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By taking the spatial and temporal Fourier transforms of the coordinates of the atoms in molecular dynamics simulations
conducted using an embedded-atom-method potential, we calculate the inelastic scattering of x-rays from copper single-
crystals shocked along [001] to pressures of up to 70 GPa. Above the Hugoniot elastic limit (HEL), we find that
the copious stacking faults generated at the shock front introduce strong quasi-elastic scattering (QES) that competes
with the inelastic scattering signal, which remains discernible within the first Brillouin zone; for specific directions in
reciprocal space outside the first zone, the QES dominates the inelastic signal overwhelmingly. The synthetic scattering
spectra we generate from our Fourier transforms suggest that energy resolutions of order 10 meV would be required
to distinguish inelastic from quasi-elastic scattering within the first Brillouin zone of shock-loaded copper. We further
note that high-resolution inelastic scattering also affords the possibility of directly measuring particle velocities via
the Doppler shift. These simulations are of relevance to future planned inelastic scattering experiments at x-ray Free
Electron Laser (FEL) facilities.

I. INTRODUCTION

The study of matter under ultra-high pressures and com-
pressions has a history spanning more than a century1–9. An
enduring and growing interest in this field is driven not only
by a desire for fundamental understanding of the behaviour
of matter under extreme conditions, but also by the goal
of linking such knowledge to a description of the interiors
and dynamics of planets within our own solar system and
beyond10–13. On a practical front there also exists the prospect
of finding and recovering new high-pressure phases that are
metastable under ambient conditions, opening novel routes for
materials synthesis14–18.

X-ray diffraction as a means of structure determination
has been used since the earliest days of high pressure
research19–23, and is now routinely used to map the phase
diagram of matter subjected to high pressures within, for
example, diamond anvil cells (DACs) used for static high
pressure experiments24–27. As well as such elastic scatter-
ing, the advent of high-brightness neutron and x-ray sources
(such as synchrotrons) has led to the development of high-
resolution inelastic scattering techniques28–33, whereby the
exchange of momentum and energy of the scattered particle
induced by the creation or destruction of a phonon has allowed
phonon dispersion curves of matter under high pressure to be
interrogated34–36. In the case of x-rays, extremely high reso-
lution is required for such measurements, given that phonons
typically have energies up to a few tens of meV, whilst x-ray
energies lie in the multi-keV domain.

As well as the above-mentioned method of using DACs to
subject materials to high pressure, such extreme states can
also be produced by rapid compression37–39, and in partic-
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ular the past few years have seen a rise in interest in com-
bining the technique of pressure applied by high-intensity
nanosecond laser-ablation with a high-brightness transient x-
ray source40–63. As local sound speeds generally increase
with compression, in many cases the rapid application of pres-
sure causes the resulting compression wave to steepen into a
shock, and the states in front of and behind the shock front are
linked by the Hugoniot relations64,65. Shock compression is
highly entropic, and as a result for most metals the Hugoniot
(the locus of points that can be reached by shock compres-
sion) crosses the melt curve at pressures of order 100 - 300
GPa66–68. However, with controlled laser pulses, shaped in
time, or by compressing materials via multiple shocks (which
can in principle be induced by appropriate target design69),
the application of high pressure can be achieved in a ramped
manner57,70–74, without the compression wave steepening into
a shock. This so-called ‘quasi-isentropic’ (QI) compression
has been shown to keep material solid well into the TPa
regime75–80.

Importantly, in conjunction with the development of these
dynamic compression techniques, methods of producing
x-ray diffraction patterns on the concomitant time-scales
have also been developed, firstly by use of laser-plasma
x-ray sources40,41,43,46,47,49,54,57,81, and subsequently with
synchrotrons59,61,82–85. More recently, significant advances
have been made by using the output from so-called 4th gener-
ation light sources – these are hard x-ray Free Electron Lasers
(FELs)86 with peak spectral brightnesses more than a bil-
lion times greater than those produced by any synchrotron.
The use of such sources has led to a plethora of work that
uses x-ray diffraction to study materials under shock and dy-
namic compression48,50–53,55,56,58,60,62,63,87 allowing structure
and density to be deduced using x-ray pulses of a duration less
than even the shortest phonon period in the system.

As noted above, in both shock and QI compression, density
can be deduced via strong elastic x-ray scattering (i.e Bragg
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or Laue diffraction). In combination with these structural
measurements, pressure can be inferred from wave velocity
profiles deduced from VISAR (Velocity Interferometer Sys-
tem for Any Reflector) measurements88–90 and tabulated data
about the equation of state (EOS) of the material. However,
full information about the phase diagram remains elusive ow-
ing to the lack of any reliable temperature diagnostics. The fi-
nal temperature induced during QI compression will be highly
sensitive to the strength of the material – that is to say, its re-
sistance to shear – as heat is generated by the plastic work
performed during the relaxation of the induced shear-stresses.
Whilst it has been proposed that temperature could in prin-
ciple be deduced via elastic scattering by monitoring the rela-
tive intensity of Bragg peaks and deducing the influence of the
Debye-Waller effect on their intensity91,92, such an approach
may be hampered by texturing effects, and also relies on accu-
rately knowing the effective Debye temperature of the system,
which is itself a function of compression.

Given that the intensity of the Stokes and anti-Stokes peaks
of inelastically scattered x-rays (i.e. photons that during the
scattering process have either created or annihilated a phonon)
are determined by the principle of detailed balance for a sys-
tem in thermodynamic equilibrium28,29,93,94, it has been sug-
gested that inelastic scattering from transiently compressed
matter could be used to determine temperature directly95,96.
However, the transient nature of the compression process
means the crystal is only in the state of interest for a few
nanoseconds at most. Owing in part to the very high reso-
lutions required, inelastic x-ray scattering measurements are
‘photon-hungry’29,30, and it might seem that the prospect
of retrieving information about the phonon modes on such
timescales is unfeasible. Nevertheless, despite the consider-
able challenges that such measurements pose, progress is be-
ing made towards the development of inelastic scattering tech-
niques on these short timescales. As noted above, FELs have
an enormous peak spectral brightness. Indeed, recent work on
both the Linac Coherent Light Source (LCLS)95 and at the Eu-
ropean XFEL (EuXFEL)96,97 has demonstrated inelastic scat-
tering from static, unshocked samples of almost perfect dia-
mond single crystals. The temperature of samples at both am-
bient and elevated levels could be determined with an error of
less than 8%. In these experiments the photon numbers were
low and just a few photons were collected for every FEL shot,
but this signal level can be increased significantly by seeding
of the FEL98,99. Thus, when combined with a high-repetition-
rate high-energy nanosecond optical laser for compressing
samples, the prospect of obtaining meaningful inelastic scat-
tering signals appears within reach. Indeed, this is one of the
motivations for the building and placement of the DiPOLE
laser100 at the EuXFEL, DiPOLE being a 100 J diode-pumped
laser capable of delivering pulses of a few nanoseconds dura-
tion at 10 Hz.

