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Laser-driven shock compression enables experimental study of phase transitions at unprecedented pressures and tem-
peratures. One example is the shock Hugoniot of magnesium oxide (MgO), which crosses the B1-B2-liquid triple
point at 400-600 GPa, 10,000-13,000 K (0.86-1.12 eV). MgO is a major component within the mantles of terrestrial
planets and has long been a focus of high-pressure research. Here, we combine time-resolved velocimetry and py-
rometry measurements with a decaying shock platform to obtain pressure-temperature data on MgO from 300-1500
GPa and 9,000-50,000 K. Pressure-temperature-density Hugoniot data are reported at 1500 GPa. These data represent
the near-instantaneous response of an MgO [100] single crystal to shock compression. We report on a prominent tem-
perature anomaly between 400 and 460 GPa, in general agreement with previous shock studies, and draw comparison
with equation-of-state models. We provide a detailed analysis of the decaying shock compression platform includ-
ing a treatment of pressure-dependent optical depth near the shock front. We show that, if the optical depth of the
shocked material is larger than 1 µm, treating the shock front as an optically thick grey body will lead to a noticeable
overestimation of the shock temperature.

I. Introduction

Understanding the structure and dynamics of plane-
tary interiors requires a comprehensive knowledge of
the phase diagram, equation-of-state (EOS), and trans-
port properties of the main constituents at the rele-
vant extremes of pressure (P) and temperature (T ) (1,
2). Magnesium oxide (MgO), known as the mineral per-
iclase, is expected to be a major component within the
Earth’s lower mantle due to the expected dissociation of
Mg2SiO4 and MgSiO3 with pressure (3), and may play
a key role in planetary interior dynamics. While the am-
bient pressure NaCl-structure (B1 phase, Fm3̄m space
group) of MgO is stable throughout the Earth’s mantle
(4–7), a transformation to the CsCl-structure (B2-phase,
Pm3̄m space group) occurs between 400-600 GPa (7, 8);
pressures found within the lower mantles of large rocky
exoplanets (7, 9–12). Theoretical studies have empha-
sized the importance of this phase transformation on ex-
oplanetary interior conditions due to an associated sig-
nificant change in rheological properties with the high-
pressure B2 phase exhibiting an estimated one hundred
times reduction in viscosity (13, 14).

A number of theoretical studies have focused on
MgO’s phase transformations up to 1 TPa (1 TPa = 1000

⇤Corresponding author
Email address: wicks@jhu.edu (June K. Wicks )

GPa = 10 million atmospheres) (10–12, 15–23). Over-
all, there is consensus for the prediction of a B1/B2 tran-
sition near 500 GPa at 300 K. However, there is a larger
disagreement at higher temperature, where phonon an-
harmonicity is expected to expand the region of B1 sta-
bility (12, 15). At 9500 K, for example, recent studies
report a B1!B2 onset pressure range between ⇠250-
480 GPa (10–12, 15–20, 22–24) (see Ref. (8) for a
review). There are also significant di↵erences regard-
ing the predicted P-T conditions for melting (12, 17).
Such large discrepancies illustrate the sensitivity to the
underlying physics models used and the need for exper-
imental data to validate these di↵ering theoretical and
numerical approaches.

In this study, we employ nanosecond laser irradia-
tion to determine the response of an MgO [100] sin-
gle crystal to uniaxial shock loading over a wide range
of pressures (360-1515 GPa) and temperatures (8,600-
47,000 K); states which encompass the predicted B1,
B2, and liquid phase regions of stability. Using a decay-
ing shock experimental design, coupled with time- and
space-resolved in situ velocimetry and pyrometry tech-
niques, we make single shot measurements at the shock
front, for a continuum of Hugoniot states. These data,
which reveal the sub-nanosecond response of the crystal
lattice to shock compression, are compared against EOS
models for MgO. We discuss the e↵ect of shock front
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Figure 1. Experimental setup for uniaxial shock decay
platform. A 1-ns high power laser pulse focused within an
800-µm spot uniaxially compresses the target assembly and
produces a continuum of Hugoniot states, PH-TH , throughout
the MgO sample. Due to pressure release states immediately
behind the shock front the Hugoniot states accessed diminish
as a function of shock propagation / distance. Four snapshots
are illustrated with PH1-TH1 > PH4-TH4. Behind the shock
front the temperature increases due to adiabatic release from
earlier-in-time higher PH-TH states (see Fig. 2 for details).

