
This is a repository copy of Metastability of Diamond Ramp-Compressed to 2 terapascals.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/170555/

Version: Accepted Version

Article:

Lazicki, A., McGonegle, David, Rygg, J. R. et al. (18 more authors) (2021) Metastability of 
Diamond Ramp-Compressed to 2 terapascals. Nature. pp. 532-535. ISSN 0028-0836 

https://doi.org/10.1038/s41586-020-03140-4

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



Metastability of Diamond Ramp-Compressed to 2 TPa

A. Lazicki,1 D. McGonegle,2 J. R. Rygg,3, 4 D. G. Braun,1 D. C. Swift,1 M. G.

Gorman,1 R. F. Smith,1 P. G. Heighway,2 A. Higginbotham,5 M. J. Suggit,2 D. E.

Fratanduono,1 F. Coppari,1 C. E. Wehrenberg,1 R. G. Kraus,1 D. Erskine,1 J. V.

Bernier,1 J. M. McNaney,1 R. E. Rudd,1 G. W. Collins,3, 4 J. H. Eggert,1 and J. S. Wark2

1Lawrence Livermore National Laboratory,

7000 East Ave., Livermore CA 94550 USA

2Department of Physics, Clarendon Laboratory, University of Oxford,

Parks Road, Oxford, OX1 3PU, United Kingdom

3Laboratory for Laser Energetics, University of Rochester,

Rochester, New York 14623-1299, USA

4Departments of Mechanical Engineering, and Physics and Astronomy,

University of Rochester, New York 14623, USA

5University of York, Department of Physics,

Heslington, York YO10 5DD, United Kingdom

Abstract

Carbon is the fourth most prevalent element in the universe and essential for all known life. In

the elemental form it is found in multiple allotropes including graphite, diamond, and fullerenes,

and it has long been predicted that even more structures can exist at greater than Earth-core

pressures.1–3. Several new phases have been predicted in the multi-terapascal (TPa) regime, im-

portant for accurately modeling interiors of carbon-rich exoplanets4,5. By compressing solid carbon

to 2 TPa (20 million atmospheres; over 5 times the pressure at the Earth’s core) using ramp-shaped

laser pulses, and simultaneously measuring nanosecond-duration time resolved x-ray diffraction, we

found that solid carbon retains the diamond structure far beyond its regime of predicted stability.

The results confirm predictions that the strength of the tetrahedral molecular orbital bonds in di-

amond persists under enormous pressure, resulting in large energy barriers that hinder conversion

to the more stable high-pressure allotropes1,2, just as graphite formation from metastable diamond

is kinetically hindered at atmospheric pressure. This work nearly doubles the record high pressure

at which x-ray diffraction has been recorded on any material.
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On Earth, carbon can exist in a number of different allotropes, with graphite and diamond

being the most well-known, although several others exist6–8, or have been predicted to be

stable9–11. Diamond, the face-centered-cubic form of carbon (Fd-3m, here called FC8) has

many technologically important properties owing to its compressive strength and high ther-

mal conductivity. The phase diagram of carbon at pressures in the TPa regime is directly

relevant to the structure of planets within our own solar system and beyond4,5. Theoretical

calculations based on Density Functional Theory (DFT) of the crystalline phases of carbon

at TPa-scale pressures have a long history1–3,12–14, with general agreement emerging that

body-centered-cubic (BC8; Ia-3 ) and simple-cubic (SC1; Pm-3m, and SC4; P4332 ) phases

are lower in enthalpy than FC8 above ∼1 TPa, with BC8 being the first to satisfy this

condition around 1 TPa (Figure 1).

Multi-TPa pressures far exceed those that can be achieved under static conditions in

the laboratory using anvils15,16. While such high pressures can be obtained with shock

compression, this highly entropic process starts melting diamond above 0.6 TPa, according

to a study of changes in entropy manifested in decaying shock waves17 (Figure 1). Recently,

however, a new dynamic technique known as ramp compression has been developed, in which

a sample is compressed on a timescale that is long compared to the sound wave transit time

though the sample, thus reducing dissipative processes and keeping the sample cooler than

it would be in the shocked state18. By use of such a technique diamond has previously been

ramp-compressed to record-high pressures (more accurately longitudinal stresses, because

of the uniaxial loading) of 5 TPa at the National Ignition Facility (NIF)19. This ramp data

gave no indicators of a phase transformation, such as plateaus in the velocity ramp due to

changes in sound speed. A second experimental study has interpreted subtle trends in shock

Hugoniot data near the melting point as evidence for the FC8-BC8-liquid triple point near

1 TPa20. However, neither of these studies included a measurement of structure.

In fact, whether and how diamond might actually transform to one of the predicted phases

in a laboratory compression experiment are far from trivial questions to answer, owing to

the large enthalpy barriers predicted between the phases (a phenomenon that explains the

very existence of ambient-pressure diamond itself, given its metastability compared with

graphite). Simulations at zero Kelvin report that the predicted BC8 phase will never form

under rapid compression, and the FC8 phase will persist until it becomes mechanically

unstable near 3 TPa1. At high temperature however the atoms are freed to follow alternative
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transformation pathways and the enthalpy of formation is lower for some phases. At 2 TPa

and 4000 K FC8 is predicted to transform to the lower energy (but still metastable) SC1

phase, and at 300 K and 2.5 TPa to another metastable SC4 structure2. It is also predicted

that BC8 will form at ∼1 TPa, but only under release from the SC1 phase. To explore this

rich and complex landscape, it is necessary to couple the most powerful pressure drivers

with in-situ probes of structure.

