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Electronic conduction in shock-compressed water
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The optical reflectance of a strong shock front in water increases continuously with pressure above
100 GPa and saturates at;45% reflectance above 250 GPa. This is the first evidence of electronic
conduction in high pressure water. In addition, the water Hugoniot equation of state up to 790 GPa
~7.9 Mbar! is determined from shock velocity measurements made by detecting the Doppler shift of
reflected light. From a fit to the reflectance data we find that an electronic mobility gap;2.5 eV
controls thermal activation of electronic carriers at pressures in the range of 100–150 GPa. This
suggests that electronic conduction contributes significantly to the total conductivity along the
Neptune isentrope above 150 GPa. ©2004 American Institute of Physics.
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Water is one of the most abundant molecules in the s
system, ubiquitous in biology, and a fundamental constitu
of the giant planets Neptune and Uranus. In the center
gions of the outer planets water exists at conditions dist
uted along an isentrope, at temperatures ranging from 2
to 6000 K, and pressures ranging from 10 to 800 GPa.1 Elec-
trical conductivity at these conditions is important for und
standing magnetic field generation in these planets.2,3 Low
temperature~295 K! water is insulating: the liquid at 0.1
MPa is an amorphous semiconductor with 6.5 eV g
energy;4 solid phases are expected to remain insulating
pressures beyond 700 GPa with gap energies larger tha
eV.5 Shock compressed water becomes electrically cond
ing at rather low pressures: measurements of the dc con
tivity, sdc, along the principal Hugoniot revealed an exp
nentially increasing trend up to 10 GPa,6,7 followed by a
much slower increase to a saturation level of;20 (V cm)21

between 35 and 60 GPa.8 This conductivity was attributed to
dissociation into ionic species, possibly the bimolecular
action 2H2O→OH21H3O1. The result motivated a singl
shock Raman scattering study which revealed that the c
centration of intermolecular hydrogen bonds begins to
crease at 12 GPa and vanishes at 26 GPa,9 and inferred that
the conduction mechanism may involve free protons, H2O
→OH21H1. Recent reverberating shock experimen
achieved up to 180 GPa and 5400 K and found thatsdc

increased slowly to 200 (V cm)21,10,11 and remains ionic.
Concurrentab initio molecular dynamics investigations elu
L411070-664X/2004/11(8)/41/4/$22.00
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cidated details of the ionic conduction mechanisms.12,13 Un-
der strong shock compression one expects thermally a
vatedelectroniccarriers to begin to dominate, however, n
theoretical or experimental work to date has focused on e
tronically conducting phases of high pressure, high tempe
ture water.

In recent years large lasers have allowed access to p
sures close to 1 TPa. Here we report on the equation of s
~EOS! and optical reflectance of water compressed by
single strong shock wave spanning the pressure rang
100–790 GPa, a range for which no previous measurem
exist. Several large lasers around the world were used,
cluding the Phebus laser14 and the LULI facility in France,
the Omega laser in Rochester, NY,15 and the Vulcan laser in
the UK.16 Previous dynamic measurements of the EOS
water have been carried out with explosive techniques17–19

and with a two-stage light gas gun8,20 to determine the prin-
cipal Hugoniot accurately to about 100 GPa. A single dat
at 1.4 TPa~Ref. 21! from an underground nuclear experime
has never been repeated. Within experimental uncertainty
new laser-shock data are consistent with existing data,
also with a tabular EOS from the SESAME database.22,23

More important, we found a strong variation in optical r
flectance along the Hugoniot: below 100 GPa water
opaque and low reflecting~a few %!; above 100 GPa it trans
forms continuously into a metallic-like optical reflector th
saturates at reflectivities near 40%–50%. The high reflec
© 2004 American Institute of Physics
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ity is the first unambiguous evidence of electronic cond
tion in high pressure water.

