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Aluminum is the standard material for ultrahigh-pressure impedance-matching experiments, yet its 

principal Hugoniot above 50 Mbar, where inner-shell ionization dominates, lacks precise 

experimental data. Here we report laser-driven Hugoniot measurements of aluminum at 89 and 

93 Mbar using an indirect-drive hohlraum on a 100-kJ laser facility. The shock velocities were 

determined with a combined uncertainty below 0.5% using a dual-diagnostic approach. With quartz 

as the impedance-matching standard, the measured compression ratios are 4.47±0.17 and 4.58±0.18. 

These results agree with models that include shell effects, including extended first-principles 

molecular dynamics, stochastic density functional theory, and the Hartree–Fock–Slater model with 

charged hard spheres, but deviate by 8–10% from average-atom models such as SESAME. These 

results validate shell‑resolved equation‑of‑state models against average‑atom predictions in the 

hundred‑megabar regime, and provide a quantitative benchmark confirming that L‑shell ionization 

softens the aluminum Hugoniot. This establishes a long‑sought high‑precision reference that 

supports aluminum as a standard for ultrahigh‑pressure impedance matching. 
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The equation of state (EOS) of materials at terapascal (TPa, 10 Mbar) pressures is fundamental 

for modeling planetary interiors [1-3], stellar evolution [4-5], and inertial confinement fusion 

implosions [6-10]. The impedance-matching technique is the most commonly used experimental 

method for determining Hugoniot states under such extreme conditions and is now widely 

implemented on various high-energy-density facilities [11-16]. Among all materials, aluminum (Al) 

serves as the primary standard for ultrahigh pressure impedance matching experiments due to its 

well characterized low pressure Hugoniot [17-18]. The reliability of Al’s shock compression curve 

directly affects the accuracy of EOS data for many other materials, from iron in giant planet cores 

to ablator plastics in ICF targets. 

The available Hugoniot data for aluminum, however, are unevenly distributed in pressure. 

Below about 5 Mbar, gas-gun, explosive, and magnetically driven flyer-plate experiments have 



 2 

provided a large number of high-precision data points [19-22]. In this region, various theoretical 

models have been well tested and generally agree with one another [23-24]. At higher pressures, the 

situation changes markedly. Above approximately 10 Mbar, experimental data become sparse and 

are drawn mainly from underground nuclear tests [25-27]. Although these data extend the Hugoniot 

to several hundred megabars, the typical uncertainty in shock velocity exceeds 1.5%, which leads 

to considerable scatter in the derived density and pressure. This level of uncertainty is not sufficient 

to resolve the finer features expected from inner-shell ionization in the range of roughly 50 to 

500 Mbar [28-30]. Kadatskiy and Khishchenko have pointed out that an experimental test of shell-

induced oscillations in the aluminum Hugoniot would require a velocity measurement accuracy 

better than 0.5% [31], a level that has not yet been demonstrated for aluminum in this regime. A 

direct Hugoniot measurement with significantly improved precision is therefore needed to test these 

theoretical predictions and to establish a reliable benchmark in the shell-ionization regime. This gap 

undermines aluminum's reliability as an impedance-matching standard at hundreds of megabars, 

where it is most critically needed. 

Theoretical predictions in this high-pressure region differ considerably. Models that include 

electronic shell structure explicitly, such as the Hartree-Fock-Slater model with charged hard 

spheres [30-31], density functional theory molecular dynamics [32-33], and path-integral Monte 

Carlo simulations [34], predict a softening of the Hugoniot as successive electron shells become 

ionized. In contrast, average-atom models based on Thomas-Fermi theory do not resolve shell 

effects and yield a stiffer Hugoniot with less structure [30,35]. The lack of high-precision data in 

the multi-TPa regime has prevented a definitive assessment of these competing descriptions, leaving 

the compressibility of aluminum under extreme conditions an open question. A direct Hugoniot 

measurement for aluminum with an uncertainty substantially lower than current data is therefore 

needed to test these theoretical predictions and to establish a reliable benchmark in the shell-

ionization regime. 