optical depth on temperature determinations in decay-
ing shock experiments by investigating thermal emis-
sion and transmission of semi-transparent compressed
MgO.

II. Shock Decay Experiments

To investigate the thermodynamic and optical properties
of MgO shocked along the [100] direction, three decay-
ing shock compression experiments were performed at
the Omega-EP laser facility, located at the University of
Rochester’s Laboratory for Laser Energetics. The target
design is shown in Fig. 1 and consists of a 20-µm thick
diamond ablator, a 3-µm thick Au preheat shield and a
⇠300 µm thick MgO [100] single crystal bounded by
two quartz layers which serve as standards for tempera-
ture determination (26) (see Table S1). The presence of
the quartz layers is an improvement over previous de-
signs and provides extra constraints on MgO pressure,
reflectivity, and temperature determinations (27). The
second quartz layer (Qtz-II) had an anti-reflection coat-
ing applied to the free surface to suppress optical back
reflections from that interface.

The Omega-EP laser at 351-nm delivered up to 1250
J of laser energy in a 1-ns flat top pulse within an
800-µm diameter spot (using super-Gaussian distributed
phase plates; see Fig. 5a) at the front surface of the di-
amond ablator. The resulting rapidly expanding plasma
launched a temporally unsupported shock wave into
the target package which uniaxially loaded the single
crystal MgO along its [100] crystallographic axis. The
Au preheat shield absorbs X-rays generated within the
laser plasma which could otherwise prematurely heat
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Figure 2. HYADES hydrocode simulations of shock decay
platform. Lagrangian distance versus time map of (a) pres-
sure and (b) temperature, for the experimental geometry illus-
trated in Fig. 1. (c) Distance lineouts of P and T at three dif-
ferent times (yellow dashed lines in (a) and (b)) illustrate how
the pressure at the shock front decreasing in time. Tempera-
ture is observed to increase as a function of distance behind
the shock front due to isentropic release from higher pressure
(higher temperature) earlier-in-time shock states. The inset
figure shows the T -P profiles taken behind the shock front at
10, 20 and 30 ns after the laser turns on. As the Sesame #7460
EOS used in the simulations only describes the B1 phase of
MgO (25), there are no P-T slope changes which would be
expected in the presence of a phase transformation.



3

the MgO prior to compression, and minimizes the po-
tential for X-ray induced photoionization of the sam-
ple and/or the quartz plates which could render them
partially opaque. The decaying shock wave weakens
in amplitude as it propagates, providing access to a
broad range of shock states within a single experiment.
The optimized design ensured that the shock front pres-
sure in MgO would reach the desired range (⇠300-1500
GPa) while being una↵ected by reverberation waves
that originated from previous layers. A detailed descrip-
tion of the multi-layer target is outlined in the Supple-
mentary Materials and Table S1.

The experiments were designed with the aid of
one-dimensional HYADES hydrocode simulations (28)
which were used to calculate the hydrodynamic flow of
pressure waves through the target assembly in time and
space. Figures 2a and b shows the calculated pressure
and temperature maps as a function of Lagrangian dis-
tance and time at, and behind, the shock front for the tar-
get and laser geometry in Fig. 1, where the color scale
illustrates the magnitude of the calculated P-T states
throughout the multilayer sample. To quantify the evo-
lution of states, three distance lineouts of pressure and
temperature are plotted in Fig. 2c, taken at 10, 20 and
30 ns after the 1-ns laser pulse turns on. The short laser
pulse duration produces shock states which are unsup-
ported in time. As the shock front propagates through
the MgO sample the Hugoniot P-T states accessed, at
this front, diminish due to the presence of release waves.
At distances behind the shock front while pressure de-
creases, temperature is observed to increase.