In conjunction with dynamic ramp compression using laser ablation, quasi-monochromatic

x-ray emission can be produced by irradiating separate targets at high laser intensities21,22,

and these x-rays used for x-ray diffraction23 and structural determination24 during the

nanosecond compression. We have now implemented this technique at the NIF25, making

it possible for the first time to tackle multi-TPa measurements of structure. Here we re-

port the results of diamond ramp-compression experiments to 2 TPa with simultaneous

x-ray diffraction measurements of structure. This stress state is the highest at which x-ray

diffraction information has ever been obtained, and we find that diamond remains solid and

retains the FC8 phase.

As described in the methods section, we used laser ablation to ramp compress sam-

ples of pure polycrystalline diamond or diamond-epoxy aggregates (for shots N150217 and

N150927), to stress states between 0.8 and 2 TPa for a duration of several nanoseconds.

During the time of peak compression, separate laser beams were focused onto either Ge or

Zr foils offset from the diamond target, to create a bright quasi-monochromatic x-ray source

with energies of 10.25 keV (Ge) or 16.25 keV(Zr). The x rays scattered from the compressed

diamond were collimated by a pinhole placed just behind the sample itself. The sample sat

on the surface of a hollow container lined with image plates, such that the diffracted sig-

nal in transmission was recorded over almost a full 2π steradians, providing Debye-Scherrer

diffraction patterns (Extended Data Figure 1). On each shot the velocity history of the

rear surface of the target is recorded via VISAR (Velocity Interferometer System for Any

Reflector)26. A characteristics analysis is used to translate these velocity data into a stress-

density history within the target27. The Debye-Scherrer pattern at 1.74 and 2 TPa is shown

in Figure 2 (and the rest summarized in the Extended Data Figures 2 and 3) along with

azimuthally-averaged lineouts for all reported shots. The background subtraction algorithms

and means of accurately determining the scattering angle are described in detail elsewhere25

and illustrated in Extended Data Figure 6. The diffraction peaks in the lineouts are fit
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with a gaussian function and the best-fit peak centroids used in a least-squares fitting to

determine the density.

At 0.8 TPa the (111), (200) and (311) diffraction peaks from the FC8 structure are

identifiable. As the stress increases the scattering angle for the (311) peak approaches the

edge of the image plate, and between 1-2 TPa, only the (111) and (220) peaks are reliably

seen. Peak positions and deduced densities shown in Figure 3, (summarized in Extended

Data Table 1) are in good agreement with previous measurements19,28. In Figure 3 we also

show the angular positions at which we would expect diffraction from the BC8, SC1 and

SC4 structures. None of the data shows evidence of these new phases. Some additional

peaks (marked with asterisks) are identified with MgO29 in a subset of the shots where

single-crystal MgO was used as a window material (more information in the Supplemental

Materials).

The most likely reason we did not observe the BC8 phase is the high enthalpy barrier

caused by the large number of strong sp3 bonds that must be broken to change the structure.

The FC8 and BC8 phases are shown in Figure 4 and, while both can be viewed as layers

of sp3-bonded carbon in 6-member rings, there is no simple shift that will transform one to

another. The FC8 layers are bound by zigzag interlayer bonds, which give the structure its

distinctive open channels. The BC8 interlayer bonds form helical chains and adjacent layers

are consequently shifted, eliminating the open channels. Mechanisms for the transformation

have been suggested which require a minimum of 1.5 bonds/atom to be broken9; a consid-

erable energy cost due to the stability of the sp3 bond. This observation is analogous to the

case of carbon’s sp3-bonded group-14 neighbors Si and Ge which, absent a chemical reaction

or application of significant heat, only transform to the BC8 structure upon release from a

higher pressure phase30,31. Carbon’s sp3 bonds are even stronger however, due to the lack of

p electrons in the atomic core12. The predicted enthalpy barrier of ∼2.5 eV/atom between

FC8 and BC82,9 is approaching the barrier between metastable FC8 and stable graphite

phases at ambient conditions, and that transformation, while spontaneous, takes geologic

timescales. Consequently, it may not be surprising that we do not observe the FC8-BC8

transition in our ∼10-ns ramp-compression experiments. The predicted enthalpy barrier

between hexagonal diamond (observed to form from shocked graphite32) and BC8 is lower

at ∼1 eV9, suggesting another route to explore for formation of BC8.

Not yet considered in this discussion is the role of temperature, which can open up new
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transformation pathways and overcome kinetic barriers. The prediction that the kinetic

barrier between FC8 and metastable SC1 could be surmounted at 2TPa and 4000 K2 was

potentially within our reach to test, depending on the temperature in the experiment. A

lower bound on the temperature can be estimated from the heating associated with a shock

to ∼1 Mbar (the elastic limit of diamond33) which was observed on all shots, followed by

an isentrope, as illustrated in Figure 1. In the dynamic technique, however, hydrostatic

conditions are approached within the sample as the shear stress is relieved by plastic flow,

with an associated conversion of the plastic work to heat18,28. The strength of the mate-

rial, which determines residual shear stress, thus plays a key role in the final temperature.