Here, we report a laser-driven Hugoniot measurement of aluminum at 93 Mbar with a shock-

velocity measurement uncertainty below 0.5%. This result fills the critical experimental gap and 

provides a direct benchmark to validate shell-resolved EOS models. 

The experiments were conducted on the 100kJ laser facility at the Laser Fusion Research 

Center [36]. A total of 45 beams delivered a 3 ns square pulse with energies between 124 and 133 kJ, 

irradiating the inner walls of a gold hohlraum. This generated an x-ray radiation drive with a 

temperature of ~270 eV, which launched a planar shock wave into a composite target attached to the 

hohlraum waist. The target assembly, illustrated in Fig. 1(a), consisted of a stepped aluminum 

sample thermally diffusion-bonded [37] to a quartz standard. The aluminum sample comprised a 

190 μm-thick base and a 120 μm-thick step. A thin indium layer (~200 nm) was used for bonding, 

an order of magnitude thinner than typical micron-scale glue layers [11-13], so that no separate 

correction for the shock transit time was required. The initial densities were 2.7 g/cm³ for aluminum 

and 2.65 g/cm³ for quartz. 
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Fig. 1. (a) Schematic of the experimental setup. A gold hohlraum irradiated by 45 laser beams generates 

an x-ray drive that launches a planar shock into a composite target consisting of a stepped aluminum 

sample (190 μm base, 120 μm step) thermally diffusion-bonded to a quartz standard. (b) Raw streak 

records: upper panel shows VISAR fringes from the quartz standard; lower panel shows SOP self-

emission from the aluminum rear surface. Breakout times from the base (t₁) and step (t₂) are marked. 

 

Shock velocities were determined using a dual-diagnostic approach. The average shock speed 

in the opaque aluminum step was derived from the transit time between shock breakout from the 

base and the step, measured by a passive shock breakout diagnostic system (PSBO) [38]. 

Representative PSBO data [Fig. 1(b), lower panel] show the spatially and temporally resolved self-

emission from the target rear surfaces. The breakout times t1 (base) and t2 (step) were identified 

from the steepest rise in intensity, with a combined temporal uncertainty of 12–27 ps. 

Simultaneously, the in-situ shock velocity history in the transparent quartz standard was recorded 

using a velocity interferometer system for any reflector (VISAR) [39] with a 532 nm probe laser 

[Fig. 1(b), upper panel]. The fringe shifts provide a continuous record of the shock velocity DQz(t). 

The step thickness was characterized by dual confocal microscopy (DCM) over the diagnostic 

region; its uniformity was verified to better than 0.15 μm. Shock planarity was validated by a 

dedicated flat‑foil shot, which gave a breakout‑time fluctuation of less than 4 ps across 500 μm. 

Detailed descriptions of these procedures are provided in the Supplementary Material. The streak 

camera was calibrated to a relative timing precision of ~5 ps. These checks confirm that systematic 

contributions are well within the quoted uncertainties. 

 

 

Fig. 2. (a) Shock velocity history in the quartz standard measured by VISAR (solid red curve). The 

average shock velocity UQz used for impedance matching is obtained by integrating DQz(t) over the 

corrected time interval F/ΔtAl (shaded region). (b) The time-modulation factor F of six different the 
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quartz and aluminum EOS model combinations.  

 

The average shock velocity in aluminum, <UAl>, was calculated from the measured step 

thickness hAl and the transit time ΔtAl = t2 – t1. The in-situ shock velocity in the quartz standard was 

determined from the VISAR fringe shifts using 1.54 as the refractive index, as shown in Fig. 2(a). 

In laser-driven experiments, shocks are typically non-steady. To apply impedance-matching analysis 

we corrected the measured average velocities using the method developed by Duan et al. [40]. This 

method introduces a time-modulation factor F to relate the average shock speed in the driver (Al) 

to an appropriate time-averaged velocity in the standard (quartz) derived from its continuous 

velocity history. To avoid reliance on a single equation‑of‑state model, the sensitivity of the 

correction factor F was evaluated using six combinations of aluminum (PIMC, SESAME 3711, 