In our decaying shock experiments, each “slice” of
the sample is shocked from ambient, and subsequently -
over sub-nanosecond timescales - experiences an adia-
batic decompression. The higher the initial PH-TH state
the hotter the release path, with TRelease(t) < TH . There-
fore, at any given time, there is a history of higher PH-
TH states and associated hotter release paths (earlier
times/propagation distances). The calculated tempera-
ture increase behind the shock front is due to a contribu-
tion from a continuum of progressively higher T release
paths (see Fig. 2c).

In decaying shock experiments, if the shock front is op-
tically thick (strongly absorbing to optical photons) and
reflective we can obtain a collection of temperature vs
shock velocity measurements. Streaked optical pyrom-
etry (SOP; 590-850 nm bandwidth) (31) and velocity
interferometry (VISAR: velocity interferometer system
for any reflector; 532 nm probe wavelength) (29, 34) are
employed to probe the shock-front and provide contin-
uous measurements of spectral radiance (SOP), shock
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Figure 3. Shock decay velocimetry and pyrometry data.
(a) Line-imaging VISAR interferogram (29, 30) in which
shock front reflectivity enables accurate measurement of
shock velocity (Us) as a function of time (black solid curve).
Events are labeled as A to D: After crossing the Quartz-I, the
shock enters the MgO at A. VISAR directly tracks the de-
cay in shock velocity (fringe shift) and in reflectivity (fringe
amplitude) until B where the reflectivity is too low (below
⇠1%, see Fig. 4). For later times a model was employed to
estimate Us(t) (dashed black curve, see text for details) (b)
Raw streaked optical pyrometer (SOP) data (31). The solid
red curve represents the counts averaged over ⇠40 µm (taken
between the two horizontal dashed blue lines). From point
A the SOP initially records a smooth, exponential decay in
spectral radiance as function of decreasing Us, that we inter-
pret as thermal emission. At C, the pyrometry signal reverses
abruptly and rises before decreasing again. At D the shock
enters the Quartz-II and a strong VISAR signal is recovered,
together with a monotonous decay of the SOP.

velocity (Us) (VISAR), and reflectivity (R) (VISAR)
as a function of time. However, as discussed in Sec.
IV, the extent to which the SOP is diagnosing the tem-
perature of the shock front is dependent on the optical
depth. More details on the experimental measurements
and data analysis can be found in the Supplementary
Materials and Ref. (26).

II.A. Shock Velocity Measurements
Figure 3a shows an example VISAR image for the
decaying shock experiments. Analyzing the VISAR
record reveals that, as the decaying shock transits the
MgO layer, the shock velocity (Us) decreases rapidly
(the fringe phase is varying rapidly with time). In addi-
tion, the fringe amplitude rapidly decreases, which re-
veals that the shock front reflectivity is decreasing. At
early times the shock compressed material (which is ini-
tially a transparent insulator) becomes electrically con-
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Figure 4. Shock front reflectivity measurements. The cir-
cles represent shock front reflectivity from VISAR amplitude
analysis of the three decaying shock experiments, as a func-
tion of Us. Shock pressure (top axis) is determined from a fit to
previous Hugoniot data and the Rankine-Hugoniot equations
(32) which relate Us and P (Fig. 6). The corresponding solid
curves represent smoothed data using Loess function for each
shot. The VISAR is limited in measuring reflectivity below
1% (black dotted line), which corresponds to Us⇠18 km/s for
shots s25207 and s25209, consistent with values reported by
McWilliams et al. (grey curve) (9). The estimated reflectivity
for shot s25205 is systematically high possibly due to a non-
ideal anti-reflection coating on the Qtz-II free-surface for that
sample. A direct measurement of Us range associated with the
observed pyrometry reversal in Fig. 3b is not possible and so
an extrapolation of the measureable Us data was used (see text
for details).