Cylindrical 6 mm diam stainless steel containers h
samples of de-ionized, distilled 99.9% pure H2O. One end of
the container was sealed with a 500mm thick sapphire win-
dow which allowed optical access to the water and wat
aluminum interface. The opposite end of the container w
sealed with a stepped Al plate~pusher! with the step facing
the water. The Al pusher was fabricated from rolled 99.99
pure Al stock by diamond machining to produce step heig
between 15 and 25mm, measured to within 100 nm accurac
with a white light phase stepping interferometer. A thin po
styrene film, typically 15mm overcoated with 100 nm of Al
was attached to the flat side of the aluminum plate a
served as the ablator. Irradiation of the ablator with one
several smoothed24,25 laser beams launched a strong sho
which was transmitted into the Al plate and then into t
water. Focal spot sizes 800mm in diameter were used fo
some experiments and 400mm for other experiments. Fo
EOS measurements we used a 3.7 ns pulse to produ
steady shock wave, and for some reflectivity measurem
we used a shorter 1 ns pulse to load the specimen im
sively and produce an attenuating shock wave to allow pr
ing over a wide range of pressures.

A line-imaging velocity interferometer system for an
reflector ~VISAR!26,27 recorded light reflected from th
sample cell. This instrument works by reflecting an injectio
seeded,Q-switched Nd:YAG laser probe beam from the re
of the target, and relaying an image of the target throug
velocity interferometer onto a streak camera slit. For stro
shocks in water (.100 GPa) the probe light was reflecte
directly from the shock front.28 The Doppler shift of reflected
light is manifested as a shift in fringe phase at the outpu
the velocity interferometer. In most cases we used two in
ferometers operating at wavelengthl5532 nm with differ-
ent velocity sensitivities to resolve fringe shift ambiguitie
For some experiments we used a 1064 nm wavelength o
ating in one interferometer simultaneously with a 532 n
probe in the other interferometer.

An example recording~inset in Fig. 1! shows initially
stationary fringes produced by the reflection of the pro
beam from the Al pusher. The shock emerged first out of
thin Al step, later out of the thick step and was then tra
mitted to the water. The shock front in the water is reflect
and imparts a Doppler shift to the reflected probe, manifes
as a fringe shift in the data recorded. We extracted th
observables from the VISAR recordings for each shot:
shock velocity versus time, given by the fringe shifts; t
shock reflectivity versus time, given by the reflected inte
sity; and the average shock velocity in the Al pusher, giv
by the break-out times from the top and bottom steps. S
tistical uncertainties in the shock velocity determined fro
fringe shifts are typically 0.3%–1%. Typical uncertainties f
the average shock speed in Al were 1.5%–3% and t
dominate errors in EOS determination.

To determine EOS points we used the impedan
matching technique29 which yields the pressureP and par-
ticle speedup at the interface between the Al pusher and
water sample. Used in this analysis are the measured s
Downloaded 05 Oct 2004 to 131.215.67.195. Redistribution subject to AIP
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velocitiesus for water and Al, and the known Hugoniot an
release isentrope for the Al pusher.22 The shock compression
data shown in Fig. 1 include the early lower pressu
experiments,17,18 more recent higher pressure data,8,19 and
the single ultrahigh pressure datum.21 Our laser shock data
span the unexplored range between 100 and 800 GPa.
Hugoniot calculated from a tabulated EOS for water gen
ated by Ree,23 available in the SESAME database,22 agrees
well with the new data within experimental uncertainty. T
compare these data with SESAME, a linear fit to theus vs up

data determined here and the datum reported by Podu
et al.21 was made. Over this limited pressure range, one
which no phase transitions are expected, a linear form fous

vs up is quite good. This fit was converted to theP2r plane
using the Hugoniot relations. The difference in density b
tween this fit and SESAME at 100, 500, and 1000 GPa
0%, 6%, and 4%, respectively. While these values are wit
the density uncertainties estimated in this work, the data
systematically shifted toward lower density compared
SESAME at pressures between 200 and 1400 GPa.