SESAME 3719) and quartz (SESAME 7385, SESAME 7386) tables. The resulting F factors vary 

from 0.99 to 1.06, as shown in Fig. 2(b). The mean value F = 1.03 is adopted, and the model‑induced 

spread is added in quadrature to the velocity uncertainty. The equivalent quartz velocity for 

impedance matching, <UQz>, was then obtained by averaging DQz(t) over the corrected time interval 

ΔtAl /FAl-Qz : 
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Results for two shots are summarized in Table I. The measured transit times of Al steps were 

1.818 ns and 1.794 ns, corresponding to average shock velocities of 65.17 km/s and 66.36 km/s, 

respectively, with uncertainties below 0.7%. This level of precision was achieved through a 

combination of a relatively thick aluminum step, which increased the transit time and reduced the 

relative timing uncertainty, and the high-accuracy measurement of the step height. The 

corresponding velocities in quartz were 67.16 ± 0.30 km/s and 68.58 ± 0.30 km/s. The quoted 

uncertainties combine the timing uncertainties from the two VISAR channels and the uncertainty 

associated with the non-steady wave correction, including the model spread of F. The relative 

precision of the velocity measurement is better than 0.5%, meeting the level required to distinguish 

between competing EOS models in this pressure regime. 

 

TABLE 1 Summary of shot parameters and measured shock velocities. Elaser is the total laser 

energy. hAl is the thickness of the aluminum step. ΔtAl is the measured shock transit time across the step. 

UAl is the average shock velocity in aluminum. UQz is the equivalent average shock velocity in quartz 

obtained from the non-steady wave correction. 

Shot Elaser (kJ) hAl (μm) ∆tAl (ns) <UAl> (km/s) <UQz> (km/s) 

316 123.9 118.48±0.12 1.818±0.012 65.17±0.44 67.16±0.30 

318 132.9 119.04±0.14 1.794±0.012 66.36±0.45 68.58±0.30 

 

The aluminum Hugoniot states were determined via impedance-matching (IM) analysis using 

quartz as the standard. We adopted the quartz principal Hugoniot from the first-principles molecular 

dynamics (FPMD) calculations by Sjöstrom and Crockett [41], which aligns with experimental data 

up to ~60 Mbar [11]. The pressure–particle velocity (P-u) relation from this EOS is shown as the 

solid blue line in Fig. 3. Since the shock impedances of aluminum and quartz are closely matched 

in this pressure range, we assumed a linear shock-velocity–particle-velocity relation for 

aluminum, DAl = UAl·a, and approximated the release path from the quartz state by a mirror 

Hugoniot, P = a (UAl/a – u)2. The intersection of this mirror line with the quartz Hugoniot defines 

the quartz shock state (uQz, PQz) consistent with the measured average velocities <UAl> and <UQZ>. 

From this intersection, the coefficient a and thus the aluminum Hugoniot state (uAl, PAl) are obtained. 

The derived aluminum P-u curve and its mirror are plotted as dashed red lines in Fig. 3. The close 

impedance match between Al and quartz validates the use of the linear D-u and mirror 

approximations over the limited range of this analysis [30]. Preheating by M-band X-rays from the 
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gold hohlraum was assessed through radiation‑hydrodynamics simulations and found to be 

negligible, with an estimated change in compression ratio of less than 0.3% (see Supplementary 

Material). 

 

Fig. 3. Impedance-match analysis in the pressure-particle velocity (P-u) plane. (a) Principal Hugoniot of 

quartz (solid blue line) from first-principles molecular dynamics (Sjöstrom & Crockett). The mirror line 

(dashed red) for aluminum is constructed assuming a linear D-u relation. Their intersection gives the 

matched state (uQz, PQz), from which the aluminum Hugoniot state (uAl, PAl) is derived. (b) Expanded 

view showing the close impedance match between aluminum and quartz. 