ducting so that the shock front becomes a good quality
mirror. VISAR then directly tracks the shock front ve-
locity. The optical depth of the compressed material is
<< 1 µm so that it is appropriate to assume that the ra-
diance collected by the SOP is emitted by the shocked
material right behind the shock front. The shock front
in MgO becomes non-reflective below a Us⇠18 km/s
(event B in Fig. 3), below which the shock velocity in
MgO cannot be inferred from the fringe phase analysis.
Measured shock front reflectivity at the 532-nm VISAR
wavelength is shown in Fig. 4 as a function of Us and
P. The VISAR signal is retrieved again once the shock
enters the quartz-II window (event D in Fig. 3) where,
above shock pressures of ⇠100 GPa, a reflecting silica
liquid is generated (35).
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Figure 5. Summary of raw SOP images. (a) The laser
focal spot spatial profile produces lower P-US states at the
edge of laser drive. The SOP images for shots (b) s25205,
(c) s25207, and (d) s25209 are displayed with a spatial field
of view of ⇠550 µm. The magnitude of thermal emission de-
tected by SOP is denoted by color in a logarithmic scale, as
shown on the right side for each shot. The spatial planarity
of the drive laser, which has lower intensity at the edges com-
pared to the center, characterizes the curvatures of the transi-
tion wave, and the breakout wave into quartz-II. The breakout
wave into quartz-II exhibits a rightward concave curvature, in-
dicating that the shock wave travels slower at the edges. In
contrast, the transition wave observed in each shot displays
a leftward concave curvature. This is attributed to the lower
pressures attained at the edges of the drive, which enable the
transition condition to be reached earlier (33).

Even though Us in MgO is not directly measurable
< ⇠18 km/s, estimates of Us below this value are de-
sirable to for determining the Hugoniot pressures asso-
ciated with the SOP thermal emission. To extrapolate
Us(t) in MgO over this non-reflective period (dashed
line in Fig. 3b), previous studies assume that shock ve-
locity decays double-exponentially and that phase tran-
sitions have little e↵ect on the decay rate (9, 26, 36–
38). In this study, the decay rate was constrained by
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fitting the shock velocity as a function of time from hy-
drocode simulations (Fig. 2). An additional constraint
is the calculated Us in MgO just before the shock enters
the quartz-II layer (moment D in Fig. 3). Uncertainty in
this extrapolation was determined with the aid of UQpy
formalism (39) (see Sec. S3 for details).

II.B. Measurements of thermal emission

Figure 3b shows an example SOP image for the decay-
ing shock experiments, taken over a 360 µm field of
view, where the shock front is found to be su�ciently
planar that it is meaningful to average the SOP counts
versus time to extract a SOP vs time lineout. Here we
assume that: (1) the detected spectral radiance is from
thermal emission, (2) the shocked MgO radiates as a
grey body and, (3) the shock front is optically thick.
With these assumptions MgO shock temperature was
determined from the measured SOP counts. The details
of the analysis are described in Ref. (26) and Supple-
mentary Materials.

In addition to the quantitative analysis of the central
region of the shock, taking advantage of the 1D imaging
capacity of the SOP enables us to obtain additional in-
formation to strengthen our interpretation of the VISAR
and SOP data. SOP images for all three experiments,
over a 550 µm field of view, are shown in Fig. 5. Fig-
ure 5a shows the average spatial distribution of the laser
focal spot, where 95% of the laser energy is constrained
with a diameter of 819 µm. The spatial profile of the
pressure imparted into the diamond ablator is assumed
to approximate the laser intensity distribution (40). Dur-
ing shock propagation within the sample the spatial ex-
tent of the uniform central region is eroded by lateral
pressure release from the edge of the drive. In the de-
caying shock geometry, where the shock front pressure
decreases in time, the lower pressure wings on the drive
result in phase transformations occurring earlier in time,
giving rise to a distinct left facing concave curvature to
associated with the “transition” wave. In the absence of
a phase transition the lower pressure wings of the drive,
which have an associated lower US , arrive at interfaces
in the sample later in time. This gives rise to the right
facing concave curvature of the “breakout into quartz”
feature. For all pressure and temperature estimates, only
VISAR and SOP data at the spatial center of the drive
was considered.

