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l. Introduction

Hydrogen at high pressures has been a major scientific issue ever since
Wigner and Huntington predicted that solid hydrogen would undergo
molecular dissociation to a monatomic solid at a pressure P of ~25 GPa
(250 kbar) at temperature T = 0 K. Since a monatomic solid has a half-
filed band, it is a metal. Thus, pressure induced dissociation of
molecular hydrogen induces an insulator-metal transition [1]. This Wigner
transition is yet to be observed. In addition, because Jupiter is composed
of ~90 at. % hydrogen, the convective dynamo action of metallic fluid
hydrogen at high pressures and modest temperatures causes the magnetic
field of Jupiter [2]. Thus, understanding hydrogen metallization is
essential for understanding how the large magnetic field is generated in
the deep Jovian interior. Hydrogen has recently been observed to be
metallic at 140 GPa, ninefold compressed initial liquid density, and 2600
K achieved in the fluid with a reverberating shock wave [3]. This
nonmetal-metal transition is a Mott transition [4] and is responsible for
the Jovian magnetic field [5]. For hydrogen 2600 K is a modest
temperature because it is small compared to the Fermi temperature T of
the metal and comparable to the ground state vibrational energy of the
diatomic molecule.

Despite the fact that cold dense hydrogen (Z=1) is expected to be well
understood, it is not. The theory of dense hydrogen at 0 K is quite
difficult because of its large zero-point motions and lack of core
electrons. As a result, the predicted metallization pressure at T=0 K has
ranged from 25 to 2000 GPa [1,6]. Hydrogen is not metallic up to 340 GPa
in the room-temperature solid [7-9]. Current estimates put the
metallization pressure within the molecular solid phase above 430 GPa
using LDA theory [10], which is roughly comparable with the estimate of
~620 GPa for the Wigner transition based on extrapolation of static high
pressure data up to 120 GPa [11]. The wide range of unobserved predicted



metallization pressures indicates that hydrogen experiments are
essential.

The fact that fluid hydrogen is metallic illustrates the importance of
modest temperatures at high pressures in the condense phase; i. e., in the
regime Ty < T << T, where Ty, is the melting temperature. Ultrahigh
pressures of several 100 GPa are achieved statically in hydrogen with a
diamond-anvil cell. However, if the cell is heated statically even a few
100 K, hydrogen rapidly diffuses out of the cell before a measurement can
be made [12]. On the other hand the lifetime of the shock experiment is
~100 ns, long for thermal equilibrium and too short to loose hydrogen by
mass diffusion and chemical reactions with the sample holder. Thus,
dynamic compression with a reverberating shock wave is an ideal way for
studying dense fluid hydrogen at both high pressures and modest
temperatures, conditions in hydrogen yet to be achieved by other means.

It is the modest temperatures which enable observation of a metallic
phase. The value of the conductivity of metallic hydrogen is 2000/Q-cm,
which is the minimum conductivity of a disordered metal. In this case the
mean free path of an electron is essentially the distance between
adjacent atoms or molecules supplying conduction electrons [13]. The
calculated temperatures are about twice the calculated melting
temperatures at the pressures in the experiments. Hence, the
thermodynamic states are expected to be in the metallic fluid phase,
which is expected to have the minimum conductivity of a metal, as
observed. So disorder induced by melting at the appropriate density is
crucial to being able to observe a metallic state and melting is induced by
appropriate temperatures achieved with a reverberating shock wave.

Pressures of 90-180 GPa and temperatures of 1700-3100 K were
achieved with a reverberating shock wave generated with a two-stage
light-gas gun [3,14,15]. The samples of liquid H, or D, at 20 K were 25
mm in diameter and 0.5 mm thick. The electrodes were 0.75 mm in
diameter separated by 1.5 mm. These relatively large dimensions could be
used because the extreme conditions were generated by an impactor 25
mm in diameter and because the experiments were done under inertial
confinement, that is, the experiment is over when the compressive shock
wave reaches a free surface of the sample holder. Thus, the sample holder
need not support high pressures but only accommodate the initial
conditions near atmospheric pressure and 20 K.