We measured the reflectance of the shock by compa
the probe intensity reflected from the shock to that from
bare Al surface which has a known reflectivity of 0.8
60.05. These data are shown in Fig. 2. The systematic e
incurred in this process could be up to 10%. Relative unc
tainties in the reflectance are typically about 20%. For so
experiments we observed that an attenuating shock in
sample produces a continuous record of reflectance a
function of the shock velocity; the attenuating shock w
generated by driving the Al pusher with a short~1 ns! high
pressure pulse, which allowed rarefaction to overtake
shock propagating in the Al pusher before it reached
sample. In this case simultaneous recording of the Dop
shift ~fringe phase! and intensity allowed us to extract shoc
reflectance over a wide range of shock states. Since
shock was not steady the compressed material behind it
tained spatial density gradients along the propagation di
tion; however the gradient scale length is much larger th

FIG. 1. Measurements of the principal Hugoniot of water: closed circ
~Ref. 17!, closed squares~Ref. 18!, closed triangles~Ref. 19!, closed dia-
monds~Ref. 8!, inverted closed triangles~Ref. 21!, open circles this work.
The solid curve is the principal Hugoniot of water calculated from t
SESAME database~Refs. 22 and 23!. The inset shows typical data recorde
that are described in the text.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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L43Phys. Plasmas, Vol. 11, No. 8, August 2004 Electronic conduction in shock-compressed water
the skin depth of the reflected light,;0.1mm.
Temperatures (T) predicted from the SESAME EOS

model agree to better than 10% with measurements at lo
pressures,20,30 so we expect the EOS model to be reasona
accurate. For 100 GPa,P,300 GPa the model predict
7000 K<T<30 000 K, and compression 2.7,r/r0,3.5.
While one would expect some increase in reflectivity from
compression-driven increase in the refractive index,30 this
can account for at most about 4% reflectivity assuming t
the fluid remains an insulator; this is much smaller than
observed saturation levels of 40%–50%. Therefore we
tribute rapidly increasing reflectivity above 100 GPa to fr
carriers generated by thermal activation across a mob
gap.

To model the reflectivity we use a standard semicond
tor formalism to estimate the carrier density,31 Ne

52(mekT/2p\2)3/2F(2Eg/2kT) whereme is the effective
mass,k is the Boltzmann constant,Eg is the mobility gap
energy in the electronic density of states, andF(h)
5(2/Ap)*0

`Ax/@11exp(x2h)#dx. The dielectric function is
given by a Drude-like expression,e5eb2vp

2/v2(1
1 i /vt), where eb is the contribution due to bound elec
trons,v is the angular frequency of the probe beam, andt is
the electron relaxation time. The plasma frequency isvp

2

54pNee
2/m* , where e is the electron charge, andm*

5me/2 is the reduced mass. Consistent with the treatmen
intrinsic semiconductors, the chemical potential is plac

FIG. 2. ~a! Optical reflectance of the shock front as a function of the sh
velocity and pressure along the principal Hugoniot at 532 nm~solid line
with error bars! and at 1064 nm~dashed line with closed cirles and erro
bars!. Fits to these data are shown for 532 nm~chain-dashed! and 1064 nm
~dotted! curve for the semiconductor model described in the text.~b! Varia-
tion of the mobility gap energy along the Hugoniot, extracted from
reflectance curve fits. Below 100 GPa~dashed! the reflectance is low and
there are no data with which to constrain the fit. Above;170 GPa the curve
is terminated whereEg /2kT<1.
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midway within the gap and the mass of the holes and e
trons is assumed equal. The relaxation time is taken at
5gtmin where tmin5l/ve is the minimum scattering time
~Ioffe–Regel limit32! andg*1. Herel 52(3/4pNi)

1/3 is the
interparticle distance,Ni is the total number of particles pe
unit volume (H2O or H3O1 and OH2 and others! andve is
the electron velocity computed by integrating over the Fe
distribution at a given temperature. Estimating the bou
electron contributioneb is problematic because of the disru
tion of chemical bonding that occurs above 25 GPa.9,12,13In
the absence of data or models we usedeb51. ~Variations in
eb affect the calculated reflectivity mainly below 100 GP
where we have no data with which to constrain a fit.! We
calculate the reflectivity from the complex index of refra
tion, n5Ae, and the Fresnel formula,R5u(n2n0)/(n
1n0)u2, wheren051.33 is the index of unshocked water.