III. Results

III.A. Pressure-density-temperature Hugoniot data

As the shock front transits from the Qtz-I layer to MgO
(moment A in Fig. 3a), to ensure the continuity of
pressure and particle velocity at that interface, a second
shock, i.e., a reshock, is launched backwards into the
quartz plate. The transmitted shock must, therefore, sat-
isfy the Rankine-Hugoniot equations for a single shock
in MgO and for the reshock state in quartz (41).

Using the measured Us(t) in Qtz-I and MgO just be-
fore and after moment A in Fig. 3a, an impedance
matching analysis (42) was conducted with the known
EOS of the quartz standard (26, 43–45) used to deter-
mine the MgO Hugoniot pressure and density (⇢) at
⇠1500 GPa. For the quartz Hugoniot, we use the fit
reported by Fernandez-Pañella et al. (46). The quartz
reshock curve is modeled as a Mie-Grüneisen correction
to the reflected Hugoniot, with a constant Grüneisen
parameter, � = 0.64 ± 0.05, following Hicks et al.
(43). Systematic uncertainties from the model and ran-
dom uncertainties from the measurements are propa-
gated with a Monte-Carlo algorithm (26).

The data for three shots, shown in Fig. 6 as the red
diamond symbols, represent 2.5-fold compression, and
are found to be in agreement with the Sesame #7460
EOS table for MgO (25) (see also Figs. S2, S3). The
temperature data at moment A in Fig. 3, calculated from
SOP to be ⇠47,000 K, are shown in the inset of Fig. 6
and are consistent with the data from McCoy et al. (47).

III.B. Shock decay determination of T-P states

Since we are tracking the shock front, we can use
the Rankine Hugoniot equations and the previously
determined Us-up relationship (Fig. S2) to infer
the pressure time history P(t) from the measured
Us(t) profile. In our experiments, the sample is
uniaxially-compressed. While the use of the term “pres-
sure” throughout the paper suggests a hydrostatically-
compressed state, we cannot rule out the presence of
deviatoric stresses which would, in the case of our mea-
surements, and all previous Hugoniot measurements
(5, 9, 10, 16, 48, 50), give rise to higher values of lon-
gitudinal stress and therefore reported pressure. In the
analysis of Fowles (51) using the Lévy-von Mises yield
criterion (52) this stress deviation corresponds to two-
thirds the yield strength. However, the high-pressure
strength of MgO is unknown. In Fig. 7, P-T data
from our three shock decay experiments are represented
by the green, blue, and orange curves. Between 400
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Figure 6. Hugoniot P-T-⇢ data. Our pressure-density (P-⇢)
data (red diamonds) from impedance matching analysis are
compared with previous published shock compression data
(open symbols) (5, 9, 10, 16, 47, 48). Theoretical calculations
are shown as dashed black, solid purple, and gray dashed-dot-
dot-dot curves (10, 12, 25). The SESAME EOS table #7460
(25) best describes our P-⇢ data at 1500 GPa. The inset fig-
ure shows temperature data for liquid MgO as a function of
pressure. Our temperature measurements are consistent with
Hugoniot models from Wu et al. (49), Root et al. (10), and
Soubiran et al. (12). A summary of the MgO P-T -⇢ data may
be found in Table S2.