Thus significant progress has been made experimentally in
bringing about the prospect of inelastic scattering studies on
the short timescales of relevance to dynamic compression. It
is in the above context that we present here molecular dynam-
ics (MD) simulations of x-ray inelastic scattering from the
vibrational modes present within copper crystals shocked to

pressures of order 70 GPa. Whilst previous MD simulations
have been post-processed to provide simulated high-pressure
diffraction (i.e. elastic scattering) patterns43,72,73,101–106, to
our knowledge little work has been reported which attempts
to investigate inelastic scattering in this regime. Our aim here
is to provide a modest first step in this direction, assessing
the feasibility of using x-ray inelastic scattering to gather in-
formation about the phonons present behind the shock front
in a shocked single crystal. We note that the extremely high
plastic strain rates present in such systems indicate that co-
pious dislocations and other defects are homogeneously gen-
erated at the shock front, and these have certainly been seen
in previous MD simulations, where, for example, dislocation
densities of order 1013 cm−2 have been reported for shock
pressures of order 100 GPa44,101,107–111. Such a high density
causes disruption to the perfect periodicity of the lattice on
the length scale of tens of lattice spacings, raising the ques-
tion as to the lifetime of coherent oscillations within the sys-
tem, and thus whether distinct phonon modes can be observed.
Furthermore, such defects, whilst mobile during the time that
they are relieving shear stress, will by interrupting the lattice
give rise to a quasi-elastic scattering signal, even when scat-
tering is occurring far from a Bragg peak. Experimentally, this
quasi-elastic scattering must be differentiated from the inelas-
tic scattering from the phonons, potentially placing limits on
the energy resolution required.

Whilst we will not attempt to address fully all of the above
questions here, we will show for the conditions we have cho-
sen that although copious defects are indeed generated when
the crystal is shocked above the Hugoniot elastic limit (HEL),
distinct phonon modes can still be discerned, though the
phonon dispersion relation is, as expected, significantly mod-
ified by the compression process. Furthermore, the defects
present (in this case mainly stacking faults) do indeed give rise
to a quasi-elastic signal that competes with the inelastic fea-
tures. As we shall show below, at least for these single crystal
simulations, the inelastic signal should still be discernible in
the first Brillouin zone, but care needs to be taken if measure-
ments are made beyond this region of reciprocal space, as the
stacking faults present will, at least along certain directions,
completely overwhelm the inelastic signal. Finally, we note
that given the level of energy resolutions achievable, in an ex-
perimental signal the particle velocity of the compressed por-
tion of the sample will give rise to a potentially measurable
Doppler shift of the scattered x-rays that could be used as a
further diagnostic of the system.

The paper is laid out in the following manner. First in Sec-
tion II we describe the parameters of the simulations, both
in terms of the MD simulations themselves, and the Fourier
transform methods employed. In Section III we present our
results, giving plots of the simulated scattered intensity as a
function of wavevector and energy transfer, and also lay out
a pathway to obtaining the mean particle velocity behind the
shock front via the Doppler effect. The implications of the re-
sults and proposals for further investigations are discussed in
Section IV.
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FIG. 1. Section of the simulation box. The sample has been shocked
along [001] to 30 GPa and exhibits stacking faults classified as hcp as
highlighted in red. The bulk sample is in fcc configuration (green).
The dominant types of one-dimensional defect are Shockley and
Hirth dislocations according to the Dislocation Extraction Algorithm
(DXA)112.

II. SIMULATIONS

A. Molecular Dynamics (MD) Simulations via LAMMPS

All simulations were performed using the open-source
code Large-scale Atomic/Molecular Massively Parallel Sim-
ulator (LAMMPS)113 on a parallelised CPU cluster. The
atomic response was modelled using the Cu EAM01 Mishin
2001 potential114, which specifically was designed for high-
pressure applications, accurately models dominant plasticity,
e.g. stacking fault energies, and hence is commonly used
for shock simulations. The simulation box size was set to
50× 50× 455 unit cells in the [100], [010], and [001] direc-
tion, respectively. The total of 4.55 million copper atoms were
arranged in a perfect fcc lattice that was aligned with the co-
ordinate system. In the x- and y-directions, the boundary con-
ditions were periodic, whilst in the z-direction the boundary
condition was left non-periodic to allow for compression.

The simulations were run with a time step of 1 fs and total
duration of 30 ps. At first, the initialised fcc lattice is ther-
malised at 300 K for the first 2 ps under constant-NVE con-
ditions, creating a realistic ambient crystal with temperature
and pressure fluctuations on the order of ±1 K and ±0.5 GPa
respectively. The crystal is then shock-compressed by driv-
ing a rigid piston consisting of 50× 50× 15 unit cells at the
lower z-edge, at fixed velocity, for 28 ps along [001]. The fi-
nal pressure reached ranged from 0 to 70 GPa depending on
the velocity of the piston (i.e. the particle velocity behind the
shock front). During the last approximately 8 ps of each of

FIG. 2. Section of the simulation box. The sample has been shocked
along [001] to 70 GPa and exhibits stacking faults classified as hcp
as highlighted in red. The bulk sample formerly primarily in fcc
configuration (green) is dominated by defects and now consists in
large part of hcp material.

the 8 simulations, the real-space positions of all of the atoms
in a central, fully shocked region of 50× 50× 50 unit cells
extent and an atom count of approximately 500,000 are saved
(“dumped”) every 32 fs; any further analysis will be only re-
garding these sets of atoms. The edge of the output box is
approximately 50 unit cells distant from the piston, and its
spatial extent is reduced for simulations with higher final pres-
sure given the compression of the lattice, such that the number
of dumped unit cells, and thus atoms, approximately stays the
same.

