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Real-time latent heat emission during dynamic-
compression freezing of water
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Dynamic compression studies have been used to study the nucleation kinetics of water to ice

VII for decades. Diagnostics such as photon Doppler velocimetry, transmission loss, and

imaging have been used to measure pressure/density, and phase fraction, while temperature

has remained the difficult thermodynamic property to quantify. In this work, we measured

pressure/density and implemented a diagnostic to measure the temperature. In doing so the

temperature shows quasi-isentropically compressed liquid water forms ice at pressures

below the previously defined metastable limit, and the liquid phase is not hypercoooled as

previously thought above that limit. Instead, the latent heat raises the temperature to the

liquid-ice-VII melt line, where it remains with increasing pressure. We propose a hypothesis

to corroborate these results with previous work on dynamic compression freezing. These

results provide constraints for nucleation models, and suggest this technique be used to

investigate phase transitions in other materials.
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Water under extreme conditions has been investigated
for over a century due to its ubiquity throughout the
universe and fundamental importance for life. Not

only does water have a complex phase diagram, with at least 20
different ice phases1, it is one of the few materials known to freeze
on nanosecond time scales2. Most liquids become too hot to
solidify under single-shock (adiabatic) conditions, because ther-
mal diffusion cannot keep up with the rapid temperature rise
during compression. Even when freezing is thermodynamically
possible, phase transformation times (hundreds of microseconds
to seconds) are generally longer than dynamic compression can
be maintained3.

Quasi-isentropic compression creates much lower temperatures
than single-shock compression. Isentropic compression of water
crosses the ice VII melt line around 2.5 GPa (Fig. 1), creating a
metastable liquid until capabable of undergoing a first-order phase
transition on nanosecond time scales. The 6–7 GPa pressure
where this transition takes place has been defined as the

metastable limit. That transition is characterized by contraction in
particle-velocity measurements4–7, loss of optical transparency8,
and x-ray diffraction patterns consistent with the ice VII phase9.
Dynamic compression experiments allow both the metastable
liquid and kinetic behavior to be investigated, which has huge
implications for our general understanding of phase transitions
and the classical nucleation theory (CNT) used to model trans-
formations in extreme conditions10–13.

The nucleation process can be divided into two categories
depending on peak pressure and window material. Hetero-
geneous nucleation occurs over hundreds of nanoseconds below 5
GPa when water is dynamically compressed in the presence of
silica8,14. Without such assistance from silica, water seems to
remain a metastable liquid until 6–7 GPa, at which point
homogeneous nucleation begins causing a rapid phase transfor-
mation (tens of nanoseconds, depending on the water layer
thickness) evident from the particle-velocity pullback2,7. The
pullback arises because ice VII is denser than liquid water and
temporarily reduces the pressure exerted at the sample/window
interface during the volume contraction. Optical transparency
loss in both cases indicates coexistence of two phases with dif-
ferent refractive indices, leading to optical scattering. Optical
transparency is quickly recovered in the homogeneous case,
suggesting that the scattering sites have disappeared. One expla-
nation for this behavior is the compressed sample becomes a fully
solid transparent layer of ice VII2. Researchers have described this
process as hypercooling2,11, a term used for deeply undercooled
metallic systems15,16.

Hypercooling is achieved when the metastable liquid com-
pletely crystallizes during recalescence, i.e. latent heat of solidi-
fication is not sufficient to raise the sample to the equilibrium
melting temperature (Tm). The temperature change due to crys-
tallization is:

ΔTQ � Δhf =cpðTmÞ: ð1Þ

where Δhf is the enthalpy of fusion and cp is the liquid’s isobaric
specific heat (approximately constant). As long as temperature
remains above Tm− ΔTQ, freezing heats the liquid phase to the
melt line, suppressing subsequent growth of solid nuclei on short
time scales. Temperatures below that threshold are said to be
hypercooled because latent heat emission does not bring the
liquid back to the melt line and solid nuclei can grow without the
need for latent heat to diffuse away from the solid-liquid inter-
face. Hypercooling has been used to describe extremely fast
growth rates measured in dynamic compression experiments on
water over the past decade2,7, and incorporated into a dual-
temperature CNT-based kinetic model used to describe phase
changes in both water and gallium in extreme conditions10–13.