GPa and 460 GPa (between points A and B), we ob-
serve a clear temperature anomaly along the MgO shock
Hugoniot at similar P-T conditions reported from pre-
vious shock decay studies (9, 36) (see Fig. 8). Also
shown are shock temperature data (measured with the
same pyrometry instrument) during steady shock ex-
periments aimed at documenting the atomic structure
with in-situ nanosecond X-ray di↵raction (open square
symbols, color coded to reflect the measured crystalline
phase within the bulk) (8). Our data is plotted alongside
EOS models for the B1-B2 phase boundary (10, 12, 23),
the melt line (6, 10, 12), and the Hugoniot (6, 12).

IV. Discussion

In the absence of a phase transformation, shock com-
pressed materials become hotter and the rate of increase
of temperature with increasing shock pressure is usu-
ally varying slowly. When an MgO sample undergoes
a phase transformation under shock compression pro-
nounced changes in P-T slope are predicted. The calcu-

lated Hugoniot for MgO based on an equilibrium EOS
model such as the one from Soubiran et al. (12) which
incorporates the B1, B2 and liquid phases of MgO (solid
blue curve in Fig. 7) predicts several P-T slope changes
to be detectable with the shock decay platform: (i) B1-
B2 coexistence, (ii) B2-liquid coexistence, and (iii) a
pure liquid P-T slope that is markedly shallower than
the near identical P-T slopes within the B1 and B2
phases (12).

Our data reveal a reproducible shock temperature vs
Us/pressure, with a dramatic temperature reversal near
15.8 km/s and 400 GPa (Fig. 7). Such a reversal is
qualitatively identical to the prediction from Soubiran
et al. (12). However, the extent of the observed temper-
ature reversal and the absence of other expected slope
changes are hard to reconcile.

Two previous decaying shock studies on MgO [100]
which measured radiance vs Us, from which T -Us and
T -P was determined (9, 36), also observed a large tem-
perature reversal between ⇠400-500 GPa, in general
agreement with our data (see Fig. 8). While this ob-
served temperature excursion has several possible in-
terpretations: B1!B2 transition, B2!melt transition,
or B1!melt transition, McWilliams et al. (9) inter-
preted this feature as being due to the B1-B2 transi-
tion, whereas Bolis et al. (36) attributed it to the B2-
melt transition. In addition, while McWilliams et al. (9)
reported a slight change in the slope in T -Us plane at
⇠13,000 K, and a corresponding pressure of ⇠600 GPa,
which they assigned to the B2-melt transition, this was
not observed in this study, nor was it reported in the
shock decay study of Bolis et al. (36).

A full interpretation of our shock decay data on MgO
[100], presented in Fig. 7, will likely require exploring
behavior along di↵erent orientations within the MgO
crystal (Ye et al., in preparation (53)), and is beyond
the scope of this paper. We note that equilibrium EOS
models do not capture time-dependent deformation ef-
fects or potential orientation-dependent deformation as-
sociated with uniaxial compression along di↵erent crys-
tallographic directions in the MgO. These e↵ects may
contribute to the di↵erences between our data and the
predictions of EOS models and should be the focus of
continued research.

In order to try to reconcile our measurements with the
expected T vs Us from the most advanced numerical
simulation methods, we investigated how the assump-
tion that the material behind the shock front behaves
as an optically thick grey body a↵ect the data analysis
and interpretation. For the SOP determination of shock
temperature, thermal emission is collected from an ex-
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Figure 7. Shock temperature data and predicted phase boundaries. Phase map of MgO with the stability fields for the B1, B2
and liquid phases shown. Bounding predictions for the P-T onset of the B1–B2 (shaded blue region (10, 12, 23)) and the onset of
melt (shaded orange region (6, 10, 12)) are shown (see Ref. (8) for a full review). Our decaying shock P-T data are presented as
the orange, blue, and green curves and exhibits a large temperature excursion between 400 and 460 GPa (between points A and B).
Two di↵erent Hugoniot models are shown: the B1-B2-liquid Hugoniot from Soubiran et al. (12) (blue curve), and the B1-liquid
Hugoniot from de Koker et al. (6) (black curve). Also shown are the X-ray di↵raction (XRD) + steady shock data from Wicks
et al. (8) (open square symbols) which represent shock front temperatures, and bulk determinations of structure. The inset shows
our data in T -Us space. We see a strong temperature reversal between Us⇠15.8-16.6 km/s, which is very repeatable over the three
shots. There is no signature of a T -Us slope change near 13 kK as was reported in Ref. (9).