Strength models for diamond based on DFT calculations of the elastic moduli as a function

of compression34,35 indicate that a ramp-compressed diamond sample will be well above the

predicted melting temperature by 2 TPa, if we assume that most of the plastic work is con-

verted to heat. The fact that solid x-ray diffraction is observed in this experiment at 2 TPa

suggests that either the strength is lower than expected (some experimental evidence has

already been put forward which indicates that diamond has a maximum resolved shear stress

which is much lower than theoretical predictions33,36), or that a large percentage of plastic

work must be accounted for some other way. This fraction of plastic work which shows up as

heat, traditionally represented by the Taylor-Quinney factor (fTQ)
37, is usually assumed to

be near 0.9 for metals, and the remainder goes toward microstructural changes like creating

defects, which can be very numerous at high strain rates38. Within this simplified model,

fTQ should be nearer to 0.5 for carbon to remain solid at 2 TPa (Figure 1)35, if the predicted

melting curve is accurate at these conditions. In reality, the evolution of lattice defects and

strength in carbon along a ramp-compression pathway is likely to be complex and certain

to be time-varying, and a detailed energy-budget analysis, as has been done for the case of

Ta39, would be fruitful.

A reliable temperature determination, which is currently lacking, would allow this data to

be used directly to benchmark improved models for diamond strength, phase diagram and

phase transformation kinetics under ramp conditions. These results highlight the crucial

importance of developing techniques compatible with dynamic experiments for measuring

temperature. While some progress has been made by employing the Debye-Waller effect

in EXAFS40 and diffraction measurements41, high-quality, untextured diffraction data is

required, and the uncertainties in the derived values are extremely high. With the advent
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of high-power, high-rep-rate lasers42 coupled to ultra-high brightness free-electron-laser x-

ray sources43,44, it may become possible to drive diamond to the TPa pressure range and

probe structure as well as temperature, using alternative techniques such as inelastic x-ray

scattering45.

Using x-ray diffraction we have for the first time directly probed the crystal structure

of diamond in the pressure regime where several phases are predicted to be more stable

than the well-known FC8 structure. Our data show no evidence for a phase transformation

between 0.8 and 2 TPa, the highest-pressure diffraction measurement ever reported. The

persistence of the metastable FC8 phase up to 1 TPa beyond its predicted phase boundary

gives further evidence for the extraordinary strength and stability of the carbon sp3 bond.

The observation of solid ramp-compressed diamond at 2 TPa also sets a bound for models

of the melt curve, strength and degree of plastic work converted to heat.
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METHODS

Target Details: Materials, part thicknesses and assembly are shown in Extended Data

Table 1 and Figure 1. We used two types of diamond samples for this study: ∼50µm-thick

layers of monocrystalline diamond powder embedded in epoxy, and 30-100 µm-thick plates

of microcrystalline diamond. The diamond-epoxy composite targets had a packing fraction

of 0.53 diamond, approaching the maximally random jammed packing fraction of 0.64. The

diamond was a monocrystalline powder with grain size between 50-100 nm, and the epoxy

was Stycast 1266, vacuum-outgassed prior to mixing.

There is a significant impedance-mismatch between diamond and epoxy, meaning the
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compression wave will drop to a much lower pressure when it passes from diamond to epoxy,

sending a release wave back into the diamond. However, with grain-sizes of 50-100 nm and

sound speeds of at least 3 km/s, the pressure in a grain will equilibrate with the neighboring

diamond grains in about 30 ps or faster; much faster than the duration of the 25 ns ramp

pulse, and the sample pressure and density will evolve along very close to the same path

as the full-density diamond. The motivation for using a slurry rather than full-density

diamond sample was based on the expectation, from available strength models and from

some experimental efforts on the Omega laser facility, that plastic work heating would cause

the diamond ramp to cross the melting line by 8-12 Mbar. The epoxy was intended to reduce

the deviatoric stress imposed on the diamond, and also to allow heat to rapidly conduct away

from the diamond. The actual effect of the presence of epoxy on the sample temperature

depends on the thermal conductivity, which is not well known under these conditions. In

the limit of zero conductivity, the diamond temperature will be at most that of full-density

diamond. In the limit of infinite conductivity, the temperature rise may follow a path similar

to an isentrope in the epoxy, which can be estimated using an equation of state model. The

SESAME 7603 model equation of state46 suggest that temperature may reach 2500 K by

1.2 TPa, lower than the predicted temperature of the full-density diamond (Figure 1). As

it became necessary to maximize the diamond volume in order to increase the diffraction

signal above the increasing drive background at the highest stresses, we experimented with

full-density microcrystalline diamond samples. We found that the samples did not in fact

melt as expected, and the slurry target style was subsequently abandoned.

The microcrystalline diamond samples were prepared by Diamond Materials GmbH using

chemical vapor deposition (CVD). The ambient material has large (>1 um) grain sizes and

a 110 fiber texture47.

The sample was sandwiched between an ablator package towards the laser drive and a

tamper towards the diagnostic. The ablator is composed of a beryllium plate which the lasers

irradiate to generate the pressure drive. The laser ablation also generates a broad spectrum of

low-energy x-rays peaked around 2 keV. Unshielded, these x-rays heat the diamond sample

prior to compression, and also contribute to a high image plate background. A layer of

absorbing material (Au or Zr) is therefore sandwiched between the ablator and the diamond

sample to absorb these x-rays. A single-crystal diamond or MgO plate positioned on the

other side of the sample functions to delay the arrival of waves that originate at the vacuum
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interface and drop the pressure to zero.

Laser Configuration The experiments were performed at the National Ignition Facility.