In this paper we report the first, to the best of our knowledge,
time-resolved optical pyrometry measurements during dynamic
compression of liquid water to ice VII, where both the tem-
perature during isentropic compression and latent heating
during solidification are measured and compared to previous
models4,11,17,18. These temperature observations expose two
major inconsistencies with previous theories. First, solidification
is clearly evident below the previously defined 6–7 GPa meta-
stable limit, contradicting models that do not solidify when water
is compressed to <6 GPa under similar loading rates11. Second,
the hypercooling description is incorrect: latent heat given off
during solidification raises the temperature to the melt line, where
it exists in a mixed state. A theory is proposed to explain the
contradiction between previous transmission loss followed by
recovery, indicating complete solidification, and the results shown
here, indicating a mixed phase (Fig. 1).

Fig. 1 Schematic representation of dynamic compression of liquid water
to ice VII and the compression path followed. a An impactor imparts a
shock wave on the sample, which rings back and forth between the sapphire
windows creating pressure jumps. Velocimetry and pyrometry are collected
from the backside of the sample. Even after crossing the melt line water
remains a metastable liquid. Upon freezing the latent heat brings the water
to the melt line. Previous results lead to the assumption of complete
solidification to ice VII (bcc)2,4–7,9,12, which would result in the temperature
dipping back into the ice VII phase. However the results in this paper show
instead the creation of a mixed phase, where the temperature rides along
the melt line. b The phase diagram for water showing the measured melt
line from Reference20 and the calculated isentrope (compression path) from
Reference4. For homogeneous nucleation it was previously established the
liquid remained in a metastable state until 6-7 GPa, defining the commonly
referenced metastable limit. Molecular dynamic snapshot of ice VII
reprinted from Reference18 with the permission of AIP Publishing.
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Results and discussion
All experiments described here begin at ambient conditions and
become hotter due to adiabatic compression. As such, most of the
ice structures available to water are thermodynamically irrelevant
in this discussion. The ice VII region is the only verified equili-
brium structure accessible to these experiments (Fig. 1).

Pressure and temperature versus time profiles for each
experiment are shown in Fig. 2. The former was measured with
photonic Doppler velocimetry (PDV), which tracks particle
velocity at the sample-window interface. The latter was measured
by mid-infrared pyrometry, using emission from the OH vibra-
tion near 3000 nm. As discussed in the Methods section, radiance
throughout the water sample contributes to the pyrometry mea-
surement. Hypothetically, material near the sapphire window
could be significantly cooled by thermal conduction, reducing
measured temperature below the bulk value. Such cooling would
be limited to <0.5 μm length scales by the thermal diffusivity of
water (10−7 m2/s) for the 1000 ns experiment time scale; finite
boundary conductance further inhibits cooling through the
sample-window interface19. Spectral calculations indicate that
around 13% of light collected in the first three experiments ori-
ginates from a 1 μm surface layer, dropping to much less than 1%
in the second three experiments due to band pass filter change.
Temperatures reported here are representative of the sample bulk,
and the agreement between experiments 3–4 (same pressure state,
different band pass filters) suggests that surface temperatures may
not be all that different from the bulk.

The first two experiments shown in Fig. 2 had peak pressures
below the previously established metastable limit: no obvious
pullback was observed at 4.7 GPa, but a long-lasting pressure
decrease is evident at 5.7 GPa. Experiments 3–6 showed pullback
features around 6–7 GPa, consistent with previous work2,7,12

despite each work using different experimental apparatus’, base-
plate materials (sapphire and copper), and window materials (Al-
coated α quartz, Al-coated sapphire, and uncoated sapphire). This
agreement suggests homogeneous nucleation in the bulk water

dominates as opposed to heterogeneous nucleation at the differ-
ent interfaces or at impurity sites in the bulk12.