These shock-reverberation experiments have four significant
advantages: (i) the lifetime of the experiment (~100 ns) is short for mass
diffusion and long for thermodynamic equilibrium, (ii) the temperatures



are relatively high (2000-4000 K) so that (iii) hydrogen is melted and
disordered and (iv) sample and electrode diameters are relatively large
(25 and 0.75 mm, respectively) which means sample holders are
straightforward to fabricate and shielding of electrical noise in the
voltage measurement is straightforward.

Electrical conductivities of hydrogen have also been measured under
single-shock (Hugoniot) compression up to 20 GPa and 4600 K [16]. Those
measurements showed that electronic conduction is thermally activated
in the semiconducting fluid. Hugoniot equation-of-state (EOS) and shock
temperatures have also been measured for hydrogen under single and
double-shock compression [17,18]. Those data have been used to generate
a scaling relationship for the electrical conductivity of hydrogen as a
function of density and temperature at high pressures [5].

The model to explain the onset of metallic conduction in dense fluid
hydrogen is not specific to hydrogen. Hence, other simple diatomic fluids
are expected to undergo a Mott transition as well. To test this hypothesis,
oxygen was investigated up to 180 GPa and observed to reach minimum
metallic conductivity at a pressure predicted for a Mott transition [19], as
expected. Nitrogen undergoes a Mott transition at the predicted pressure,
as well [20]. On the other hand, it is important to find a hydrogen-rich
fluid that does not become a metal at 100 GPa pressures in the fluid.
Water is a hydrogen-rich fluid which is a proton conductor, rather than a
metal, under compression up to 180 GPa by a reverberating shock wave, as
expected [21]. Once the electrical conductivities of dense fluid hydrogen
became known [5], it became possible to test the hypothesis that
hydrocarbons decompose into diamond-like C and H, at high shock
pressures [22]. For this reason electrical conductivities of methane (CH,)
and benzene (CgHg), which were measured fifteen years ago, were recently
analyzed. The results suggest that these hydrocarbons do decompose into
diamond-like C nanoparticles and H, at high shock pressures [23].

Our purpose here is to describe dynamic experiments to compress and
diagnose low-Z fluids at extreme conditions up to 200 GPa achieved with
a two-stage light-gas gun and to describe nonmetal-metal transitions in
dense fluid hydrogen and oxygen, proton conduction in water which is

essentially totally ionized, and chemical decomposition of the
hydrocarbons methane and benzene.

1. Finite Temperatures



Because shock compression is fast, it is adiabatic and temperature
increases. By “fast” we mean that the lifetime of the experiment is short
compared to the time required for thermal transport out of the sample
into the surrounding medium. The amount temperature increases is
determined by the rate at which pressure is applied. By controlling
temperature, thermal pressure is controlled and, so is density. Fig.1
illustrates the effect of pressure rise time on thermodynamic states
achieved dynamically in dense hydrogen. Fig. 1a shows two extreme
cases in which pressure increases instantaneously in one sharp step (or
shock) to final pressure and the case in which pressure increases in ~10
sharp steps to the same final pressure; Fig. 1b illustrates that a single-
step (or Hugoniot) compression produces very high temperatures and
thermal pressures, which result in a modest maximum density, while the
multi-step process produces much lower temperatures and thermal
pressures and substantially higher densities relatively close to the 0-K
isotherm. The multistep process was achieved experimentally with a
shock wave reverberating in hydrogen between two stiff anvils.

I1l.  Minimum Metallic Conductivity: Hydrogen

These experiments were performed at conditions at which
metallization is driven by density and the temperature is just
sufficient to cause melting to the disordered fluid. These conditions
are achieved with a two-stage light-gas gun.

A. Experiment

A liquid layer of H2 or D2 0.5 mm thick and 25 mm in diameter
at 20 K was compressed by a shock wave reverberating between two
stiff, electrically insulating sapphire anvils (single-crystal Al,O,)
2.0 mm thick and 25 mm in diameter. These sapphire disks are
contained between two 2.0 mm-thick Al (alloy 1100) disks of the
main body of the Al cryogenic target assembly. Al is strong, ductile,
and a good thermal conductor at 20 K, which facilitates condensing
the sample from high-purity gas. The hydrogen layer thickness was
chosen such that the experiment would have a sufficiently short
time duration that deleterious effects could not occur (loss of the
high-temperature  hydrogen by mass diffusion and chemical



reactions), while being sufficiently long to achieve thermal and
electrical equilibrium.