Samples were compressed up to 2 TPa using 16 laser beams with their pulses shaped to

ramp the total laser intensity from 0 to as high as 500 TW cm�2 over 25-30 ns (Extended

Data Figure 4). The beam profiles were smoothed using continuous phase plates with sim1

mm circular profiles, which were further smoothed using spectral dispersion and orthogonal

polarization. The peak laser intensity was maintained for about 5 ns, while a 2-ns-long burst

of quasi-monochromatic x-rays illuminated the compressed sample and was diffracted onto

image plates. The x-rays were generated by irradiating a foil of Ge or Zr, placed ∼32 mm

from the sample, with up to 24 laser beams at an intensity of ∼ 7.5 x 1015 W cm�2. The

lasers ionize the metal and helium-like emission lines are generated into 4π from the plasma,

with energies of 10.25 keV (Ge) or 16.19 keV (Zr), with 1% bandwidth owing to two main

transitions being present (1s2p 1P - 1s2 1S, and 1s2p 3P - 1s2 1S )21. The x-ray fluence at

the sample is ∼30 x 1018 photons/m2. X-rays that scatter off the sample are collimated by

a 400 µm pinhole made of uranium-6wt% niobium alloy placed behind the sample.

Stress state determination The stress state reached in the samples is determined by

measuring the velocity of the free surface of the diamond tamper using a velocimetry di-

agnostic VISAR (Velocity Interferometer System for Any Reflector)26. For shots below 1.5

TPa, etalons with sensitivity of 3.1251 km/s/fringe and 5.4603 km/s/fringe were used and

at higher pressure a combination of 13.64 km/s/fringe and 5.4603 km/s/fringe. Free-surface

velocities for the shots reported here which used a diamond tamper are shown in Extended

Data Figure 5. In all shots the sample is initially shocked to 0.1 TPa, which is the elastic

limit of diamond, and then ramp compressed. By the time the compression wave reaches the

free surface, the ramp has partially steepened into a shock, as predicted by the radiation-

hydrodynamic simulations (Extended Data Figure 5c).

The diamond equation of state along a ramp-compression pathway is well-known from

previous experiments19,28, so the stress history across the bulk of the sample can be inferred

from this velocity using the method of characteristics27.

Stress Uncertainty: Uncertainty in the stress state of the sample at the time of the

experiment comes from several sources: (1) Uncertainty in the diamond free surface velocity

measurement coming from spatial variation across the sample and a velocity resolution of

3% of the velocity/fringe. These combined sources contributed between 0.015-0.040 TPa to
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the uncertainty from shot to shot. (2) Uncertainty in the diamond equation of state used to

perform the characteristics analysis. The data shown in this report was analyzed using the

ramp equation of state measured for full-density diamond up to 0.8 TPa28, extrapolated to

the 2 TPa range by assuming a linear relationship between the longitudinal sound speed and

particle velocity. The error in the diamond ramp EOS was also extrapolated to 20 Mbar and

propagated, contributing 3.5% to the stress uncertainty reported here. The choice of ramp

equation of state is a systematic uncertainty which is not explicitly included in the error

bar. If the 5 TPa ramp equation of state measured for nanocrystalline diamond19 is used,

the resulting stresses are systematically lower (by up to 0.04 TPa) near 1 TPa, and within

0.005-0.01 TPa near 2 TPa, because of the similarity in sound speed at those conditions.

(3) Uncertainty in the strength of diamond, which introduces a systematic error in the

characteristics analysis. The analysis method assumes that the pressure releases along the

same pathway as the compression, ignoring any change in strength. A test with radiation

hydrodynamic simulations suggests that this assumption could result in an underestimate of

the stress on the order of 0.05 TPa (Extended Date Figure 5b). We have consequently added

a 0.05 TPa contribution to higher-stress error bar. (4) Uncertainty in the timing of the x-ray

source due to the timing accuracy of the streak camera diagnostic which registered it, and to

the finite rise and decay times of the x-ray emission, which contributed between 0.002 and

0.01 TPa to the total uncertainty. There is also a contribution from the uncertainty in the

target layer thicknesses due to accuracy of the metrology and to the variation in thickness

across the part. This turned out to be negligible, since the metrology accuracy is <0.5 µm,

and the diamond parts are parts are very flat (<0.5 µm-variation across the region probed

in the experiment).

There is a spread of stress states in the sample over the duration of the x-ray pulse which

varies from shot to shot, depending on how accurately the x-ray source was timed. Stresses

reported here are the mean of a histogram of those stress states. Normally we consider

that the width of this histogram is correlated with the (symmetric) width of the x-ray

diffraction peaks and does not contribute to the stress uncertainty. In this case however,

because there is some uncertainty in which region of the thick sample is contributing to

the diffraction pattern, the histogram width may actually be correlated with an additional

source of uncertainty. It is unclear how to accurately include this contribution in our error

bar, so we summarize the full-width-half-maximum of the histogram of stress states across
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the sample, over the duration of the XRS pulse, in Extended Data Table 1.

