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Abstract 

Laser generated shock reflectance data show that diamond undergoes a continuous 

transition from optically absorbing to reflecting between Hugoniot pressures 

600<PH<1000 GPa. The data are consistent with diamond having a thermal population of 

carriers at PH~600 GPa, undergoing band overlap metallization at PH~1000 GPa and 

melting at 800<PH<1000 GPa.  The results agree well with an equation of state model 

that predicts that elemental carbon remains solid throughout the interior of Neptune. 
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Carbon is a basic building block of life, a primary constituent of Uranus, 

Neptune1, 2, and white dwarfs, and is used in many technological applications.  The 

unique properties of the diamond phase, including its extreme hardness and low 

compressibility have made possible static high-pressure research up to several hundred 

GPa3. However, the properties of diamond at higher pressures remain unknown. Does 

carbon transform from diamond to another crystallographic phase at ultra high pressure 

and is there a metallic solid phase?4-6 What is the melting curve of diamond?5-11 Is the 

high-pressure liquid state conducting?12, 13 What is the state of carbon in Uranus and 

Neptune?2 We report on measurements that show that diamond melts to a conducting 

fluid between 600 and 1000 Gpa on the principal Hugoniot.  At pressures just below the 

onset of melt, our analysis suggests that the band gap closes. These observations suggest 

that pure carbon in the deep interior of Neptune would be in an insulating solid phase. 

The multiple hybridisations of carbon’s valence electrons result in a complicated 

phase diagram. Although the region around the graphite-liquid melt line has been studied 

extensively by several authors14-16, (showing that liquid carbon, at temperatures just 

above the melt line is a semi-metal), experimental data in the high-pressure region around 

the diamond melt curve are sparse12. Figure 1 shows one high-pressure phase diagram, 

proposed by van Thiel and Ree9 (VTR). Superimposed on the VTR diagram are several 

theoretical diamond Hugoniots and melting curves5, 8, 10, 17, and an isentrope that lies close 

to predicted core conditions of Neptune18. As can be seen, for all but the VTR model the 

high-pressure part of the isentrope is predicted to lie in the molten phase. In addition to 

the melting transition, several authors4, 5, 19predict that diamond will transform to a 

metallic BC8 phase before melting. This predicted insulating to metallic-solid transition 
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is incorporated into the phase diagram proposed by Kerley and Chhabildas (KC)5 and 

accounts for the changes in slope along the KC Hugoniot (figure 1) at 430-500 GPa. In 

contrast, Grumbach & Martin6 estimate that a BC8-diamond-liquid triple point occurs 

near 2000 GPa and 4300 K – which is inaccessible to the principal (single shock) 

Hugoniot of diamond 

Experiments were conducted using the 351 nm OMEGA laser system at the 

University of Rochester. Targets consisted of 100 or 500 µm thick natural type 2a 

diamond flats oriented along the (110) axis and glued onto the thin side of an Al step. A 

low-Z plastic (CH) ablator on the drive side of the Al pusher reduced the quantity of high 

energy x-rays produced at the ablation front that can preheat the target. A thin (100 nm) 

coating of Al on the laser-drive side of the CH ensured that the laser plasma originated 

away from the Al plate.20 The diamond surface was coated with an Al2O3 anti-reflection 

coating to minimize reflection of the probe beam.  A typical target is shown in figure 2. 

The drive laser produces a shock, which propagates through the pusher, and into the 

diamond sample. Steady shocks used for Hugoniot P-ρ data were achieved with 3.5 ns 

flat top pulse shapes with incident laser intensities in the range of 1 x 1013 to 2 x 1014 

W/cm2. Decaying shocks, used for mapping shock reflectance over a continuous pressure 

range were produced with 1 ns flat top pulse shapes. Shock planarity  (2% over 300 µm 

upon breakout from a 50 µm Al target) was achieved using continuous phase plates 

having a flat-top footprint of 650 µm. 

A line VISAR (Velocity Interferometer System for Any Reflector) diagnostic21 

operating at 532 nm measured the shock velocity in diamond, Us
diamond versus time by 

detecting the Doppler shift of light reflecting off the shock front.22 Laser light reflected 
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from the target is imaged through an interferometer onto the slit of an optical streak 

camera. The resulting streaked image contains a series of fringes, whose phase is directly 

proportional to the velocity of the reflecting surface 23. The image also contains one-

dimensional spatial information from the reflector.  