In experiments 1–2, temperature increased gradually with each
pressure jump until reaching the peak pressure where the tem-
perature rate rapidly increases. This feature is much more
apparent in Fig. 3, where pressure vs. temperature for each
experiment is plotted against the phase diagram20 and calculated
isentropic compression path4. In experiments 3–6, there is a rapid
increase in temperature that coincides with the pullback feature
shown in the pressure profiles. These two features indicate a first-
order phase transition: the pullback is consistent with density
increase, which momentarily reduces pressure on the rear win-
dow; and the rapid temperature increase results from latent heat
emission. Previously, the trough of the pressure pullback feature
was interpreted as the end of nucleation and the onset of com-
plete solidification2,11,12. However, Fig. 3 shows the trough of the
pressure pullback coincides with when the latent heating reaches
the melt, and then remains along the melt line indicating a mixed
state. Experiment 6 is the only experiment that gives some
indication of complete solidification; around 11 GPa the tem-
perature dips into the ice VII phase. However, additional
experiments to a higher peak pressure are needed to verify if the
temperature continues to stay below the meltline and in the ice
VII phase.

The undercooling values of pure metals necessary to reach the
hypercooling limit are on the order of (0.3− 0.4)Tm16. If this
criterion is applied to the liquid-ice VII melt boundary, then it
can be seen from Fig. 3, quasi-isentropic compression would not
reach the hypercooling limit until ~13 GPa.

It is evident from Fig. 3 that water froze in the lower pressure
experiments (1–2), but no transmission loss was reported in
previous experiments using sapphire windows at 5 GPa8, indi-
cating there was no ice formation through either type of
nucleation process. Although the pressure pullback features are
difficult to pinpoint in the velocity profiles, latent heat is obvious
in the temperature measurements. Previous work may also have
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Fig. 2 Pressure and temperature versus time profiles for each of the six experiments. The pressure is shown by the left/blue scale, while temperature is
on the right/red scale for (a) experiments 1-3 (250 μm liquid layers), and (b) experiments 4–6 (500 μm liquid layers). Peak pressures were 4.7, 5.7, 7.5,
7.5, 10, and 12 GPa, respectively. Error bars were determined from the combination of the standard deviation over 300 ns at peak pressure and the 5%
systematic uncertainty diagnosed from experiment-to-experiment.
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missed the freezing transition because peak pressure was not held
long enough. Smaller sapphire windows limited the duration of
uniaxial strain to 800–900 ns6,14, but the transition just starts to
appear around 800 ns at 5.7 GPa in experiment 2 and even later
in experiment 1. This suggests the ice clusters could form via
heterogeneous or homogeneous nucleation in experiments 1–2,
and transmission loss experiments with thicker sapphire windows
at these lower peak pressures should be explored in the future to
determine which type of nucleation process exists and if the
metastability limit for homogeneous nucleation needs to be
redefined.

The pressure and temperature were both constant at a handful
of times during the six experiments, allowing P-T states to be
extracted. These points are plotted in Fig. 4. Error bars were
determined from the combination of the standard deviation at
each plateau and the 5% systematic uncertainty diagnosed from
experiment-to-experiment (fiber bends, feed through coupling,
and calibrating outside the chamber). Since the detector limit was
roughly 375 K, it was difficult to accurately detect temperatures
during the first pressure jumps.

The obvious structure for solid water clusters is ice VII, but this
is not the only explanation. A plastic crystal phase18 predicted to
be thermodynamically stable with respect to ice VII water is
depicted in Fig. 4; the slope is curiously similar to the trajectory
observed here. The plastic crystal phase has oxygen atoms
arranged the same as in ice VII (bcc), but the water molecules are
able to rotate freely. Limited structure information is available in
dynamic compression experiments, and time-resolved x-ray dif-
fraction on water could not distinguish between crystalline ice VII
and plastic ice9. Supercooled water could form a plastic ice phase,
which might then transition to ice VII. Molecular rotation during
dynamic compression needs to be explored before concluding
which structure is formed.