X-ray Diffraction Measurement The TARDIS (TARget Diffraction In-Situ) x-ray

diffraction diagnostic25 is a half-cylinder-shaped chamber made of thick tantalum-tungsten

alloy, lined with 3 image plates. The metal foil used for the x-ray source is mounted to

an arm attached to the front of the diagnostic. The sample and collimating pinhole are

mounted on the front of the chamber and an aperture to allow entrance of the VISAR

laser used for the velocity measurement is positioned on the opposite wall (Extended Data

Figure 1). Filter materials are layered on the image plates inside the chamber, to absorb

unwanted low- and high-energy x-rays. 5-15 µm-thick layers of Ge or Zr (material chosen

to match the x-ray source, since their Heα energies fall below their absorption edges) are

the primary filters, and in several shots an additional 75-150 µm Al is added, to further

block the low-energy ablation plasma x-rays. 10- and 15-µm-thick Ge filters are made by

depositing 5 µm of Ge onto 25 µm-thick layers of kapton, and stacking multiples to make up

the full thickness. A 500 µm-thick rigid polycarbonate shell is made to fit into the TARDIS

diagnostic box, supporting the filter layers and housing a thick tantalum canister around

the direct x-ray beam, to attenuate it so that it does not overly saturate the image plate,

and to block scattered x-rays and fluorescence that it generates.

After the shot the diagnostic is retrieved, disassembled and image plates scanned. The

quasi-monochromatic x-ray scattering from the sample is time-resolved because of the dura-

tion of the x-ray pulse, but the image plate data is time-integrated so it registers all scattered

x-rays from the ablation plasma (as well as Bremsstrahlung radiation from the x-ray source

and subsequent fluorescence) which occur over the course of the experiment and may pen-

etrate the filtering. For the high drive intensities necessary to achieve 2 TPa pressures, the

ablation plasma background on the image plates is extreme (Extended Data Figure 4b),

and good background subtraction metbods are therefore critical. We have used the SNIP

method presented in detail by Rygg et al.25 and it is shown applied to one of the high-

pressure shots in Extended Data Figure 6. In addition to a smoothly-varying background

from the broad-band radiation through the pinhole, there are many additional sources for

spurious features in the image plates, which compete with the Bragg scattering. An example

is shown in Extended Data Figure 7.

Structure Uncertainty The uncertainty in diffraction peak angles due to image plate

calibration is 0.2�, as described elsewhere25. Uncertainty in the peak centroid location from
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peak fitting is negligible for the (111) peak ( 0.01�) but is near 0.1� for the (220) peak,

which rises barely above the noise, in several cases. We consider an additional source of

uncertainty based on the fact that there is a large thickness of diamond material (pusher,

sample, tamper) in the target which may contribute to the x-ray diffraction signal. We do

not rule out that some of this diamond material may be melted, either due to heating from

the drive on the side closest to the laser, or due to shocks forming on the side closer to the

diagnostic. Additionally, scattering from the diamond window has an outsize contribution

to the average intensity in some cases because of the strong texture in the crystal. This

large potential sample volume and uncertainty in which part contributes most significantly

to the diffraction signal means that we consider a range of possible distances between the

sample and the detector, which has an impact on the calibration. This introduces an angle-

dependent uncertainty of 0.05� for the (111) peak and 0.2� for the (220) peak. There

is an additional source of uncertainty for shot N180214 because this shot used a Zr x-ray

source, and it reflects the fact that the precise x-ray source energy is not well known. The

reported numbers assume an x-ray energy of 16.25 keV, which is the average of the two Zr

heliumlike emission lines, as is done for the case of Ge. However, there is some evidence that

the Zr is not being fully ionized to the He-like emission so the energy may be peaked lower;

nearer to 16 keV [C. Krauland, private communication]. We represent this uncertainty with

an asymmetric error bar. A rigorous assessment of uncertainty in peak angles is necessary

to rule out other candidate structures (Extended Data Figure 8). The same sources of

uncertainty are reflected in the density error bars, which also include the error in the least

squares fitting of the diffraction peaks to the FC8 structure.

Magnesium Oxide Diffraction Single crystal MgO was used as a window material on a

subset of the shots, and in these cases extra peaks were observed in the diffraction patterns at

positions consistent with the high pressure B2 phase of MgO (Extended Data Figures 2a and

2e). Above the phase transformation the single crystal window MgO breaks apart, resulting

in powder-like diffraction peaks and causing the window transmission to drop significantly

(Extended Data Figure 9a,b). In addition to the drop in VISAR visibility, the ramp equation

of state (needed for the characteristics analysis) and index of refraction (used to perform a

correction to the VISAR data) of MgO are not well known under these conditions, so the

stress can’t be determined with accuracy and must be inferred from radiation hydrodynamic

simulations48. These simulations (Extended Data Figure 9c), show that, at the time of the
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experiment (that is, the duration of the x-ray source), 1/3 to 1/2 of the MgO window is in

a uniform stress state at equilibrium with the diamond window, and the remaining volume

is experiencing a strong stress gradient in which no single volume will diffract with sufficient

intensity. We therefore report the peak positions in Extended Data Figure 9d at the same

stress as the diamond sample. These results are consistent with the high pressure B2 phase

that was reported by Coppari et al. [2] The earlier diffraction study on the smaller-scale

Omega laser facility was limited to shorter ramp drives (and thus, smaller sample volumes),

and fewer photons in the x-ray source, so only a single diffraction peak was registered. Near

0.8 TPa we record 4-5 diffraction peaks with the right spacing and relative intensities to

unambiguously identify this phase as B2 MgO and exclude the possibility that it originates

from the diamond. The distinctive texture of the B2 MgO diffraction is consistent with the

observations in a study of shocked MgO49 and will be explored in more detail in a future

publication. By 1.8 TPa (stress again inferred from the simulations) the background levels

are close to overwhelming the signal and we again see only a single peak, but the angle is

consistent with the strongest peak of B2 MgO, suggesting that this phase persists.