In general, transparent materials undergo a series of similar optical responses, 

from transparent, to non-transparent (due to absorption or diffusive scattering), to 

reflecting with increasing shock pressure. At low pressures (≤ 100 GPa) shocked 

diamond is known to be transparent24(reflecting surfaces can be observed with a VISAR 

through a shocked diamond window), and we have used it as a window material for 1064 

nm light for shocks up to 120 GPa. At ~300<P<600 GPa, shocked diamond is non-

transparent (the reflected intensity at the VISAR detector lacks any contribution from 

surfaces beyond the shock front) and any VISAR signal at 532 nm (Rλ=532nm) from a 

potentially reflecting shock is below our detection limit of 0.1-1%.   An example VISAR 

record for P = 550-600 GPa (as determined by simulation and average transit time 

through the diamond) is shown in figure 1 (inset a). Following the VISAR fringes in time 

(from left to right) we note that before the shock breaks out from the Al, steady unshifted 

fringes are seen.  Since no fringe shift is detected until the shock wave reaches the 

surface of the thin Al step and breaks out into the diamond, we estimate the preheat in the 

Al to be below 600 K. At ~5.5 ns the shock breaks out into the diamond and the reflected 

signal drops to near our detection limit. At ~6.5 ns the shock breaks out of the thick Al 

step, and the reflection from the Al surface rapidly vanishes. The loss of surface 

reflectivity is due to the rapid development of a density gradient when a surface without 

strength (fluid) unloads into vacuum25. At ~10 ns the shock front breaks out from the rear 

 4



surface of the diamond and in this case a bright series of fringes (10-20% reflective) 

return. This fringe recovery occurs when a material with strength (solid) unloads into a 

vacuum (the antireflection coating on a window is generally destroyed by a strong 

shock).  

The VISAR image in figure 1b (inset b) is from diamond shocked to a high 

pressure of ~1050 GPa, which is above the predicted melt pressure Pmelt for all the 

models.  Strong fringes are seen when the shock breaks out from the thin Al step into the 

diamond at 2.4 ns. The discontinuity seen at this time is caused by the streak camera 

being unable to resolve the rapid change in phase (~ 4 fringes) as the VISAR probe starts 

to reflect off the rapidly moving shock front. The shock velocity in the diamond 

(confirmed by a second VISAR with a different sensitivity) ranged from 25 µm/ns just 

after breakout to 26.4 µm/ns after 3 ns. The reflectivity from the shock, Rλ=532nm~30%, 

was calculated by comparing to the reflectivity of the thicker (bare) Al step, which was 

taken to be 85%26. This value for Rλ=532nm in diamond is more than an order of magnitude 

higher than expected from a Fresnel reflection, and as is discussed below results from 

reflection off a conducting phase of carbon.     

In order to probe the transition region between non-reflecting (non-conducting) 

and reflecting (conducting) phases, a temporally short (1 ns) laser pulse was used to 

launch a shock that decays with time continuously over a large pressure range. This 

technique allows a large pressure range to be sampled on a single shot, and minimizes 

random uncertainties in reflectance at different pressures. While the shot to shot 

uncertainty in reflectance can be as high as 30%, the relative uncertainty within a single 

shot is much less. Figure 2 shows an experimental VISAR data record which spans from 
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P~1500 GPa just after shock breakout into the diamond to ~500 GPa near the end of the 

data record.  After the shock enters the diamond, the normalized reflected probe intensity 

is at a high value and then decays to the background level.  This observation is analysed 

to give a continuous record of Rλ=532nm from shock compressed diamond and Us
diamond 

from the fringe phase shift.  While the shock front pressure decreases with time, the 

shock front is always on the Hugoniot. Although there is a P-ρ-T gradient behind the 

shock front, over an optical depth (~ 40 nm) the variations in P-ρ-T are very small.  

Figure 3 shows Rλ=532nm plotted versus Us
diamond for two shots.  The shock front 

reflectance is constant at about 30% over a wide range of shock velocities above 24.5 

µm/ns (P>1000 GPa).  As Us
diamond drops from 24.5 µm/ns to 20.2 µm/ns (1000 GPa to 

600 GPa), Rλ=532nm falls from 30% to 0.1% which is the detection limit. The measured 

insulating-conducting transition region is a little larger than but very close to the 

predicted solid-liquid coexistence region in VTR (22.0 <Us< 24.6 µm/ns). There is a 

strong correlation between the increase in Rλ=532nm and the calculated liquid fraction from 

VTR as shown by the blue curve in figure 3. Additional evidence for a melting transition 

is found by studying the release of the shock from the rear surface of the diamond. As 

seen in figure 1, for shocks below the conducting transition (Us < 20 µm / ns  or about 

550 GPa), we see reflective fringes as the shock exits the free surface.  The presence of 

fringes after shock breakout indicates reflection off a solid surface with strength.  In 

contrast for the higher-pressure shocks, where the diamond shock front is reflective 

(Us > 25 µm / ns  or about 1000 GPa), the reflectance abruptly falls to zero upon shock 

breakout from the diamond-vacuum interface. This behaviour is consistent with free-

surface unloading of a high-pressure fluid. The unloading fluid rapidly develops a density 
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gradient of several tenths of a micron, which is sufficient to extinguish the reflected 

probe signal.27 This observation is strongly indicative of a solid-liquid phase transition 

occurring in the vicinity of the optical transition.  

While the sharp saturation in reflectivity seen in our data at 24.5 µm/ns is 

consistent with melting to a conducting state, the exponential increase in reflectance with 

velocity at lower pressure cannot be ascribed entirely to melting. Shock reflectance 

measurements in LiF, Al2O3,28and water29, have been well matched using a semi-

conducting (Sommerfeld) model with a small bandgap and a scattering time that meets 

the Ioffe-Regel criterion 30. This model assumes that the rise in reflectance is due to 

thermal excitation of electrons across a mobility gap. 