Current EOS models from both Dolan4 and Myint17 use a
constant heat capacity of 3 & 4 J/g ⋅K and 3.23 J/g ⋅K, respec-
tively. It is clear from Fig. 4, an isentrope with a heat capacity of 4
J/g ⋅K (closer to ambient liquid) has better agreement with the
early temperatures than an isentrope with a heat capacity of
3 J/g ⋅K, while the opposite is true for the higher temperatures
around 6 GPa. Since Myint’s isentrope captures the metastable
liquid points within error, that heat capacity can be used with Eq.

(1) and the average temperature change (measured between 6–7
GPa during solidification) from experiments 1–6 ( ~ 109 K) to
estimate the latent heat of fusion for ice VII, 6.3 kJ/mol. This is a
rough estimate because it assumes all of the liquid froze and
ignores if there are any compression heating effects during the
transition. The rest of the data points all have excellent agreement
with the previously measured melt line.

The dual-temperature model, depicted in Fig. 4, from Myint
et al. is a posteriori analysis derived from coupling CNT and
growth with hydrodynamic simulations to reproduce observed
transition kinetics in dynamic compression experiments11. This
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model assumes there is essentially no thermal boundary layer at
the solid-liquid interface and tracks the liquid and ice tempera-
tures separately. This means there is only one temperature along
the isentrope until the phase transition begins around 6–7 GPa,
then the ice phase fraction becomes much hotter than the liquid
phase until complete solidification. The ice phase fraction tem-
perature is plotted in Fig. 4 (the liquid phase temperature is
excluded for simplicity). Myint et al. showed the model does an
excellent job of tracking the pressure and replicating the pullback
feature. It is clear from Fig. 4 the temperature prediction for
latent heat release is within error of the measured temperature,
but remains within the ice VII phase due to the phase fraction
reaching unity (aka complete solidification). It is important to
note the authors compare this model to a single temperature
model, where the phase fraction only reaches ~ 60%, has the
correct pullback feature in pressure, but kinetics are slightly faster
during the pullback than in experiments. It would be useful to
compare the temperatures predicted from the single temperature
model to the data here, however it has only been published for a
synthetic drive, and is not a direct comparison13.

It was previously hypothesized that water completely solidified
to ice VII at ~ 7 GPa because of the simultaneous loss and
recovery in pressure and transmission. The current results indi-
cate otherwise—the mixed state continues well above 7 GPa—so
an alternative explanation is presented here. Clusters of ice form
spontaneously behind the shock front that drives the nucleation
rate to some sufficiently high level; liquid ahead of this shock is
already metastable due to previous compression. When the
clusters are sparse, they scatter light incoherently and reduce the
optical transparency of the sample. However, when cluster den-
sity increases to the point where many clusters are present over
the optical wavelengths passing through the sample, coherent
scattering reduces loss until the sample appears transparent once
more21.

A similar argument explains transparency of the mammalian
cornea and lens22,23, where regions of high refractive index are
densely packed in a low refractive medium. Although scattering
occurs at all region interfaces, collective effects drastically reduce
overall scattering23. The total cross-section of N scatterers is24:

Ctotal ¼ NCscaSðϕÞ ð2Þ
where Csca is the scattering cross-section of an individual scat-
tering region, ϕ is the volume concentration of scattering regions
(∝N), and S(ϕ) is the structure factor. The structure factor gives
the amount of reduction in total scattering due to destructive
interference. For the simple case of small “hard sphere” scattering
(r ≤ 70 nm) the structure factor is given by25:

SðϕÞ ¼ ð1� ϕÞ4=ð1þ 4ϕþ 4ϕ2 � 4ϕ3 þ ϕ4Þ: ð3Þ
As shown in Fig. 5, as the concentration of scatters increases,
there are more scattering events, but also more destructive
interference. The maximum total scattering occurs around 13%
and decreases beyond this concentration22–24. To put this in
perspective, it was recently proposed the critical cluster size for
homogeneous nucleation was <10 nm using TIP4P/2005 and
TIP4P/ice water models26. Using that cluster size, a 1% volume
fraction of ice would mean that the average number of scatterers
in every 500 nm wide cubic volume is greater than 2000.
Coherent effects would surely be important in the passage of
visible light, reducing sample extinction. Dynamically compressed
water does not have be completely frozen to become optically
transparent.