Using this model to calculate the reflectivity we have
the observed reflectance along the compression curve as
ing a linear variation ofEg along the Hugoniot with respec
to the density and temperature:Eg (eV)56.52a(r/r021)
2b(T/T021), with r050.998 g cm23 andT05295 K. This
form is consistent with the known gap energy of 6.5 eV
the initial state,4 and takes into account an expected variat
in density and temperature of the gap energy.12 The three-
parameter best fit,a51.32,b50.043 andg51.05, produces
a varying gap energy ranging from 3.3 to 2 eV within th
range of 100–150 GPa, respectively.33 The variation ofEg

along the Hugoniot is shown in Fig. 2~b!. The predicted re-
flectivities compare well with the observations at both 5
and 1064 nm. IncreasingEg tends to shift the predicted ris
ing edge of the reflectance toward higher velocities~higherP
and T), while the collisionality factorg controls the reflec-
tivity in the saturation limit at highP andT ~largerg leads to
larger conductivity and higher reflectivity!. The relaxation
time is close to the Ioffe–Regel limit32 ~i.e., g;1), indica-
tive of strong scattering. This behavior has been found
shock compressed D2,34 as well as in LiF and Al2O3 .35

WhenEg/2kT<1 the gap is effectively closed through tem
perature smearing of the Fermi distribution, and the fluid
better characterized as a dense plasma. For sh
compressed water this transition occurs forP>170 GPa, and
T>15 000 K.

While this simple model does match the initial increa
in shock reflectance well, it does not reproduce the refl
tance saturation observed in the data. The observed sa
tion can be accounted for by limiting the carrier density ne
1022 cm23 at about 2300 K~250 GPa!. This amounts to
about 1 in 10 initial molecules contributing a free carrie
suggesting that even at these extreme temperatures and
sures, the chemistry is quite complex.

It is interesting to compare electrical conductivities es
mated from this model with earlier measurements
sdc,8,10,11which all point to an electronically insulating ioni
conduction mechanism; in particular, observations of the g
vanic potential between dissimilar electrodes10 confirmed
this. Using the reflectivity fit to determineNe(Eg), we esti-
mate the electronic contribution to the dc conductivity usi
a Drude model,se5Nee

2gtmin /m* . Figure 3 shows a com
parison of the estimatedse that corresponds to the state

k
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observed by Chauet al. In this comparison we find thatse

!sdc except at the highest pressure observed, 180 G
wherese /sdc is about 1/3. ThusEg is high enough to pre-
vent significant electronic conduction for the sample con
tions observed in Refs. 10 and 11 consistent with the con
sions of those studies.

Above 5000 K ~where the Chauet al. measurements
stop! we estimate thatse will begin to dominate. This has
implications for conductivity estimates in the interior
Neptune and Uranus. We have computedse along the Nep-
tune isentrope, also shown in Fig. 3, and find thatse con-
tributes at least as much as the ionic contribution at temp
tures above 5000 K. This may have significant bearing
planetary models that rely on conductivity data to underst
generation of the magnetic field. Temperatures between 4
and 6000 K correspond to a broad range of pressures, f
150 to 800 GPa along this isentrope; furthermore, details
this isentrope are model dependent and rather uncer
Since the thermally activated nature ofse depends exponen
tially on both T and Eg , the electronic conductivity will
depend strongly on precise details of how bothEg and T
vary along the isentrope. By comparing a variety of mod
that match the reflectance data, we estimate that the elec
conductivity model presented here is accurate to wit
about a factor 4 at temperatures between 1000 and 2300
and pressures between 15 and 250 GPa.

The authors thank the operations staff at the Pheb
LULI, Omega and Vulcan facilities, and W. Unites for the
effort during these experiments.

FIG. 3. Comparison ofsdc from Ref. 8~closed circles!, from Ref. 11~closed
squares!, from Ref. 10~closed diamond! andse ~open squares and dashe
curve! as a function of that temperature. Each of the open squares
computed for the states observed in Ref. 11~closed squares at sameT). The
solid curve shows the estimatedse for water at states distributed along th
Neptune isentrope.
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