 

Through impedance-matching analysis using quartz as the standard, we obtained two Hugoniot 

points for aluminum at pressures of 8.90 ± 0.07 TPa (89.0 Mbar) and 9.29 ± 0.08 TPa (92.9 Mbar), 

with corresponding compression ratios ρ/ρ₀ of 4.47 ± 0.17 and 4.58 ± 0.18. The complete analysis 

results are summarized in Table II. Our two new Hugoniot points are plotted in Fig. 4 alongside 

existing data and theoretical models. The present data, at 89 and 93 Mbar, reach a pressure regime 

previously accessible only via underground nuclear tests. Crucially, our uncertainty is significantly 

lower than that of the nuclear test data. In previous impedance-matching measurements at these 

pressures, iron was often used as the standard material. However, the iron Hugoniot has not been 

experimentally validated above ~30 Mbar [42], and its large impedance mismatch with aluminum 

makes the mirror-line approximation unreliable, introducing additional uncertainty. In the present 

work, quartz was chosen as the standard because its Hugoniot is experimentally constrained up to 

~60 Mbar, providing a well-validated reference for the analysis.  

 

TABLE 2 Impedance‑matching results for the two shots. uAl is the particle velocity, PAl is the pressure, 

ρAl is the density, and ρ/ρ0 is the compression ratio of shocked aluminum. 

Shot uAl (km/s) PAl (TPa) ρAl (g/cm3) ρ/ρ₀ 

316 50.61±0.39 8.90±0.07 12.08±0.47 4.47±0.17 

318 51.86±0.39 9.29±0.08 12.36±0.49 4.58±0.18 

 

Crucially, theoretical models diverge most strongly in the pressure range dominated by 

inner-shell ionization effects, approximately 50–200 Mbar. First-principles approaches that resolve 

electronic shell structure predict a softening of the Hugoniot as successive electron shells become 

ionized. The extended first-principles molecular dynamics (ext-FPMD) method by Zhang [33] 

retains the Kohn–Sham orbital description for valence electrons while treating high-energy electrons 

as plane waves, thus preserving shell information at manageable computational cost. The stochastic 

density functional theory (SDFT) approach [43] uses stochastic orbitals to efficiently sample the 

electronic states at elevated temperatures, also capturing shell effects without empirical parameters. 

Both methods give a compression ratio of about 4.45 near 90 Mbar, where L-shell electrons undergo 
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significant ionization. Similarly, the Hartree–Fock–Slater model combined with charged hard 

spheres (HFS+CHS) [30] treats bound and continuum electrons separately within a self-consistent 

field framework, thereby incorporating shell effects explicitly. This model also predicts a softened 

Hugoniot, consistent with the ext-FPMD and SDFT results in the 50–200 Mbar range. In contrast, 

average-atom models lack explicit shell structure. The Thomas–Fermi model with quantum and 

exchange corrections paired with charged hard spheres (TFC+CHS) [30] treats all electrons as a 

continuous fluid without resolving individual shells. The SESAME 3711 table, also based on an 

average-atom framework, similarly omits shell details. Both predict a stiffer Hugoniot with a 

compression ratio of 4.03 near 90 Mbar, 10% lower than the shell-resolved results. The softening 

predicted by shell-resolved models arises from the energy consumed by inner-shell ionization. As 

the shock pressure increases, a fraction of the internal energy is diverted to ionizing L-shell electrons 

rather than heating the ions, which effectively increases the compressibility of the system. At still 

higher pressures, shell-resolved models predict a second compression peak associated with 

complete K-shell ionization, though existing experimental data in that regime lack the precision to 

resolve this feature.  

Our two data points at 89 and 93 Mbar yield compression ratios of 4.47±0.17 and 4.58±0.18, 

respectively. These values lie well within the band of the shell-resolved models and deviate from 

the average-atom predictions by 8–10%. Compared with earlier data in this pressure regime, which 

were derived primarily from underground nuclear tests with uncertainties exceeding 30%, the 

present results provide the first high-precision benchmark capable of distinguishing between 

competing theoretical descriptions. This provides direct experimental evidence that L-shell 

ionization softens the aluminum Hugoniot at ultrahigh pressures and demonstrates that 

first-principles, shell-resolved equation-of-state models offer higher predictive accuracy in the 

hundred-megabar regime. 

 

 
Fig. 4. Principal Hugoniot of aluminum. Our data (solid red squares) are shown with <4% error bars in 

compression ratios. Existing experimental data: underground nuclear tests (hollow symbols). 