We have modelled our reflectance data using a similar model. Reflectivity is 

calculated using the Fresnel equations, R = ε − nd( ) ε + nd( )2
, wheren  is 

the refractive index of the unshocked diamond. The complex dielectric constant of the 

shocked material, ε is calculated from a  Drüde formulation such that 

d = 2.424
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natom is the atomic density, and ve is the average carrier velocity, which is calculated by 

integrating over the Fermi distribution at a given temperature. The electron number 
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density,  where γ is the electron degeneracy, g( ) ( , )e cn g E f E T dγ= ∫ E c is the electronic 

density of states, and f is the Fermi-Dirac distribution function. The band gap, or mobility 

gap of the semiconductor enters the analysis through the density of states.  

In diamond the temperature at the onset of high shock reflectance is low enough 

(0.4-0.5 eV) for all EOS’s considered, that substantial thermal excitation of free carriers 

could only occur for a mobility gap far smaller than at ambient pressure. We have 

therefore modelled the diamond reflectance data using a density dependant mobility gap, 

Egap = E0 − A ρ ρ0 −1( ) where E0=5.45 eV is the zero pressure band gap, A is a 

constant, ρ is the density and ρ0 is the zero pressure density 28. This is consistent with 

several theoretical predictions that have reported a reduction in Egap with increasing 

deviatory stress31-33. Fits to our data using this model give A=6.01±0.50 eV so that the 

mobility gap closes (metallization) at Us=24.3±2.0 µm/ns, ρ=6.7±0.3 g/cc, P=1000±200 

GPa, and T=12000±4000 K34 . The large uncertainty in temperature is dominated by the 

large disagreement in temperatures arising from various treatments of the melt transition 

by the different equations of state considered here. Fits for a selection of EOS models are 

shown in figure 3. It is clear that while the analysis matches the low reflectance data quite 

well, the saturation at about 30% is much sharper experimentally than can be reproduced 

solely with this model. Our conclusion is that the best match to the complete data set is 

provided by a model that combines both a semi-conducting solid with a closing band gap 

and an eventual transition to a conducting fluid. The diamond-metallic (BC8) solid 

transition predicted by the KC EOS at 440-500 GPa lies below our observed absorbing to 

reflecting transition. We see no evidence of a conducting phase in the 300-700 Gpa 
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region, although it is possible that the timescale for this transition is slower than our 

experiment  

In summary, laser-driven shock wave experiments have been used to investigate 

the properties of diamond on its principal Hugoniot between 600 and 3000 GPa.  

Reflectivity measurements show that shock compressed diamond is opaque below 600 

GPa, has shock reflectance which increases with pressure between 600 and 1000 GPa, 

and has nearly constant shock reflectance of about 30% above 1000 GPa. This increase in 

shock reflectance is caused by a transition to a metallic phase resulting from mobility-gap 

closure and shock-induced melting. Reflectance measurements of shock front unloading 

from the free surface are consistent with diamond being solid for P<550 GPa and fluid 

for P>1000 GPa. Our measured optical transition is strongly correlated with the solid-

liquid coexistence region in the VTR EOS. If the melt transition predicted by RVT is 

correct, then the ice layers of Neptune and Uranus should contain carbon in the solid 

phase2. 
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FIG. 1.  Temperature versus pressure phase diagram for diamond together with the melt 

(yellow line), Hugoniot (red line), constant densities (black lines), and entropy (color 

shading) as calculated by VTR9.  Other Hugoniot predictions include KC5 (green line), 

Molodets10 (purple line), Fried8 (blue line) and Sesame17(orange line).  The pink dashed 

line is a calculated isentrope of Neptune.18  The inset VISAR images are from diamond 

shock compressed to a) 550-600GPa and b) 1100 GPa and are discussed in the text. The 

graphite phase of carbon lies to lower temperatures and pressures than those shown in the 

figure. 

FIG. 2.  Typical target and VISAR image for decaying shock used to measure shock 

reflectance versus shock velocity over the transition region between reflective and non-

reflective states. Time zero on this image is set to the beginning of the drive pulse. (a) 

Before the start of laser drive pulse, unshifted fringes are seen. (b) After the start of drive 

fringes are still unshifted as shock has not reached rear surface. (c) The shock has broken 

out into diamond. Shifted fringes are reflected from the shock front in diamond. 

Unshifted fringes are still seen from thick Al step. (d) The shock has broken out from 

thick Al step.  

FIG. 3.  Measured shock reflectance versus shock velocity. The shock pressure axis is 

calculated from the shock velocity using the VTR EOS 9, which is limited to pressures 

below 2000 GPa. The solid lines are fits to the Sommerfeld model described in the text 

using 4γ = , τ = τ min , and m .  The solid lines shown use the following EOS and 

values for A:  Red line—VTR

= me

9, eV; Green line—KC=5.8A 5 eV; Orange line—

Sesame

=6.3A

17, eV.   The blue dotted line is the liquid volume fraction using the VTR 

EOS. 

=6.0A
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