At this point, heterogeneous nucleation needs to be discussed
in order to avoid confusion. This is because heterogeneous
nucleation also produces a mixed state; however, the transmission
decreases from 1 to 0 as the phase change goes towards

completion. Heterogeneous nucleation creates big crystals that
continue to grow outward from the surface in a dendrite fashion;
while, homogeneous nucleation creates small (<10 nm) clusters
all throughout the sample. Instead of the clusters growing
into dendrites, more clusters appear of similar sizes. Thus, the
different transmission responses.

In summary, temperature measurements on dynamically
compressed water have been reported for the first time, to the best
of our knowledge, as the metastable liquid transformed to a solid
phase. Quasi-isentropic compression does not hypercool the
sample, and instead a mixed state is formed that follows the melt
line. Nucleation occurs at pressures as low as 4.7 GPa, but
additional experiments are needed to verify the nucleation pro-
cess. These results provide constraints for nucleation models, and
suggest an updated EOS with a variable heat capacity could better
fit the data. Additional measurements are needed to characterize
the solid phase created by dynamic compression. This technique
should be used to further investigate other materials with
absorption bands located between 2–5 μm, as described in the
methods section.

Methods
Quasi-isentropic compression was achieved through multiple shock wave loading
using the experimental configuration in Fig. 1. A thin water sample was sand-
wiched between two optical sapphire windows. The impact surface of the buffer
window was vapor deposited with 0.2 μm of aluminum to prevent light collection
from an impact flash. The back window was coated with a half-moon-shape of
aluminum for photonic Doppler velocimetry (PDV)27,28 measurements at the
liquid/window interface while also allowing a clear view of the water sample for
pyrometry. An impactor was accelerated using a gas gun, which produced a shock
wave upon collision with the buffer window. The shock wave propagated through
this window into the liquid sample, leading to reverberating shocks that com-
pressed the sample to a peak pressure state. The sapphire impactor, buffer plate,
and back window were 32 × 10 mm, 40 × 2mm, and 42 × 16 mm in diameter and
thickness, respectively.

Although water samples are significantly compressed (20-40%) during these
experiments, density changes in the sapphire windows are quite small (<2–3%).
Minor temperature increases (<5–10 K)29 in the windows are neglected here, as are
distinctions between the primary Hugoniot and release/reshock states. In each
experiment, the pressure histories were calculated from the apparent velocity,
recorded by PDV, using the window-specific velocity correction30 and the Hugo-
niot curve for sapphire31. The reverberating shock compression path nearly follows
the calculated isentrope for water4 until freezing occurs.

Pyrometry measures the time-resolved temperature of a thermal emitter. In this
paper, temperature was extracted from voltage by calibrating an InSb detector with
a blackbody source through a sapphire window at multiple temperature points, as
shown in Fig. 6. The detector was calibrated on each shot day and Fig. 6 shows the
calibration curve for shot 6. Sapphire emits no light in the spectral range of interest
because of its transparency; interface (Fresnel) reflections accounted for by cali-
brating through a sapphire window, somewhat overcompensating for the sample-

Fig. 5 The transition from incoherent to coherent scattering. The total
scattering for small hard sphere scatters vs. their volume fraction.
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window reflection with a vacuum-window reflection (temperature calculations are
slightly biased upward). During each experiment, infrared radiance from the water
sample was collected from a 2m long, 400 μm diameter ZrF4 fiber transparent to
1–4.5 μm. Light exiting the fiber was sent through a long-pass filter onto an
amplified liquid-nitrogen-cooled InSb detector with a time-resolution of about
10 ns.