The typical response of the crystal to the shock compression
can be seen in Figures 1 and 2, where the atoms in the crys-
tal have been colour-coded via a post-processing algorithm
using the Ovito code115, where the colours are assigned ac-
cording to the common-neighbour-analysis (CNA)116–118 and
the Dislocation Extraction Algorithm (DXA)112, with atoms
in an fcc environment being coloured green, and hcp atoms as
red. The two plots shown correspond to pressures behind the
shock front of 30 and 70 GPa, respectively. As has been found
previously, for an initially perfect copper crystal the Mishin
potential predicts an onset of shock-induced plasticity119 (at
the Hugoniot Elastic Limit or HEL) at around 30 GPa120,
with entirely elastic behaviour below this pressure. In Fig-
ure 1 this onset of plasticity is evinced by the appearance
of stacking faults, which appear as thin regions of hcp ma-
terial in the {111} planes. Furthermore, we note that for the
Mishin potential employed here, a fcc-hcp phase boundary at
a shock pressure of approximately 55 GPa has been found in
a computational recrystallisation study121. However, whilst
in shock simulations, the fcc-hcp fraction saturates at equal
fcc-hcp phase fraction at the highest pressures explored in this
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work (60 and 70 GPa) and no full fcc to hcp phase transition is
found122, during a shock the hcp material nucleated by plas-
ticity can be thermodynamically similarly favourable as fcc,
and thus forms extended bands of hcp material several atomic
layers thick that cannot be realised by plasticity alone, as seen
in Figure 2. Nonetheless, we shall refer to these hcp bands
as ’stacking faults’ throughout, since the fcc phase fraction al-
ways exceeds the hcp phase fraction, or is on the same order
of, for the shock pressures up to 70 GPa.

B. Modelling of the Elastic and Inelastic X-Ray Scattering

Our approach to modelling the elastic and inelastic x-ray
scattering from these shocked crystals is to take the space and
time Fourier transform of their atomic coordinates. The inten-
sity of x-rays scattered with change of wavevector k with an
energy change of h̄ω is calculated via

I (k,ω) =

∣∣∣∣∣∑j

(
∑

i
exp ik · ri (t j)

)
exp iωt j

∣∣∣∣∣
2

(1)

with the atomic positions in real-space ri and the simulation
time steps t j. Given the constraints of computational expense,
calculation of the inelastic scattering (i.e. that which is a func-
tion of ω) is only undertaken along specific directions of in-
terest in reciprocal space – i.e. in one dimension in recipro-
cal (k) space, plus one dimension in frequency (ω) space.
We can first identify such directions of interest using calcu-
lations of the elastic scattering alone, which can be modelled
from the atomic coordinates dumped at a single moment in
time, but now calculated over a wide, three-dimensional vol-
ume of reciprocal space, as has previously been outlined in
Warren123 and is analogous to the calculations of Velterop124

and Kimminau102,125,126. Note that the atoms are modelled
with neither extent nor form factor, i.e. as 3D delta-functions
in real space. In reality, a form factor arising from the spa-
tially extended electron distribution will affect the long-range
behaviour in reciprocal space, which in this work however is
of lesser importance as for any given k-value this intensity-
reducing effect identically affects both the elastic and inelastic
signal alike.

We note that strictly speaking our approach cannot capture
several aspects of the relevant physics, especially for the mod-
elling of inelastic scattering. Firstly, phonons are quanta of
vibrations of the normal modes of the lattice, and their dis-
crete nature is not captured in a classical simulation. Sec-
ondly, in merely taking the temporal Fourier transform we
completely ignore the creation and annihilation of phonons
that occurs in the inelastic scattering process. However, we
contend that this approach still provides useful information, in
that for modes with energies low compared with the thermal
energy the classical amplitude predicted by the MD should be
a good indicator of the expectation value of the quantum am-
plitude. Indeed, the use of classical MD simulations to iden-
tify and study physical processes mediated by phonons is an
established technique127,128. As phonon creation and annihi-
lation are not taken into account, the intensities of the Stokes

and anti-Stokes peaks will not be related by detailed balance,
which should be the case in practice. If we wished to, we
could mimic this by weighting the spectra as a function of k
and ω by the factor29 of

I (k,+ω)

I (k,−ω)
= exp

h̄ω

kBT
, (2)

with the mode intensity I, the momentum transfer k, the mode
energy h̄ω , the Boltzmann constant kB, and the absolute tem-
perature T in the sample. As this is trivial, and does not lead
to any deeper understanding, this is not done in this work.

In undertaking these calculations, consideration must be
given to the appropriate resolution in reciprocal space. Given
that the largest spatial scale is that of the simulation box
(which in reciprocal space will, as we see, give rise to diffrac-
tion features itself), we choose the spacing of the k-points in
reciprocal space to be such that such size effects are resolved
– i.e in this work ∆k ≤ π/4Li, with Li the simulation box ex-
tent in direction x,y, or z. For the inelastic scattering calcula-
tions the atomic positions were output every 32 fs for 8.192 ps
and thus Ntime = 256 data points were obtained at a sampling
rate of 31.25 THz, yielding an energy resolution of 0.5 meV
covering an energy range of ±64.62 meV. To mitigate the in-
fluence of the finite time box, a periodic Hann window filter
is applied. Note that the finite mean velocity of the atoms in
the shocked crystal (i.e. the particle velocity) will introduce
a phase shift into the Fourier transform. In the results given
below, this phase shift is removed, but we comment on the
observation of such a shift (which corresponds to the Doppler
effect) in Section III C.

III. RESULTS

An example of such a calculation for the intensity of the
elastic (ω = 0) scattering is shown in Figure 3. Here we
plot the square modulus of the Fourier transform for a crystal
shocked to 30 GPa (i.e. just above the HEL) as an intensity-
threshold plot around the origin for a region in reciprocal
space bounded by points with Miller indices (±3,±3,±3.45),
where the indices are referenced to the ambient unshocked
material. At this shock pressure the crystal has been com-
pressed to 87% of its original volume.

This elastic scattering calculation exhibits several features
of interest. Firstly, we note that from each of the intense points
in reciprocal space we observe streaks along the 〈100〉 direc-
tions (i.e. along the coordinate axes). We highlight this feature
at the origin of reciprocal space in the figure, by colour-coding
it red. This feature is the artifact of the finite size of the simu-
lation box in reciprocal space, i.e. it is the well-known result
that an orthorhombic shape in real space of dimensions Lx,
Ly, Lz, will have a ‘shape function’ in reciprocal space that, in
the vicinity of the reciprocal lattice vector G, gives rise to a
diffracted intensity

I(k) ∝

∣∣∣∣∣ ∏
i=x,y,z

sinc
[

Li(ki−Gi)

2

]∣∣∣∣∣
2

, (3)
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FIG. 3. A calculation corresponding to the purely elastic scatter-
ing at a shock pressure of 30 GPa, obtained from the spatial Fourier
transform of the atomic coordinates. The extent of the reciprocal
space is defined by the two corners with Miller indices

(
3̄, 3̄,3.45

)
and (3,3,3.45). The colour scale threshold was chosen such that
the Bragg peaks are clearly visible whilst the gradient from white to
black indicates low to high [010]-coordinate. Intensity situated in the
first Brillouin zone is colour coded in red. The fcc Bragg peaks in
addition to stacking fault related diagonal streaks in

[
1̄11
]

and
[
111̄
]

can be seen.

which has prominent ‘arms’ along the 〈100〉 directions123. In-
deed, the intensity in these directions due to the shape function
of the box of atoms is so great that it overwhelms any thermal
diffuse scattering. For the shocked crystals, the same inten-
sity pattern will dress every reciprocal lattice point, which will
have shifted owing to the crystal compression.