MAIN MANUSCRIPT LEGENDS

Main figure 1 | Carbon phase diagram summarizing DFT-predicted phase

boundaries50–52, Hugoniot data17, and predicted thermodynamic paths35,52 The

broad arrows represent the predicted structural evolution if kinetic effects are taken into

account2. The two proposed ramp paths show the effect of different fractions of plastic work

appearing as heat, described by the Taylor-Quinney factor (fTQ)
35. The observation in this

study of solid FC8 carbon at 2 TPa suggests that strength may be lower than predicted or

that plastic work is contributing largely to microstructural changes rather than heating.

Main Figure 2 | Summary of experimental data a, X-ray diffraction lineouts (black)

and ideal FC8 diffraction patterns (blue, described in the Extended Data Figure 2). As-

terisks mark the position of B2 MgO diffraction peaks. Stereographic projections of the

background-subtracted image plates for shots N170305 (10.25 keV x-rays) and N180214

(16.25 keV x-rays) are shown in b, with carbon peaks marked with white arc segments.

Details about the data processing in the presence of high noise at the highest pressures

is illustrated in Extended Data Figures 6 and 7. c, The free-surface tamper velocity his-
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tory and inferred sample pressure for shot N180214 (solid lines) agree well with radiation-

hydrodynamic predictions (dashed)48. The compression wave is a smooth ramp within the

sample and steepens to a shock by the time it reaches the measured surface. The blue band

illustrates the timing of the x-ray source.

Main Figure 3 | Data compared to theoretical predictions a, Position of carbon

diffraction peaks (black circles, error bars defined in the Methods section) compared with

predictions for candidate phases (solid curves with widths proportional to ideal intensities

normalized to the most intense peak). Diffraction from the B2 phase of MgO (yellow tri-

angles) was observed in the two experiments. Reported stress was deduced from VISAR

measurements (solid markers), or radiation-hydrodynamic simulations (open markers)48.

The compressibility of the predicted carbon phases is taken from the NIF experimental

results19 and the associated uncertainty shown as error bars on the predicted FC8 lines. b

Inferred density from best fit FC8 structure, compared with the published ramp equations

of state19,28 and a DFT-based model52.

Main Figure 4 | FC8 and BC8 crystal structures Both are represented in the rhom-

bohedral space group R̄3 (C3
2 , no. 148) with occupied 2c and 6f Wykoff sites, which was

identified as the correspondence requiring the minimum number of broken sp3 bonds (1.5

per atom)9. Highlighted in red are sp3 bonds that connect the layers. a The FC8 structure

with simple zig-zag interlayer bonding (red) defining the {110} channels. b The BC8 struc-

ture with significantly more complex helical interlayer bonding (red) and lack of distinct

channels.

EXTENDED DATA LEGENDS

Extended Data Table 1 | Summary of experimental parameters and findings.

Target dimensions, with part thicknesses indicated in square brackets. The Au heat shield

was coated directly to the Be ablator, and the rest of the parts were held together by micron-

scale layers of stycast 1266 epoxy, for all targets except N150927 and N150304. For these

two targets the diamond-stycast slurry was pressed and cured between the diamond pusher

and tamper, requiring no additional glue bond. All the single crystal diamonds were {110}-

oriented and the microcrystalline CVD diamond has a {110} fiber texture. The stress in the
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sample is reported, and the full-width-half-maxiumum of a histogram of stress states across

the entire sample thickness, over the duration of the 2-ns x-ray measurement. Densities and

x-ray peak angles (in units of momentum transfer) are reported for diamond, and for the

MgO, in the case where MgO was used as a tamper material.

Extended Data Figure 1 | Experimental configuration a, Cross section of diffraction

sample: description of the sample layers for each shot are shown in Extended Data Table 1.

b, TARDIS diagnostic geometry with x-ray source beam and scattered Bragg peaks on the

image plate illustrated by red lines and c, raw data scans of the three TARDIS image plates

for shot N160315.

Extended Data Figure 2 | Summary of reported x-ray diffraction data with image

plates background-subtracted and projected into azimuthal angle vs. 2-theta

and stereographic space. The circular opening at the center is a hole in the diagnostic

through which the VISAR laser can pass. a, N160315 (∼0.8 TPa) has diffraction peaks

from the FC8 sample and B2 MgO window. The model ideal diffraction pattern includes

the structure factor, multiplicity, Lorentz-Polarization factor (for a flat powder sample in

transmission), and an instrument broadening tuned to match the data (the peak widths are

proportionate to the spatial extent of the emitting plasma cloud around the x-ray source,

which varies somewhat from shot to shot). The peak width FWHM is between 1 and 1.5

degrees, which is consistent with our source size and typical shot-to-shot variation. We

do not attempt to model the effects of texture or temperature, which are both important

in this data. The high temperatures are primarily responsible for the intensity mismatch

between the real and ideal diffraction data at high angle, due to the Debye-Waller effect.

