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            Abstract
Nearly a century ago it was recognized1 that radiation absorption by stellar matter controls the internal temperature profiles within stars. Laboratory opacity measurements, however, have never been performed at stellar interior conditions, introducing uncertainties in stellar models2,3,4,5. A particular problem arose2,3,6,7,8 when refined photosphere spectral analysis9,10 led to reductions of 30â€“50 per cent in the inferred amounts of carbon, nitrogen and oxygen in the Sun. Standard solar models11 using the revised element abundances disagree with helioseismic observations that determine the internal solar structure using acoustic oscillations. This could be resolved if the true mean opacity for the solar interior matter were roughly 15 per cent higher than predicted2,3,6,7,8, because increased opacity compensates for the decreased element abundances. Iron accounts for a quarter of the total opacity2,12 at the solar radiation/convection zone boundary. Here we report measurements of wavelength-resolved iron opacity at electron temperatures of 1.9â€“2.3 million kelvin and electron densities of (0.7â€“4.0)Â Ã—Â 1022 per cubic centimetre, conditions very similar to those in the solar region that affects the discrepancy the most: the radiation/convection zone boundary. The measured wavelength-dependent opacity is 30â€“400 per cent higher than predicted. This represents roughly half the change in the mean opacity needed to resolve the solar discrepancy, even though iron is only one of many elements that contribute to opacity.
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                    Figure 1: Experiment diagram and example transmission image.


Figure 2: Measured iron opacity spectra at four Te/ne values compared with calculations.


Figure 3: Comparisons of iron opacity spectra with multiple models at the solar radiation/convection zone boundary temperature.


Figure 4: Measured iron opacity impact on solar mixture Rosseland mean.
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Extended data figures and tables

Extended Data Figure 1 Schematic diagram of four sample configurations used in Z opacity experiments.
The FeMg layer (red line) is completely encapsulated by the CH (blue) in order to avoid exposure to atmosphere during the experiment preparation. One sample type employed a Be tamper (yellow) to provide additional tamping while greatly reducing both the attenuation and emission in comparison with CH. Te and ne both increase as the tamper mass increases. The tamper thicknesses and the resulting average Te and ne values22 are listed below each sample type. Experiments were also conducted using the same tamper construction, but without the FeMg layer, to provide calibrations of the opacity measurement accuracy.


Extended Data Figure 2 Data illustrating the transmission determination method.
The five experiments shown here were conducted with a CHÂ +Â Be tamper. a, The seven measurements of the unattenuated spectral intensity I from five experiments using the CCP4a and CCP10a spectrometers are denoted with black lines. The mean spectral intensity <I> (red) is used to determine transmission, [Ïƒ/I]abs represents the absolute percentage unattenuated spectrum 1Ïƒ uncertainty (green), and [Ïƒ/I]rel represents the relative percentage 1Ïƒ uncertainty as a function of wavelength (blue). A similar collection of data are obtained from the seven CCP4b and CCP10b spectrometer measurements. (arb, arbitrary units.) b, The attenuated (red) and unattenuated (blue) spectral intensities used to determine the transmission on experiment Z2624. These data were recorded with the CCP4a and CCP10a crystals and a similar data set (not shown) was recorded with the CCP4b and CCP10b crystals. c, The transmissions T measured on Z2624 agree within the 1Ïƒ uncertainties. d, The optical depth (Ï„, red) inferred by taking the natural log of the mean transmission measured on Z2624 includes contributions from both Fe and Mg. The optical depth corresponding to the iron contribution only (black) is inferred by subtracting the Mg contribution calculated with PrismSPECT35 (blue) from the FeMg mixture measurement. e, The mean opacities Îº inferred from the three Be-tamped iron opacity measurements (solid), along with 1Ïƒ fractional absolute uncertainties (dashed). f, These measurements are combined to infer the overall mean opacity (<Îº>, red) and associated 1Ïƒ fractional uncertainty (blue) for these conditions. The error bars in b, c, and e represent the 1Ïƒ uncertainty.


Extended Data Figure 3 The measured Z iron opacity exceeds the room-temperature value for wavelengths where models predict the opacity is dominated by photoionization.
a, The measured iron opacity from the Be-tamped result is larger than the room-temperature value36,37 for wavelengths shorter than approximately 9Â Ã…. The error bars correspond to 1Ïƒ uncertainties. b, The SCRAM opacity model predicts that the ratio of the boundâ€“free (BF) opacity contribution with the total opacity (blue) is larger than the ratio of the boundâ€“bound (BB) opacity contribution with the total (red) for wavelengths less than approximately 9.5Â Ã….


Extended Data Figure 4 Beerâ€“Lambertâ€“Bouguer scaling test for Be-tamped iron opacity data.
The transmission should scale according to T2Â  = T1Nx2/Nx1, where Nx1 and Nx2 are areal densities associated with transmissions T1 and T2. The thick iron sample transmission Tthick (NXÂ â‰ˆÂ 1.91Â Ã—Â 1018Â atoms per cm2) is shown in red (left axis). The average transmission for the two experiments using a thin iron sample (NXÂ â‰ˆÂ 0.98Â Ã—Â 1018Â atoms per cm2) was scaled by the ratio of the areal densities (Tscaled; blue). The error bars represent 1Ïƒ uncertainties. A quantitative evaluation is provided by taking the ratio of the transmission difference with the summed 1Ïƒ uncertainties (black; right axis). Values below unity (dashed black) satisfy the scaling test.


Extended Data Figure 5 Evaluation of changes in the modelâ€“data comparisons at the error bounds determined for the plasma conditions.
The measured iron opacity at Te = 2.11Â Ã—Â 106Â K and ne = 3.1Â Ã—Â 1022Â cmâˆ’3 is denoted with a black line, with error bars corresponding to the 1Ïƒ uncertainty. SCRAM23 calculations are shown at the nominal conditions in blue, at the minimum Te, maximum ne in red and at the maximum Te, minimum ne in green. The minimum Te, maximum ne values lead to the lowest ionization and the maximum Te, minimum ne values lead to the highest ionization.


Extended Data Table 1 Sample specifications for Z opacity experimentsFull size table
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Internal temperature profiles of the Sun and other stars are controlled in large part by the rate at which radiation is absorbed by stellar matter. Until now it has not been possible to determine the opacity of matter in star-like conditions in the laboratory, but James Bailey et al. have now achieved that feat using the Sandia National Laboratories' Z facility, the world's most powerful X-ray generator. The experiments reveal a wavelength-resolved iron opacity that is 30 to 400 times greater than predicted in conditions very similar to those at the radiation/convection zone boundary in the Sun. Previous measurements of stellar interiors have been based on observations of surface waves, and there were serious discrepancies between theoretical predictions and observations. The new measurements account for about half of adjustment in opacity figures required to restore agreement between standard solar models and observations.
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