Theoretical models: shell-resolved predictions include ext-FPMD (Zhang 2016, blue solid), SDFT (Chen 

2024, green solid), and HFS+CHS (Kadatskiy 2019, yellow solid). Average-atom models (blue solid) 

include SESAME 3711 (red solid) and TFC+CHS (light blue solid). Our data clearly favor the 

shell-resolved models and deviate from the average-atom predictions. 

 

The shell-resolved and average-atom models used in the comparison are equilibrium 

calculations, whereas our data were obtained under dynamic shock compression, which may in 

principle involve non-equilibrium effects [44]. A particular concern is the pressure gradient along 

the loading direction, which thinner samples would reduce but at the cost of amplified interface 

artifacts. In the present experiment, the aluminum sample thickness (120-190 μm) was chosen to 

suppress both effects, and the shock transit time (~1.8 ns) is long compared with the relevant 
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electron–ion equilibration and ionization relaxation timescales. The shocked state is therefore close 

to local equilibrium, supporting a direct comparison with equilibrium EOS predictions. 

The sensitivity of the derived aluminum Hugoniot to the choice of F was further examined. 

Using the six F values obtained from the EOS combinations described above, we recalculated the 

Hugoniot compression ratios. As shown in Fig. 5(a), the corresponding Hugoniot compression ratios 

derived with each F all lie within the experimental error bars. The aluminum Hugoniot data are 

therefore insensitive to the specific choice of EOS models used for the non‑steady correction. We 

also examined the sensitivity of the results to the choice of quartz standard Hugoniot. The 

impedance‑matching analysis was repeated using three different quartz tables: the FPMD 

calculations of Sjöstrom and Crockett, SESAME 7386, and SESAME 7385. The FPMD and 

SESAME 7386 tables agree closely with each other and with experimental data up to ~60 Mbar, 

whereas SESAME 7385 deviates more noticeably in this pressure range. As shown in Fig. 5(b), even 

when the most divergent quartz table is adopted, the derived aluminum Hugoniot points shift by less 

than the experimental uncertainties. The conclusions are therefore robust against the choice of quartz 

standard within the present precision. The aluminum and quartz shock velocities are provided in 

Table I so that the impedance‑matching analysis can be revisited should the quartz EOS be refined 

in the future. Both sensitivity studies confirm that the measured softening relative to average‑atom 

models is a robust feature of the aluminum Hugoniot in this pressure regime.  

 
Fig. 5. (a) Sensitivity of the derived aluminum Hugoniot compression ratios to the non‑steady correction 

factor F. The six data points correspond to the F values (0.99–1.06) obtained from the six Al–quartz EOS 

combinations; all points lie within the experimental error bars. (b) Influence of the quartz reference 

Hugoniot on the derived aluminum states, comparing the FPMD table with the most divergent 

SESAME 7385 table. 

 

These results also demonstrate the capability of the present laser-driven platform for 

high-precision Hugoniot measurements in the 100-Mbar regime. By establishing a reliable 

benchmark at pressures where inner-shell ionization becomes significant, this work reinforces 

aluminum’s role as an impedance-matching standard for future EOS studies of other materials. 

Extension of this approach to higher pressures and other mid- to high-Z materials is straightforward. 

In summary, we have performed high-precision Hugoniot measurements of aluminum at 89 

and 93 Mbar using a laser-driven impedance-matching platform with a quartz standard. The 

shock-velocity measurement uncertainty is below 0.5%, a factor of three improvement in precision 

over previous data. The measured compression ratios of 4.47±0.17 and 4.58±0.18 fall within the 

band of shell-resolved theoretical predictions and deviate from average-atom models by 8–10%. 

These results quantitatively validate shell‑resolved first‑principles EOS models against 

average‑atom approximations in the hundred‑megabar regime, confirming the critical role of 

inner‑shell ionization physics. Further measurements spanning a wider pressure range would help 

map the softening trend in detail and are planned for higher‑energy laser facilities. These results 

provide a long-sought high-precision benchmark in the hundred-megabar regime and confirm 

aluminum as a reliable standard for impedance-matching experiments at hundreds of megabars. 
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Shell‑resolved models further predict a second compression peak due to K‑shell ionization above 

~300 Mbar. Accessing this regime would require next‑generation laser facilities, and the 

methodology demonstrated here offers a viable path for such future studies. 
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