However, as well as this artifact due to finite size effects,
lines of high intensity in reciprocal space can been seen link-
ing certain reciprocal lattice points along different directions.
Specifically, there is considerable intensity between some of
the reciprocal lattice points along

[
1̄11
]

and
[
111̄
]
. This

quasi-elastic scattering is associated with the planar stacking
faults seen in Figures 1 and 2129,130. The fact that particu-
lar points in reciprocal space will have a large streak in in-
tensity emanating from them along directions associated with
the normals to stacking faults is well known. As shown by
Warren123 and has been seen in previous atomistic and MD
simulations108,129,130, the phase shift, ∆φ , introduced into an
x-ray as it traverses a stacking fault in the (111) plane is given
by

∆φ =
2π

3
n111(h+ k+ l) , (4)

where n111 is the number of faulted planes. Analogous re-

FIG. 4. Two-dimensional schematic of Brillouin zones viewed in
the
(
011
)

plane at 30 GPa. The origin (0,0,0) is depicted in red.
Dashed lines indicate the paths P1 and P2 along which spatiotem-
poral Fourier transforms are taken in this work. Grey shaded bars
illustrate linear reciprocal-space features arising from

(
1̄11
)

faults.
Grey circles indicate features in

[
111̄
]

that protrude from the view-
ing plane.

lations hold for the other stacking faults in the {111} family
of close-packed planes. We thus expect linear streaks in re-
ciprocal space caused by the disruption to the real lattice by
the stacking faults, along directions which are the normals to
the stacking fault planes, for those reciprocal lattice points for
which ∆φ 6= 2mπ , where m is an integer.

A study of Figure 3 shows that the main features are con-
sistent with the above picture: strong scattering due to the
stacking faults is not seen at the origin (where only the shape
function is visible, at least at the threshold intensity in the
plot) or, for example, around the reciprocal lattice points cor-
responding to {3,3,3} in the unshocked system. As a result,
such effects are not prominent in the first Brillouin zone. In
contrast, strong elastic scattering due to the stacking faults can
be seen close to, for example, reciprocal lattice points corre-
sponding to {2,0,0} in the unshocked crystal. This reduction
in scattering due to these planar defects around lattice points
for which ∆φ = 2mπ with integer m is referred to as the ‘in-
visibility condition’129. As we shall find below, the density of
stacking faults found in these shocked samples is actually so
high, and the lattice so distorted, that the effects of the fault-
ing can still be discerned, although at a level considerably re-
duced compared to the case where the invisibility condition is
not satisfied.

To elucidate the above observations of this quasi-elastic
scattering signal, and the effect that the stacking faults have
upon it, we will consider the inelastic scattering along two
high-symmetry paths in reciprocal space: the first path, which
is labelled P1 in Figure 4, connects reciprocal lattice points
(2,0,0) and (1,1,1) along the

[
1̄11
]

direction; the second
path, P2, connects the (0,0,0) and (1̄,1,1) peaks. For an fcc
crystal with perfect translational symmetry, in which all Bril-
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louin zones are exactly equivalent, the reciprocal-space inten-
sity along paths P1 and P2 would of course be identical. In the
presence of the copious shock-induced stacking faults, how-
ever, P1 may coincide with an intense streak of quasi-elastic
scattering. This signal – when it exists – arises specifically
from stacking faults of the type

(
1̄11
)
, whose invisibility cri-

terion is failed by both (2,0,0) and (1,1,1) (and indeed by
every reciprocal lattice point along the line passing through
them). Path P2, by contrast, is permanently shielded from
any such quasi-elastic signal because (0,0,0) identically sat-
isfies the invisibility criterion of every stacking fault variant.
The intensity of the quasi-elastic scattering one observes be-
tween the Bragg peaks thus depends strongly on which Bril-
louin zone one probes.

With this in mind, we now go on to examine the full spa-
tiotemporal Fourier transforms of the crystal along paths P1
and P2 in reciprocal space. As shall be shown, the linear
quasi-elastic features also have a signature that extends into
the energy domain, which must be taken into account when
considering inelastic scattering.

A. Phonon Modes under Shock Compression

To illustrate the significant impact of the stacking-fault fea-
tures found in the {111}-directions, we show in Figure 5 the
phonon modes along path P1 joining (2,0,0) and (1,1,1) for
shock pressures between 0 and 70 GPa using the method de-
scribed in Section II B. The colour scale indicates the intensity
of a mode of energy h̄ω with momentum h̄k. At shock pres-
sures below 30 GPa, distinct (2,0,0) and (1,1,1) Bragg peaks
can clearly be observed along the zero-energy axis. Note that
the effect of the star-like (triple-sinc-squared) shape function
is only felt very close to the peaks, because in the {111} direc-
tions it decays extremely quickly. As we ramp up the pressure,
the Bragg positions move in k-space, which is attributable to
the shock-induced lattice compression, and, from 30 GPa on-
wards, to small plasticity-induced rotations46,55,119 together
with stacking-fault-induced phase shifts108,123. These effects
give rise to increased distances in reciprocal space between
specific reciprocal lattice points along P1 and P2 in addition
to apparent rotations of these paths of up to 3◦ – details of how
paths P1 and P2 migrate due to compression and plasticity ef-
fects are shown for reference in Table I.

Above 30 GPa, there also exists between the Bragg peaks
themselves a strong quasi-elastic signal along the zero-energy
axis that arises from the presence of defects [namely the stack-
ing faults of the kind

(
1̄11
)
, which do not undergo significant

changes on the lattice vibration time scale] whose pressure-
dependent intensity is shown in Figure 6. Given that the distri-
bution and abundance of {111} stacking faults vary between
simulations, we find no trivial pressure dependence of the
plotted QES signal once we enter the plastic regime. Whilst
the distinct jump between 20 and 30 GPa is clearly related to
the sudden increase in defect density, we can only resolve the
binary relation that once stacking faults in

(
1̄11
)

appear, the
central QES signal increases by approximately five orders of
magnitude relative to the ambient case; beyond this, the com-

plex interaction of various defects and rotations means the sig-
nal strength along P1 in the plastic regime fluctuates by two
orders of magnitude between different simulations.