Water emits strongly around its 3 μm absorption peak, which can be described
by absorption α(λ) at sample positions from x= 0 to x= d. The infinitesimal
spectral radiance dBint≡ dL/dλ at x= d due to emission from a sample layer at
position x is:

dðBintÞ ¼ ðαdxÞBðxÞ exp �αðd � xÞ½ � ð4Þ
where B is the spectral radiance of a blackbody at temperature T(x). Integrating
over the entire sample:

Bint ¼ αe�αd
Z d

0
BðxÞeαx dx ð5Þ

leads to the standard result for an isothermal slab32.

Bint ¼ B1 1� e�αd
� �

B1 �
c1

λ5 ec2=λT1 � 1
� � ð6Þ

In the opaque limit αd≫ 1, an isothermal sample acts as a blackbody. If the sample
were divided into two isothermal regions—bulk temperature T1 from x= 0 over
thickness d1 and surface temperature T2 over thickness d2—the combined spectral
radiance for these regions is as follows.

Bint ¼ B1e
�αd2 1� e�αd1

� �þ B2 1� e�αd2
� � ð7Þ

Both contributions are similar to Eq. (6), with the bulk contribution attenuated by
passage through the surface layer.

Figure 7 illustrates how the absorption depth (1/α) of ambient liquid water varies
across the pyrometer’s operating range. Spectral integration of Eq. (7) indicates that
around 13% of emitted light through a 1.9 μm long-pass filter (chosen to filter any
stray light from PDV) originates from a 1 μm surface layer of water; experiments
1–3 used this configuration with 250 μm thick water samples. To further emphasize

bulk temperature over a (possibly cooler) surface temperature, experiments
4–6 switched to a 3.5 μm long-pass filter and 500 μm thick water samples, making
surface contributions to the pyrometry signal negligible. In all cases, blackbody
emission from the bulk occurs over a significant portion of the pyrometer spectrum.

Cross-timing between the radiance and velocimetry detectors was measured to be
101 ns. However, since the radiance and PDV fibers view different sample locations,
small amounts of impactor tilt add an additional and unknown time shift. Radiance
profiles were time-shifted according to the distinct coinciding temperature and
pressure steps from the PDV data. When clearly defined steps were not visible in the
radiance profile, matching signatures between the radiance and release wave were
used. The shifts were between 85 and 100 ns, with exception to experiment 4, which
was corrected by only 50 ns. Impact flash leaked onto the pyrometer in experiment 3
but quickly recovered and the saturated signal was discarded for clarity. The
detector noise floor was about 375 K, and the pyrometry systems were calibrated
with a blackbody source prior to each experiment. The emissivity is assumed to be 1,
which is plausible because the samples were thick enough to be opaque around the
absorption peak and reflectance is low at the water-sapphire interface. Previous
work on vibrational overtones in water indicate that the absorption peak does not
move significantly during isentropic compression33.

Data availability
Data that support the plots within this paper and other findings of this study are available
from the corresponding author upon reasonable request.

Received: 22 February 2023; Accepted: 6 June 2023;

References
1. Yamane, R. et al. Experimental evidence for the existence of a second partially-

ordered phase of ice VI. Nat. Commun. 12, 1–6 (2021).
2. Dolan, D. H., Knudson, M. D., Hall, C. A. & Deeney, C. A metastable limit for

compressed liquid water. Nat. Phys. 3, 339–342 (2007).
3. Duvall, G. & Graham, R. Phase transitions under shock wave loading. Rev.

Mod. Phys. 49, 523 (1977).
4. Dolan, D. H., Johnson, J. N. & Gupta, Y. M. Nanosecond freezing of water

under multiple shock wave compression: Continuum modeling and wave
profile measurements. J. Chem. Phys. 123, 064702 (2005).

5. Bastea, M., Bastea, S., Reaugh, J. E. & Reisman, D. B. Freezing kinetics in
overcompressed water. Phys. Rev. B 75, 172104 (2007).