tended volume which encompasses the shock front and
pressure states behind the shock front. This volume is
defined by the optical depth. The values reported in the
recent work by Wicks et al. (8) (Fig. 9) are significantly
higher than values assumed in shock decay studies of
MgO (9, 36). As discussed below, when interpreting
shock decay temperature data, it’s important to under-
stand the e↵ect optical depth has on the calculated tem-
perature.

IV.A. Optical depth e↵ect on shock front
temperature measurements

In the determination of temperature from SOP, gray-
body emission is assumed, where emissivity is defined
as ✏(t)=1-R(t), with shock front reflectivity R(t) deter-
mined from VISAR measurements (31). This approach

assumes that the region immediately behind the shock
front is optically thick, which is considered a good ap-
proximation for reflecting shock fronts. However, as
indicated in VISAR data in Fig. 3a and the extracted
reflectivity data in Fig. 4, MgO shock front reflectivity
decreases rapidly below 600 GPa which suggests that
the optical depth may be significant at lower pressures
and should be explicitly considered for accurate temper-
ature determination.

The optical depth of MgO along the shock Hugoniot
was recently measured by Wicks et al. (8) between 397
GPa and 635 GPa, where it was found to increase expo-
nentially with decreasing pressure and exceeds 10 µm
at 397 GPa (see Fig. 9) – significantly higher than pre-
viously assumed (9, 36). This indicates that the thermal
emission detected by SOP originates from an extended
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sure based on the subsequent Us-up measurements by Root et
al. (10).

volume behind the shock front, where temperature pro-
files are complicated by rarefaction and phase transfor-
mation waves. Here we describe an emission model for
partially-transparent MgO, to determine the e↵ect of op-
tical depth on the temperature measurements in shock
decay experiments.

At any given time, the measured SOP signal rep-
resents an integration of the thermal emission from
temperature gradients (behind the shock front, as in
Fig. 2c) transmitted through compressed MgO with a
pressure/thickness dependent optical depth. The opti-
cal transparency of a shocked volume depends on the
density of scattering centers which proliferate due to
irreversible microstructural refinement under compres-
sion (e.g., due to dislocation mediated plasticity and/or a
phase transformation) (56). We therefore assume within
our model, that the shock pressure-dependent optical
depth reported by Wicks et al. (8) (Fig. 9), is constant
throughout the release states behind the shock front.

To estimate the e↵ect of optical depth on shock-decay
temperature measurements, we use the P-T Hugoniot
predictions of Soubiran et al. (12) (purple curve in Fig.
10) as a test case input to a model which accounts for
optical depth versus pressure (Fig. 9). Our model simu-
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Figure 9. Optical depth as a function of shock pressure.
The optical depth of MgO is calculated from VISAR reflec-
tivity measurements (dotted purple curve) above 600 GPa (see
Sec. S6). Also plotted are optical depth measurements in
steady shock experiments from Wicks et al. (8) (open black
circles). Calculations from Cebulla et al. (54), Bolis et al.
(36), and Soubiran et al. (15) are plotted as diamonds, cross
circles, and squares for comparison. The solid blue curve fits
the solid data from Wicks et al. (8) and the liquid data from
this study. The expanded plot on the inset shows data from
Liu et al. (55) and Fratanduono et al. (50).

lates how the experimentally-determined P�T values in
shock decay experiments are altered (over actual shock-
front P�T values) by integrating thermal emission over
extended regions behind the shock front.