As well as being connected by these quasi-elastic signals,
the Bragg peaks are also linked up by arcs that span nonzero-
energy regions of the spatiotemporal Fourier transform. These
show the intensities of the classical Stokes- and anti-Stokes
modes corresponding to the Cu [qqq] longitudinal-acoustic
(LA) phonon (upper arc) and [qqq] transversal-acoustic (TA)
phonon (lower arc). Compression of the crystal along its [001]
direction causes its elastic moduli to increase via pressure
hardening, which, in turn, causes the LA phonon energy to
scale with shock pressure. This phenomenon is illustrated
in Figure 7, in which the maximum energy of the classical
modes at

( 3
2 ,

1
2 ,

1
2

)
is plotted as a function of shock pressure.

We note in passing that the TA modes can be described by
components oscillating in the (001) plane, and perpendicu-
lar to it in [001]. Hence, upon elastic compression of the
crystal along [001], the associated loss of isotropy causes the
TA modes to split into one approximately ambient compo-
nent related to the (001) plane (lower TA), and one pressure-
hardened component along [001] (upper TA). At 20 GPa, one
can clearly distinguish two distinct TA modes because of the
large anisotropy of the unit cell at approximately 5% elastic
shear strain. Above the elastic limit, the plastic flow mediated
by the stacking faults permits some fraction of the deviatoric
elastic shear strains to relax and the residual shear strain is
only about 1%. This lowers the elastic anisotropy of the crys-
tal to such a degree that the two TA modes can no longer easily
be distinguished, but instead form a continuum whose central
frequency grows with pressure, much like the LA mode. The
tendency of the phonon frequencies to increase with pressure
should allow them to be more easily distinguished from the
QES, a point to which we shall return in Sec. III B.

In these shock simulations, the overall noise in the spa-
tiotemporal Fourier transform increases at higher pressure due
to a confluence of higher sample temperature, higher defect
density, and also the emergence of the hcp phase (the vol-
ume fraction of which is shown in Table I). When taken into
consideration along with the aforementioned stacking-fault-
induced QES, these plasticity effects can cause the phonon
modes to become far harder to resolve at greater pressures.
Such signal reduction plays an important role in real experi-
ments, which is why next, the limiting effects of realistic in-
strument functions will be explored.

B. QES and Energy Resolution

Dynamical compression experiments involving laser-driven
shocked samples probed using XFELs are of far-reaching in-
terest to the HED physics community. The IXS technique rep-
resents another means of exploiting the power of the XFEL to
diagnose material behaviour under extreme conditions. The
method does, however, place stringent conditions upon the en-
ergy resolution required of the instrument used to collect the
inelastic signal. The resolution in the simulations presented
in this paper is 0.5 meV, which is yet to be matched by dy-
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FIG. 5. Spatiotemporal Fourier transforms along the path k = G1 +q(G2−G1) connecting G1 = (2,0,0) and G2 = (1,1,1) in [001] shocked
copper from 0 to 70 GPa. These peaks and various Stokes/anti-Stokes phonon modes are seen, as well as quasi-elastic x-ray scattering
above the Hugoniot elastic limit (HEL), which for these perfect crystals is between 20 and 30 GPa. The logarithmic heat map indicates an
increase of the absolute intensity of the spatiotemporal Fourier transform, normalised to the respective maximum intensity within each line-out.
Explicit coordinates of the new reciprocal lattice vectors G1 and G2 for each shock pressure (accounting for the effects of lattice compression,
plasticity-induced rotation, and stacking-fault-induced phase shifts) are given in Table I.

P [GPa] G1
[ 2π

a
]

G2
[ 2π

a
]

G3
[ 2π

a
]

|P1|
[

2π

a
√

3

]
|P2|

[
2π

a
√

3

]
γ [◦] fcc [%] hcp [%] Other material [%]

0 (2.00,0.00,0.00) (1.00,1.00,1.00)
(
1.00,1.00,1.00

)
1.00 1.00 0 100 0 0

10 (2.00,0.00,0.00) (1.00,1.00,1.06)
(
1.02,0.98,1.04

)
1.02 1.02 0 100 0 0

20 (2.00,0.00,0.00) (1.00,1.00,1.10)
(
1.02,0.98,1.04

)
1.04 1.04 0 100 0 0

30
(
2.08,0.01,0.10

)
(1.12,1.04,1.00)

(
0.98,1.02,1.13

)
1.03 1.06 3 83 14 3

40
(
2.06,0.06,0.09

)
(1.12,1.09,0.95)

(
0.98,1.06,1.12

)
1.01 1.06 3 74 20 6

50
(
2.06,0.04,0.09

)
(0.94,1.02,1.23)

(
1.06,1.10,1.11

)
1.11 1.07 3 61 30 9

60 (2.02,0.01,0.04) (1.04,0.99,1.30)
(
0.98,0.98,1.28

)
1.08 1.12 1 42 44 14

70 (2.04,0.04,0.05) (1.00,1.00,1.32)
(
1.06,0.94,1.26

)
1.10 1.12 2 44 45 11

TABLE I. Reciprocal lattice points G1 = (2,0,0), G2 = (1,1,1), G3 =
(
1̄,1,1

)
, magnitude of paths P1 and P2 as shown in Figure 4, and

apparent deflection angle of G1 relative to ambient G1 as function of pressure P. The reciprocal lattice points and distances are related to the
ambient lattice constant a. The Bragg peaks move in reciprocal space due to shock-induced lattice compression, crystal rotations, and stacking
fault phase shifts. Furthermore, the volume fractions of fcc, hcp, or unclassified material as a function of the final shock pressure within the
dump box are given, determined using common neighbour analysis116–118.

namic experiments: at the IXS commissioning experiment of
the High Energy Density (HED) end-station of the EuXFEL,
the instrument function was on the order of 50 meV97 – this
has been and will continue to be further improved upon in
the future at both the EuXFEL and LCLS. While the influ-
ence of the instrument function on the scattering signal is in
principle deconvolvable, shot noise poses a limit due to fi-
nite integration time at experiments. In this section, we will
use the spatiotemporal Fourier transforms calculated in Sec-
tion III A to estimate the kind of energy resolution required
to distinguish the phonon modes in shock-compressed copper
from the background QES owed to the copious defects.