6. Stafford, S. J., Chapman, D. J., Bland, S. N. & Eakins, D. E. Observations on
the nucleation of ice VII in compressed water. In AIP Conference Proceedings,
1793, 130005 (AIP Publishing LLC, 2017).

7. Nissen, E. J. & Dolan, D. H. Temperature and rate effects in ramp-wave
compression freezing of liquid water. J. Appl. Phys. 126, 015903 (2019).

8. Dolan, D. H. & Gupta, Y. M. Nanosecond freezing of water under multiple
shock wave compression: Optical transmission and imaging measurements.
J. Chem. Phys. 121, 9050–9057 (2004).

1 1.5 2 2.5 3 3.5 4 4.5 5

Wavelength ( m)

10-1

100

101

102

103

104

105

106

A
bs

or
pt

io
n 

de
pt

h 
(

m
)

Fig. 7 Absorption depth dependence across the pyrometer’s operating
range. Optical absorption depth34,35 shown in blue, the vertical lines
indicate long-pass filter edges used in the experiments.

Fig. 6 Pyrometry schematic and calibration. The (a) schematic diagram of
the calibration setup that was performed on each shot day, and (b) a
representative calibration curve (shot 6).

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01264-3

6 COMMUNICATIONS PHYSICS |           (2023) 6:156 | https://doi.org/10.1038/s42005-023-01264-3 | www.nature.com/commsphys

www.nature.com/commsphys


9. Gleason, A. E. et al. Compression freezing kinetics of water to ice VII. Phys.
Rev. Lett. 119, 025701 (2017).

10. Sterbentz, D. M. et al. Model for the solid-liquid interfacial free energy at high
pressures. Langmuir 38, 9892–9907 (2022).

11. Myint, P. C. et al. Nanosecond freezing of water at high pressures: Nucleation
and growth near the metastability limit. Phys. Rev. Lett. 121, 155701 (2018).

12. Marshall, M. C. et al. Metastability of liquid water freezing into ice VII under
dynamic compression. Phys. Rev. Lett. 127, 135701 (2021).

13. Myint, P. C. et al. Coupling solidification kinetics with phase-behavior
computations in hydrodynamic simulations of high-pressure, dynamic-
compression processes. AIP Adv. 10, 125111 (2020).

14. Dolan, D. H.Time dependent freezing of water under multiple shock wave
compression. Ph.D. thesis, Washington State University (2003).

15. Herlach, D. M. Non-equilibrium solidification of undercooled metallic melts.
Mater. Sci. Eng.: R: Rep. 12, 177–272 (1994).

16. Wilde, G., Görler, G. & Willnecker, R. Hypercooling of completely miscible
alloys. Appl. Phys. Lett. 69, 2995–2997 (1996).

17. Myint, P. C., Benedict, L. X. & Belof, J. L. Free energy models for ice VII and
liquid water derived from pressure, entropy, and heat capacity relations.
J. Chem. Phys. 147, 084505 (2017).

18. Aragones, J. L. & Vega, C. Plastic crystal phases of simple water models.
J. Chem. Phys. 130, 244504 (2009).

19. Hartsfield, T. M., La Lone, B. M., Stevens, G. D., Veeser, L. R. & Dolan, D. H.
Thermal interfaces in dynamic compression experiments. J. Appl. Phys. 128,
015903 (2020).

20. Pistorius, C. W., Rapoport, E. & Clark, J. B. Phase diagrams of H2O and D2O
at high pressures. J. Chem. Phys. 48, 5509–5514 (1968).

21. Hecht, E.Optics (Pearson Education, Incorporated, Boston, 2017).
22. Benedek, G. Theory of transparency of the eye. Appl. Opt. 10, 459–473 (1971).
23. Tardieu, A. & Delaye, M. Eye lens proteins and transparency: from light

transmission theory to solution x-ray structural analysis. Annu. Rev. Biophys
Biophys Chem. 17, 47–70 (1988).

24. Johnsen, S. & Widder, E. A. The physical basis of transparency in biological
tissue: ultrastructure and the minimization of light scattering. J. Theor. Biol.
199, 181–198 (1999).