We first estimate the isentropic release paths from
the Hugoniot states (dashed lines in Fig. 10a), in-
cluding temperature changes at the B1, B2, and liq-
uid phase boundaries, to model the temperature distri-
bution and corresponding thermal emission behind the
shock front as a function of time as the shock propagates
(see Supplementary Material Section S6 for details). By
combining the calculated pressure distribution shown in
Fig. 2c with the estimated release isentropes shown
in Fig. 10a, the SOP-detected thermal emission at the
shock front is simulated. This simulation represents a
volume-integrated and optical-depth dependent contri-
bution from states behind the shock front. As large op-
tical depth values result in measured emission from hot-
ter regions behind the shock front, the apparent temper-
ature will always be hotter than the actual shock front
temperature. This e↵ect is more pronounced for lower



9

Hugo
nio

t

Observed

D
T 

(K
) 

(O
bs

er
ve

d 
– 

Ac
tu

al
)

(a)

(b)

Figure 10. Optical depth e↵ects on simulated tempera-
ture measurements along Soubiran Hugoniot path. (a) The
calculated Hugoniot and B1-B2-liquid phase boundaries from
Soubiran et al. (12) are plotted as bold and light purple curves,
respectively. The release isentropes (black dashed) are extrap-
olated from the single-phase Sesame EOS table #7460 (25)
and have an imposed shift to a higher temperature (⇠650 K)
when crossing the B1-B2 boundary. An optical-depth depen-
dent model shows that the apparent shock front temperatures
(green dotted) present higher values than the actual tempera-
tures (bold purple) and flattens out the temperature excursion
from the B1-B2 phase transition. (b) The temperature di↵er-
ence between the simulated experimental measurements (ob-
served) versus the actual Hugoniot curve.

shock pressures where optical depth increases (Fig. 9).
A comparison of the apparent temperature (green

curve) with the real temperature of the shock front (pur-
ple curve) is shown in Fig. 10. Due to the increasing
temperature profile behind the shock front and the in-
creasing optical depth below 450 GPa, the shock-front
temperature is overestimated, leading to a flattening of
the excursion slope. This model suggests that the real
temperature excursion will have a steeper slope than
shown by the simulated measurement (green curve) in
Fig. 10a, and the B1 Hugoniot will be steeper than ob-
served.

In the study of McWilliams et al. (9) the optical depth
of shocked-MgO was taken as ⇠1-µm (or smaller) for
pressures above 300 GPa. For those experiments, and
due to strong pressure and temperature gradients be-
hind the shock front, a large optical depth will give
rise to an overestimation of shock front temperature

(9), which will diminish as a function of increasing
pressure. Similarly, we expect our P-T data presented
in Fig. 7 to have a steeper slope between points A
and B than was measured, due to the e↵ects described
above. However, applying these corrections to shock
decay data is complex. Constructing release isentropes
from the experimentally-determined Hugoniot requires
knowledge of crystal structure and the precise loca-
tions of phase boundaries. Calculating the precise op-
tical depth correction for experimental data is beyond
the scope of this study.

V. Conclusions

We present an experimental study of Hugoniot pressure-
temperature-density states of single-crystal MgO [100]
up to 1500 GPa. Our decaying shock data reproduces
the temperature excursion observed by previous shock
experiments (9, 36). We show that a large optical depth
leads to an overestimate of temperature in decaying
shock experiments because the SOP collects thermal
emission from higher temperature regions behind the
shock front. In both this study and previous studies
(9, 36), experimental observations diverge from theo-
retical expectations. This discrepancy suggests that the
kinetics of phase transitions and/or crystal orientation
dependent deformation (57) may significantly shape
the response of materials under high-pressure, high-
temperature conditions.

Supplementary Materials

Supplementary Materials provides additional informa-
tion on the target assembly, and methods employed
for impedance matching, velocimetry, and pyrome-
try. There is also additional information on the model
employed to account of the optical depth corrections
to simulated pressure-temperature experimental data.
There are four figures and two data tables.
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