In IXS geometries, usually photons that correspond to a
small range of momentum transfer are recorded, which would
correspond to a vertical line-out in Figure 5. For this reason,
we show in Figure 8 raw line-outs of the Fourier transforms
along the energy axis at a scattering vector of

( 3
2 ,

1
2 ,

1
2

)
(i.e. at

the midpoint of P1) for simulations at 0 and 30 GPa. Shown
also are the same signals convolved with a normalised Gaus-
sian of FWHM 10 (left) and 50 meV (right), whose purpose
is to emulate the instrument function. The Stokes- and anti-
Stokes peaks are, as expected, symmetrically spaced around
the zero-energy modes. Given the classical nature of the simu-
lations, aside from numerical fluctuations, their relative inten-
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sities are matched, and are not subject to the detailed balance
described by Equation 2 – as mentioned previously, correct-
ing for this detail is possible, but unnecessary for the purposes
of the present study. The key question we wish to address is
whether these peaks can still be distinguished in the presence
of the background QES.

At ambient pressure, peaks from the LA and TA phonons
can be identified at approximately ±34 and ±14 meV respec-
tively, while at 30 GPa (in the plastic regime) the QES aris-
ing from the stacking fault streaks overwhelmingly dominates
the spectra, and only a faint TA signature can be made out
at approximately ±15 meV. For an instrument function with
FWHM 50 meV, phonons can be resolved in neither the ambi-
ent nor shocked case, and the signal is simply proportional to
the total scattered photons. For an instrument function of just
10 meV FWHM, the TA modes are resolvable, but only un-
der ambient conditions; the ambient LA modes, meanwhile,
greatly suffer from noise due to their being in the second Bril-
louin zone (where the effects of stacking faults are large), and
so remain unresolvable. Once the plastic regime is entered at
30 GPa, not even the TA phonons can be resolved thanks to
the extremely intense QES, even with such high energy res-
olution. These spectra indicate that the presence of stacking
faults could render measurement of phonon modes in the sec-
ond Brillouin zone unfeasible, at least along these specific di-
rections in the second Brillouin zone in shock-loaded single-
crystal copper.

However, as was illustrated in Figure 4, the stacking faults
should not adversely affect the first Brillouin zone, which is
why it is instructive to consider the same spectra obtained
midway along P2, i.e. still along the

[
1̄11
]

direction, yet start-
ing at the origin rather than (2,0,0). The corresponding spa-
tiotemporal Fourier transforms are illustrated in Figure 9. Just

FIG. 6. Central QES intensity (blue squares) and the density of any
dislocation type within the dump box (red circles), as obtained by
Ovito’s Dislocation Extraction Algorithm (DXA)115 as a function of
the final shock pressure within the dump box. Prior to plasticity, the
elastic scattering between the Bragg peaks is very low and the mate-
rial primarily fcc. Once stacking faults and associated hcp appear, a
sharp increase of QES can be found.

as in Figure 5, Bragg peaks are visible along the zero-energy
axis [in this case, (0,0,0) and

(
1̄,1,1

)
] that are again con-

nected by LA and TA modes. Once more, a splitting of the
TA modes into two branches is visible in the elastic regime,
becoming less distinct from 30 GPa onwards. Unlike those
along path P1, the TA modes here in the first Brillouin zone
are noticeably fainter than are the LA modes. The most strik-
ing difference between Figs. 9 and Figs. 5, however, is in the
contrast between the classical modes and the QES: along path
P2, the QES does not completely dominate the signal as it did
along path P1. This, as explained in Section III, is thanks to
the origin satisfying the invisibility criterion for all four stack-
ing fault variants.

We show in Figure 10 the corresponding raw line-outs and
synthetic experimental spectra at scattering vector

(
1̄
2 ,

1
2 ,

1
2

)
,

where the spectra are shown again for 0 and 30 GPa. The
LA (TA) modes in this case are found at ±34 (±14) meV
for 0 GPa and at ±43 (±16) meV for 30 GPa. A relatively
weak yet still significant background QES is present, which
may be due to the small but finite strains associated with the
network of copious stacking faults and the general increased
disorder in the plastic region behind the shock front. For the
ambient crystal, the LA modes can be resolved with an instru-
ment function as wide as 50 meV FWHM due to their higher
energies compared with the dominant TA modes at

( 3
2 ,

1
2 ,

1
2

)
.

However, the QES still dominates the synthetic spectra once
we enter the plastic regime, and at 30 GPa no phonons can
be resolved once again. For an instrument function of only
10 meV FWHM, however, the LA modes in both ambient and
shocked copper can be measured, and at 30 GPa, even the ef-
fect of the TA modes on the spectrum can be resolved. Ignor-
ing the detrimental effect of the increased background QES
that inevitably accompanies it, we are assisted to a great ex-

FIG. 7. The Cu LA and TA phonons at
( 3

2 ,
1
2 ,

1
2
)

are plotted as a
function of final shock pressure. Due to the lattice being compressed
along [001], the elastic constants increase and raise the phonon en-
ergy. In the elastic regime (below 30 GPa), the TA modes are split
due to wavevector components along and perpendicular to the shock
direction. Once plasticity arises, they can no longer be distinguished
and the central mode of the TA band is shown.
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FIG. 8. Line outs at
( 3

2 ,
1
2 ,

1
2
)

for 0 and 30 GPa (solid line). The simulated signal is convolved with an Gaussian instrument function (IF) of
FWHM 10 and 50 meV (dashed line). At 0 GPa, LA and TA phonons can be seen, whilst at 30 GPa intense QES linked to the stacking fault
features dominates and only the LA modes are discernible. Note that for these energy resolution considerations no temporal Hann filter was
applied.

FIG. 9. Spatiotemporal Fourier transforms along the path k = G0 +q(G3−G0) connecting G0 = (0,0,0) and G3 = (1̄,1,1) in [001] shocked
copper from 0 to 70 GPa. These peaks and various Stokes/Anti-Stokes phonon modes are seen, as well as quasi-elastic x-ray scattering above
the Hugoniot elastic limit (HEL), which for these perfect crystals is between 20 and 30 GPa. The logarithmic heat map indicates an increase of
the absolute intensity of the spatiotemporal Fourier transform, normalised to the respective maximum intensity within each line-out. Explicit
coordinates of the new reciprocal lattice vector G3 for each shock pressure (accounting for the effects of lattice compression, plasticity-induced
rotation, and stacking-fault-induced phase shifts) are given in Table I.
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FIG. 10. Line outs at
(

1̄
2 ,

1
2 ,

1
2

)
for 0 and 30 GPa (solid line). The simulated signal is convolved with an Gaussian instrument function (IF)

of FWHM 10 and 50 meV (dashed line). At both pressures, LA and (faint) TA phonons can be seen, whilst in the plastic regime background
QES linked to the increased disorder is also present. Note that for these energy resolution considerations no temporal Hann filter was applied.

tent here by pressure hardening: the inelastic peaks at higher
pressure can be more easily identified due to the increased
separation of the phonons in energy space – a crucial benefit
conferred by the compression itself. In any case, these spectra
indicate that, even within the first Brillouin zone, energy res-
olutions better than 50 meV will be required to perform IXS
measurements of shock-loaded single crystal copper, at least
along the directions studied.