The square-shaped features on the rectangular plate are an array of Ross-pair filters designed

to constrain the spectrum of the background radiation. b, N150217 (1.02 TPa): two peaks

consistent with the FC8 structure are evident (ideal pattern shown in blue). The large double

rectangular feature centered on the VISAR hole (also seen in c and d) is a pinhole image of a

region at the front of the TARDIS box that generates fluorescence when illuminated by the

hard x-rays and fast electrons coming from the XRS. The diagnostic was redesigned after

2015 to eliminate this feature. The smaller rectangular feature centered around the direct

beam spot (also seen in c and d) is a combination of fluorescence from the front face of a

cylindrical shield positioned around the direct beam spot, to block image plate fluorescence,
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and the shadow of the fixturing holding the shield in place. The design of this shield was

also subsequently improved. c, N150927 (1.18 TPa): In this shot there is evident overlap

between the polycrystalline diamond diffraction which shows up as continuous rings, and

strongly textured diffraction from the single-crystal diamond windows. d, N150304 (1.38

TPa). e, N161211 (∼1.8 TPa). In this shot, two spatially and temporally separated x-ray

sources were used to yield two separate, easily-distinguishable ring patterns, for the purpose

of improving image plate calibration (the first pattern is from the undriven target and picks

up primarily the scattering from the undriven Au heat shield). On this shot there is also

a pattern of Laue spots evident on the image plates because the x-ray source has a broad,

high-energy bremsstrahlung tail that scatters off of the windows which are still undriven

single crystals during the earlier x-ray exposure. Laue spots consistent with scattering of

5-25 keV radiation from {001}-oriented single crystal MgO are marked with black squares.

Extended Data Figure 3 | Summary of reported x-ray diffraction data. a, N170304

(1.74 TPa): 2 peaks consistent with the FC8 structure are evident. b, N180214 (2.01

TPa): 2-3 peaks consistent with the FC8 structure are evident. The background is so

high on this shot that diffraction is observed only when single-crystal-like texture allows

it to arise above the background, as is the case for the (111) peak, or the peak falls in a

region of the image plate partially shielded from the ablation plasma background by the

pinhole (further explained in Extended Data Figure 7). This shot used a Zr (16.25 keV)

x-ray source to measure diffraction at peak compression (XRS 1), so all peaks appear at

lower angles compared to the rest of the shots with Ge (10.25 keV) x-ray sources. The

second x-ray source (XRS 2) was Ge, and was fired before the compression wave entered

the target, to capture diffraction from uncompressed hcp Zr and FC8 diamond. These

additional diffraction lines were used to improve the image plate angular calibration. The

broad-band Bremsstrahlung tail of the Ge XRS scattered off the uncompressed single-crystal

diamond window to produce the Laue spots, marked with black squares in the stereographic

projection. These positions are consistent with scattering from a {110}-oriented crystal,

with an energy spanning 15-35 keV.

Extended Data Figure 4 | Laser drive intensities and their relationship to sample

stress and image plate background. a, The sample drive for all but the highest-stress

shot N180214 utilized 16 overlapped beams of NIF with phase plates to produce a 0.9x1.2
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mm elliptical spot when projected onto the sample. The transverse uniformity of the stress

in the sample degrades with increasing stress. By 1.8 TPa, two-dimensional radiation hy-

drodynamic simulations predict that the uniformity is still within 5% out to a radius of

400 µm but at the highest stress it becomes necessary to delay the lateral release waves by

increasing the area of the drive initially. To accomplish this, we tile 8 of the beams to form

an approximately uniform 1.8x1.8 mm square drive spot and use these beams to drive the

sample to near 0.8 TPa, after which we drive to 2 TPa using 8 overlapped beams (cartoon

inset). With this drive, simulations indicate that the stress is uniform to within 5% out to a

radius of 300 µm and drops an additional 2-3% by a radius of 400 µm. The maximum sample

radius for which an unobstructed ray may pass through the pinhole aperture is ∼330 um by

peak compression (the sample has moved 200 µm closer to the aperture), so this transverse

uniformity is adequate. For the highest power laser drives, high background levels on the

image plates coming from x-rays produced in the laser-ablation process nearly overwhelm

the x-ray diffraction data, and subsequent attempts to measure diffraction above 2 TPa

were unsuccessful for that reason. The difficulty of achieving stresses of 2 TPa and higher is

illustrated in b. The longitudinal stress produced from a given drive intensity increases in

a sublinear fashion, while the increase in background from the ablation plasma is strongly

superlinear. Image plate backgrounds shown in this figure were taken from the same regions

on the image plate in each shot and were normalized by the relative transmission through the

different sample and filter materials and thicknesses. The stress error bars are as described

in the methods section, and the error bars on image plate background levels represent the

standard deviation of intensity values over the pixels enclosed in the region of the image

plate chosen for comparison.

Extended Data Figure 5 | VISAR summary and pressure inference. a, VISAR

velocity histories showing the velocity of the rear surface of the diamond window. In all

cases the diamond elastic wave shocks the samples to an initial ∼0.1 TPa before subsequent

slower compression. By 2 TPa, the elastic wave is nearly overtaken by a strong growing shock

that forms within the rear diamond tamper. b, Experimental diamond window free-surface

velocity measurement and stress histories in the diamond sample inferred from characteris-

tics analysis, compared to the LASNEX radiation-hydrodynamic code predictions for shot

N180214 (2.01 TPa). In order to achieve reasonable agreement with experimental breakout
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times and peak velocities, it was necessary in the simulation to turn off diamond strength

in the sample and window after the elastic wave had reached the free surface. The char-

acteristics method was also used to infer stress from the LASNEX-predicted free-surface

velocity, to demonstrate reasonable agreement with the predicted stress histories. The in-

ferred stress from the characteristics analysis of the LASNEX velocities is systematically

slightly lower than the LASNEX stress. We consider this apparent underestimate as an

additional systematic contribution to the stress uncertainty.