25. Delaye, M. & Gromiec, A. Mutual diffusion of crystallin proteins at finite
concentrations: A light-scattering study. Biopolym. Original Res. Biomol 22,
1203–1221 (1983).

26. Sanz, E. et al. Homogeneous ice nucleation at moderate supercooling from
molecular simulation. J. Am. Chem. Soc. 135, 15008–15017 (2013).

27. Strand, O. T., Goosman, D. R., Martinez, C., Whitworth, T. L. & Kuhlow, W.
W. Compact system for high-speed velocimetry using heterodyne techniques.
Rev. Sci. Instrum. 77, 083108 (2006).

28. Dolan, D. H. Extreme measurements with Photonic Doppler velocimetry
(PDV). Rev. Sci. Instrum. 91, 051501 (2020).

29. Bloomquist, D. & Sheffield, S. Thermocouple temperature measurements in
shock-compressed solids. J. Appl. Phys. 51, 5260 (1980).

30. Barker, L. M. & Hollenbach, R. E. Shock-wave studies of PMMA, fused silica,
and sapphire. J. Appl. Phys. 41, 4208–4226 (1970).

31. Jones, S. C., Robinson, M. C. & Gupta, Y. M. Ordinary refractive index of
sapphire in uniaxial tension and compression along the c axis. J. Appl. Phys.
93, 1023–1031 (2003).

32. Boyd, R.Radiometry and the detection of optical radiation (John Wiley & Sons,
New York, 1983).

33. Ramsey, D., Mance, J., La Lone, B. & Dolan, D. Infrared absorption
spectroscopy of dynamically compressed water. In Real-time Measurements,
Rogue Phenomena, and Single-Shot Applications V, 11265, 112650I
(International Society for Optics and Photonics, 2020).

34. Hale, G. M. & Querry, M. R. Optical constants of water in the 200-nm to 200-
μm wavelength region. Appl. Opt. 12, 555–563 (1973).

35. Segelstein, D.The complex refractive index of water. Master’s thesis, University
of Missouri (1981).

Acknowledgements
We would like to thank Matt Staska, Reuben Valencia and Rick Allison for their con-
tributions in designing and machining all of the parts. This article has been authored by
an employee of National Technology & Engineering Solutions of Sandia, LLC under
Contract No. DE-NA0003525 with the U.S. Department of Energy (DOE). The employee
owns all right, title and interest in and to the article and is solely responsible for its
contents. The United States Government retains and the publisher, by accepting the
article for publication, acknowledges that the United States Government retains a non-
exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published
form of this article or allow others to do so, for United States Government purposes. The
DOE will provide public access to these results of federally sponsored research in
accordance with the DOE Public Access Plan https://www.energy.gov/downloads/doe-
public-access-plan. Nevada National Security Site is operated by Mission Support and
Test Services, LLC for the National Nuclear Security Administration of U.S. Department
of Energy under contract DE-NA0003624.This paper describes objective technical results
and analysis. Any subjective views or opinions that might be expressed in the paper do
not necessarily represent the views of the U.S. Department of Energy or the United States
Government.

Author contributions
E.J.N, D.H.D., B.M.L., and J.G.M interpreted the data and reviewed the manuscript. E.J.N
wrote the manuscript. E.J.N., B.M.L., and J.G.M. collected the data. B.M.L., J.G.M, and
E.L. designed and performed the experiment.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Erin J. Nissen.

Peer review information : Communications Physics thanks Soumyadip Sett and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01264-3 ARTICLE

COMMUNICATIONS PHYSICS |           (2023) 6:156 | https://doi.org/10.1038/s42005-023-01264-3 | www.nature.com/commsphys 7

https://www.energy.gov/downloads/doe-public-access-plan
https://www.energy.gov/downloads/doe-public-access-plan
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsphys
www.nature.com/commsphys

	Real-time latent heat emission during dynamic-compression freezing of water
	Results and discussion
	Methods
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