C. Doppler Shift

As noted above, the current resolutions that have been
demonstrated at 4th-generation light sources are in the region
of 45 meV at a photon energy of 7.5 keV – i.e. a resolution
better than one part in 105. In future developments, it is envis-
aged that the use of even higher photon energies – with even
greater resolution – will be possible. Indeed, resolutions of
order just a few meV (e.g., 3 meV at 17.79 keV) have been
demonstrated in synchrotron settings32. It is important to note
that the shock or ramp compression process will impart a bulk
velocity shift to the compressed portion of the crystal – in the
parlance of the shock community this is the ‘particle velocity’
(as opposed to the shock velocity at which the compression
front moves). With the above spectral resolution, this bulk
velocity will exhibit itself as a Doppler shift of the scattered
signal whenever the collection geometry differs from pure for-
ward scattering. In this final section, we discuss the prospects
of exploiting this Doppler shift to experimentally measure the
particle velocity behind the shock front.

Typically, for shocks in the 100 GPa range, the particle ve-

locity Up is several 1000 ms−1, resulting in β = Up/c on the
order of 10−5, with c the speed of light in vacuum. This fac-
tor is sufficiently large that the relativistic Doppler effect will
need to be taken into account when analysing the scattered
signal: indeed, it will contain a direct measure of the parti-
cle velocity within the material. In our simulations, the bulk
sample velocity Up behind the shock front equals that of the
driving piston in [001], which we were able to ‘correct for’
by transforming into the centre-of-mass frame of the shocked
material. Without this correction, any spatiotemporal line-out
with a component in [001] would experience a Doppler shift.

In general, for a given x-ray photon with energy h̄ω0, the
scattered frequency after absorption and re-emission is

ω = ω0
1−β cosΩa

1−β cosΩe
, (5)

with angle of absorption Ωa, and angle of emission Ωe in the
rest frame of the source and of the detector131. For a sample
shocked to Up in direction n̂s and probed by x-rays with inci-
dent and scattered wavevectors k0 and k, the angle of absorp-
tion follows as Ωa = arccos n̂s·k0

k0
, and the angle of emission as

Ωe = arccos n̂s·k
k . Given that for x-ray Thomson scattering the

magnitude of the scattering vector q follows as q = 2k0 sin Θ

2 ,
this Doppler shift will hence be strongly dependent on the
scattering angle123. Without loss of generality, setting

n̂s =

 0
sinα

cosα

 and k0 = k0

0
0
1

 , (6)

but subsequently confining scattering to the yz−plane, k re-
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FIG. 11. Scattering geometry for the particular case of incident x-
rays with wavevector k0 scattered from a thin Cu foil into k in the
yz−plane. The shock, e.g., arising from a short laser pulse (green),
propagates in direction n̂s (red).

duces to

k =

kx
ky
kz

= k

 0
sinΘ

cosΘ

 . (7)

This is illustrated in Figure 11 and in Table II, a selection
of such Doppler shift cases is shown. Note that this shift tends
towards unity for direct forward scattering, for which the ef-
fects of absorption and re-emission cancel out. Typically, α is
small, and thus the energy shift is most significant for back-
scatter. Considering the example of copper at 100 GPa with
Up = 1714 ms−1 at α = 10◦, Θ = 30◦, and h̄ω0 = 7.5 keV,
as is typical for the current EuXFEL HED configuration, this
would cause a shift of just 2 meV. For back-scatter, however,
at Θ = 170◦, this increases to 82 meV, significantly shifting
the signal and providing the opportunity to directly extract Up
even with the current modest spectral resolutions of 45 meV. If
higher resolutions in the sub-5-meV range could be obtained
at FELs at the greater photon energies cited above, then partic-
ular velocities should be directly measurable with accuracies
well below 100 ms−1. Whilst this Doppler-shift approach to
measuring particle velocity cannot compete with a standard
VISAR diagnostic88–90, it would give a velocity measurement
within the material, without need for observation of motion
of a boundary, and without making the assumption that the
velocity at a free surface is twice the particle velocity. Fur-
thermore, as it does not rely on optical reflection from a sur-
face, such an approach would not be subject to ‘blanking’ due
to poor reflectivity. These considerations illustrate that the
Doppler effect in IXS could yet play an important role in the
diagnosis of materials rapidly compressed by laser-ablation.

IV. OUTLOOK

In summary, this work has made two modest steps towards
understanding the physics of shock experiments that use high-
resolution IXS as a diagnostic. First, we have shown how and

Shock angle α [◦] Scattering angle Θ [◦] ω

ω0
∆ω [meV]

0 0 1 0
90 1−β −25

180
[

1−β

1+β

]
−50

90 0 1 0
90

[
1

1−β

]
+25

180 1 0
270

[
1

1+β

]
−25

180 0 1 0
90 1−β −25

180
[

1+β

1−β

]
+50

TABLE II. Doppler shift as function of the angle made by incident
x-ray beam with the direction of the shock, α , and of the scattering
angle, Θ, when the scattered beam is confined to plane spanned by
n̂s and k0. The final column gives illustrative values for a particle
velocity of 1 km s−1 and incident beam energy of h̄ω0 = 7.5 keV.

why quasi-elastic scattering can be a challenge when measur-
ing phonons via inelastic scattering, particularly when intend-
ing to reliably determine the absolute temperature of shock-
compressed material by trying to resolve the Stokes and anti-
Stokes peaks. Second, we demonstrated that through the
shock-induced Doppler shift of the inelastic scattering signal,
it should be possible to directly extract the yet-inaccessible
net particle velocity behind the shock front.