Extended Date Figure 6 | Steps to subtract the x-ray background on the image

plates. A lineout of the image plate from shot N170305 is shown, for illustration. a,

Raw data, projected into φ (angle around the direct beam) vs. 2θ (scattering angle) space.

b, data after the SNIP background subtraction and intensity corrections (which take into

account the variable transmission through the sample and image plate filter materials and

the changing effective pinhole area depending on the angle of scattered x-rays) are applied.

c, Image plate lineouts: the SNIP background (B) is subtracted from the raw data (D),

yielding (S). Intensity corrections are then applied, yielding (I). At lower pressures (lower

ablation-plasma background) this is often sufficient to flatten the background but when the

laser power is very high, an additional polynomial background (P) is subtracted from (I) to

generate the final result (R). d shows the diffraction pattern (R, teal line), a fit with gaussian

peak shapes and constant background (dashed black dashed line), and residual (solid black

line). The centroids of the gaussian peaks were used in a least-squares fitting to infer the

FC8 density.

Extended Data Figure 7 | Data extraction for shot N180214. At 2 TPa, the

high drive background results in statistical noise levels that almost overwhelm the x-ray

diffraction signal, so spurious features in the background show up clearly in the image

plate lineouts. Some of the features are highlighted in this image: a pattern of Laue spots

which originates from the broad-band (modeled as 15-35 keV) Bremsstrahlung tail of the

backlighter radiation, scattered off the uncompressed {110}-oriented single-crystal diamond

window during the early x-ray source pulse (locations shown in black boxes); a series of

bright bands which are scanning artifacts are marked with red dashed lines; and an aliasing

pattern which arises due to low sampling resolution is marked with white dashed lines (the

sampling resolution is quite heterogeneous in this projection). As a result of all these spurious
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features, some diffraction lines that are evident by eye do not rise above the background noise

in an average lineout over the entire image plate, and so we have chosen to stitch together

narrower lineouts around the apparent diffraction lines. A narrow lineout over a region on

the image plate highlighted in blue centered at ∼-80 degrees is shown with the blue line.

A single-crystal-like (111) diffraction line from diamond shows up above the background,

because of its strong texture. Based on this texture, the line apparently originates from

the single-crystal diamond tamper, which has reached pressure equilibrium with the sample

over approximately half its volume by the time of the x-ray exposure. The (200) and a

fragment of the (311) line are largely too weak to register above the background noise from

the ablation plasma, but they do show up in some regions of the image plate where the

ablation plasma is shielded by the edge of the pinhole aperture, as illustrated by the cartoon

inset. The x-rays from the ablation front which comprise the majority of the background

are generated further from the pinhole than the Zr Heα x-rays scattered from the sample.

There is consequently a narrow region on the image plate where the signal-to-noise of the

diffracted x-rays is higher, as shown in the narrow lineout centered near -100 degrees (solid

red line). The blue and red lineouts were stitched together, strong spurious features masked

out, and a polynomial background subtracted, to create the teal-colored diffraction pattern.

The peaks evident by eye were fit with gaussian functions and the centroids used in a least-

squares fit to infer the density. The residual is shown as the black solid line. The (311) peak

position was not used in the least-squares fitting because of it is so weak and so limited in

azimuthal extent that its existence is questionable.

Extended data Figure 8 | Ruling out alternate phases. The observed diffraction

peaks easily rule out a high pressure BC8 or SC1 phase (ideal patterns shown in green and

pink, respectively in a for shot N170209), but the SC4 phase (grey) has peaks that come

reasonably close to overlapping those of the FC8 (blue). All model diffraction patterns are

plotted at 7.82 g/cc. SC4 and FC8 peak positions are shown in b. The ‘q1’ diffraction peak

angle is several standard deviations away from the expectation for the SC4 phase (shown

even more clearly in the plot of the ratio of peak positions q1/q2). Error bars are as described

in the methods section and listed in Extended Data Table 1.

Extended Data Figure 9 | MgO data summary. VISAR data from shots a N160315

and b N160519, which used MgO windows. The C-MgO interface can be tracked until the
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compression wave reaches the free surface, although the fringes lose significant visibility,

due to the B1-B2 phase transformation in the MgO window. The ramp equation of state

and index of refraction as a function of pressure are not yet well-constrained for MgO, so

the experimental stress is uncertain. The interface velocity shown here is corrected for

the MgO index using an approximate Gladstone-Dale correction of 2.015 from the results

of Vedam and Davis53. b Radiation hydrodynamic simulations of the stress and density

histories across the sample for shot N160315. The x-ray source (XRS) duration is bracketed

by dashed white lines. These simulations show that, at the time of the experiment (that is,

the duration of the x-ray source), 1/3 to 1/2 of the MgO window is in a uniform stress

state at equilibrium with the diamond window, and the remaining volume is experiencing

a strong stress gradient in which no single volume will diffract with sufficient intensity. We

therefore report the peak positions in d at the same stress as the diamond sample. The

error bars are as described in the methods section and recorded in Extended Data Table 1.

The pink contours in d show the ideal peak angles for B2 MgO as a function of pressure,

taken from the EOS reported by Coppari et al.29 (data points shown as red triangles) and

extrapolated to 2 TPa. The dashed contour, plotted for the B2 (110) peak only, shows the

compressibility predicted for the principle adiabat by the Livermore tabulated equation of

state model LEOS 219. We also show the peak positions reported to be from the diamond

windows in a previous diffraction experiment54 with open black symbols.
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