained from the decaying shock analysis of the VISAR images of all experiments (see Supplementary Information). The 5 different colours identify the 5 different experiments highlighted here around the two reflectivity discontinuous changes. All other experiments are plotted in grey. The discrete more accurate data points obtained at the quartz/H−He sample interface are plotted as circles. A crossover transition is observed at about 28.5 km s–1 between the high-reflectivity to the low-reflectivity behaviours as the H−He mixture goes from the demixed to the mixed states. b−f, The sample photos and the VISAR images of selected experiments, all using sapphire anvils, are shown. The blue lines represent the propagation of the quartz edge disturbances that can perturb the measurements at late time (see Methods).  Error bars are estimated by propagating random and systematic uncertainties as described in Methods.


Extended Data Table 1 H−He Hugoniot data for 11 mol% He pre-compressed to 4 GPaFull size table


Extended Data Table 2 H−He Hugoniot data for 33 mol% He pre-compressed to 2 GPaFull size table





Supplementary information
Supplementary Information
This file contains a Supplementary Table showing decaying shock analysis for all experiments and an overview figure of the reflectivity versus shock velocity obtained from the decaying shocks of all experiments.
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