The simulations presented here provide insight into a rich
selection of physics. Upon shock, the phonon energies rise
due to pressure hardening. The resulting enhanced separation
of the Stokes- and anti-Stokes peaks proves experimentally to
be advantageous, as it relaxes the energy resolution required to
distinguish them. However, we have also shown that collect-
ing photons between the Bragg peaks (in order both to max-
imise this phonon energy and to avoid elastic scattering sig-
nal) can still be a challenging task when looking at defective
matter traversed by stacking faults, which give rise to QES.
In particular, the 3D spatial Fourier transforms show that cer-
tain regions in k-space are exceptionally affected, via linear
features connecting certain Bragg peaks in higher Brillouin
zones. Indeed, due to the overall increased disorder of the
shock-compressed system, even within the first Brillouin zone
there exists a background QES that could impair phonon mea-
surements if the diagnostic’s energy resolution were insuffi-
ciently great, at least along the particular directions we have
studied. The simulations herein have provided an indication
of the kind of resolution required to distinguish the inelastic
peaks from the quasi-elastic signal threatening to swamp them
(i.e. a few tens of meV).

To generate the spatiotemporal Fourier transforms shown
in Figs. 5 and 9, we moved the reciprocal-space paths along
which we were probing ‘in sync’ with the compression, in
order that our paths always coincided with the Bragg peaks.
For real experiments, however, it is more common to com-
mit to one small, predetermined k-range. This could mean
that the streaks drift through the detector range, potentially
saturating any phonon signal in temporally integrating setups.
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That being said, whilst the 〈111〉-streaks caused by stacking
faults can impair inelastic measurements, deliberately prob-
ing higher Brillouin zones so as to maximise such linear fea-
tures could be utilised to make statements about the plasticity-
induced microstructure of the shocked material.

This work on copper dealt with a single fcc crystal shocked
along the [001] direction using the extensively tested Mishin
potential. Whilst the {111} family of stacking faults are most
strongly generated when shocking along [001], the behaviour
upon shocking in other directions of high symmetry with dif-
ferent defect structures are prime candidates of future simula-
tion work, such as [111] and [110] that produce more isotropic
plasticity132. Similarly relevant will be to investigate more
elaborate crystal structures and different materials; of par-
ticular importance are Debye-Scherrer-type experiments, in
which the scattering signals (inelastic and quasi-elastic) result
from an average over signals from every grain in a full pol-
crystalline aggregate. Simulating the signals obtained from
polycrystalline targets represents a natural avenue for further
work, but would be computationally far more intensive.

In future experiments, exploiting the Doppler shift of the
inelastic signal could be an interesting way of directly moni-
toring the particle velocity, complementing VISAR measure-
ments; the relative novelty of XFELs means using IXS in
such a way (in environments characterised by very large par-
ticle velocities) has never been done before. We expect mean
velocities on the order of several 1000 ms−1 that cause en-
ergy shifts of tens of meV, which would make direct mea-
surements of particle velocities within the interior of shocked
systems possible. The simulations performed here all entailed
compression via a largely over-driven plastic shock wave, in
which there exists just one near-discontinuity in particle ve-
locity. However, other loading scenarios exist in which the
wave structure is more complex, giving rise to distinct sig-
natures in the IXS. For example, upon ramp compression, a
gradient in the particle velocities would broaden the energy-
resolved diffraction signal and hence should provide valuable
in situ information on the ramp itself, such as a three-wave
structure that can arise in certain crystal system and shock
configurations, that is composed of an elastic wave, a plas-
tic wave, and a phase-transition wave at the same time, each
of which causes a jump in the particle velocity.

ACKNOWLEDGMENTS

O.K., P.G.H., and J.S.W. gratefully acknowledge support
from AWE via the Oxford Centre for High Energy Density
Science (OxCHEDS), and O.K. acknowledges further sup-
port from the Engineering and Physical Sciences Research
Council (EPSRC). J.S.W. is also grateful for support from
EPSRC under grant number EP/S025065/1. R.E.R.’s work
was performed under the auspices of the U.S. Department
of Energy by Lawrence Livermore National Laboratory under
contract DE-AC52-07NA27344 and the computing resources
were provided in part by the LLNL Institutional Computing
Grand Challenge program.

The authors declare no competing financial interests. UK

Ministry of Defence c© Crown Owned Copyright 2021/AWE.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

1P. W. Bridgman, “Water, in the Liquid and Five Solid Forms, under Pres-
sure,” Proceedings of the American Academy of Arts and Sciences 47, 441
(1912).

2P. W. Bridgman, “Change of Phase under Pressure. I. The Phase Diagram
of Eleven Substances with Especial Reference to The Melting Curve,”
Physical Review 3, 153–203 (1914).

3P. W. Bridgman, “The Compressibility of Thirty Metals as a Function of
Pressure and Temperature,” Proceedings of the American Academy of Arts
and Sciences 58, 165 (1923).

4F. P. Bundy, H. T. Hall, H. M. Strong, and R. H. Wentorfjun., “Man-Made
Diamonds,” Nature 176, 51–55 (1955).

5F. P. Bundy, H. P. Bovenkerk, H. M. Strong, and R. H. Wentorf,
“Diamond-Graphite Equilibrium Line from Growth and Graphitization of
Diamond,” The Journal of Chemical Physics 35, 383–391 (1961).

6S. Minomura and H. Drickamer, “Pressure induced phase transitions in
silicon, germanium and some III–V compounds,” Journal of Physics and
Chemistry of Solids 23, 451–456 (1962).

7R. W. Lynch and H. G. Drickamer, “Effect of High Pressure on the Lat-
tice Parameters of Diamond, Graphite, and Hexagonal Boron Nitride,” The
Journal of Chemical Physics 44, 181–184 (1966).

8C. P. Slichter and H. G. Drickamer, “Pressure-Induced Electronic Changes
in Compounds of Iron,” The Journal of Chemical Physics 56, 2142–2160
(1972).

9F. P. Bundy, “The P , T phase and reaction diagram for elemental carbon,
1979,” Journal of Geophysical Research 85, 6930 (1980).

10P. W. Bridgman, “High Pressure Polymorphism of Iron,” Journal of Ap-
plied Physics 27, 659–659 (1956).

11S. Seager, M. Kuchner, C. A. Hier-Majumder, and B. Militzer, “Mass-
radius relationships for solid exoplanets,” The Astrophysical Journal 669,
1279–1297 (2007).

12D. Valencia, R. J. O’Connell, and D. D. Sasselov, “The role of high-
pressure experiments on determining super-earth properties,” Astrophysics
and Space Science 322, 135–139 (2009).

13D. C. Swift, J. H. Eggert, D. G. Hicks, S. Hamel, K. Caspersen, E. Schwe-
gler, G. W. Collins, N. Nettelmann, and G. J. Ackland, “Mass-Radius
Relationships for Exoplanets,” The Astrophysical Journal 744, 59 (2011).

14J. Wentorf, R. H. and J. S. Kasper, “Two New Forms of Silicon,” Science
139, 338–339 (1963).
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