The compression is initiated by a strong impact-generated
shock incident from one of the anvils into the liquid hydrogen.
Electrical resistance of the hydrogen sample is measured versus
time by inserting electrodes (302 stainless steel) through the other
anvil, as illustrated in Fig. 2a. The incident shock was produced by
impact of a planar metal plate accelerated up to ~7 km/s with a
two-stage light-gas gun [14]. The 25 mm-diameter impactor
consisted either of an Al or Cu plate 3.0 mm thick, hot-pressed into
a Lexan polycarbonate sabot.

In order for the hydrogen sample to achieve the highest
densities and lowest temperatures at high pressures, the sample
must have a relatively high initial density. High initial density was
achieved by using a liquid sample near the saturation curve. Either
Ho or Do samples were used, depending on the final density and
temperature desired. That is, because the initial mass densities of
liquid Ho and D2 at 20 K differ by a factor of 2.4, their final shock-
compressed densities, temperatures, and conductivities also differ
substantially at the same final pressure. Thus, the two isotopes are
used to achieve different thermodynamic states, rather than to look
for an isotope effect. Since the sample holder is destroyed by the
impact shock, a new cryogenic one is required for each experiment.

The electrical circuit for four-probe measurements is shown
in Fig. 2b. All cables are coaxial. Voltage histories were measured
with Tektronix DSA 602A digital oscilloscopes and 7103 analogue
oscilloscopes with ~2 ns time resolution, triggered at the
appropriate time. In order to measure relatively low potential
differences in a noisy environment, the oscilloscpes were used in a
differential mode; i. e., voltage was measured on each probe relative
to ground and then voltage difference was determined to eliminate
common electrical noise on both cables. The current was measured
with a Rowgowski coil. Typical currents were ~1 A and voltages
were a few tens of mV. The current density in the hydrogen sample
was ~500 A/cm2 for 100 ns. Electrical resistivity p was derived
from measured electrical resistance R through the cell constant C: R
= Cp. Cell constant C was determined by experimental calibration
and/or computational simulation.

The measured electrical resistivity of shock-compressed
sapphire [24] is five orders of magnitude Ilarger than that of



hydrogen at metallization, which means that sapphire is effectively
an electrical insulator in these experiments. The electrically
insulating nature of Al203 at 100 GPa dynamic pressures is not

affected by the fact that Al2Og3 undergoes a slow diffusive phase
transition at ~100 GPa static pressures and ~1000 K [25].
Logarithms of measured electrical resistivities log (p) are
plotted verse pressure P in Fig. 3. P is final shock reverberation
pressure P;in Fig. 4. These data are tabulated elsewhere [14].

Similar results have been obtained with shock compression
driven by high explosives [26].

B. Thermodynamic States

The shock reverberation for our experiment at 180 GPa is
illustrated in Fig. 4a, plotted as pressure P versus mass velocity up
behind a shock front. That is, a shock wave travels at a supersonic
velocity ug, which causes mass behind the shock front to move in the

same direction at mass velocity u,. P and up are continuous across
an interface. In Fig. 4b the dependence on time t of pressure at the
midpoint of the hydrogen layer is shown. The values of the pressure
steps are caused by the shock reverberating in hydrogen between the
two stiff sapphire disks. The values of P, up, and t in Fig. 4 were
obtained by computational simulation [27].

The impact causes an initial pressure P in the AloO3. When
this shock reaches the liquid hydrogen, the pressure drops until the
release pressure of sapphire matches the Hugoniot of liquid hydrogen
(state 1 in Fig. 4). This drop is about a factor of 30 in pressure.
The shock in hydrogen then reverberates back and forth between the
sapphire anvils until the pressure reaches Py, the pressure incident
initially from the sapphire. For a typical initial 5 GPa shock in
hydrogen, the pressure increases a factor of 50,000 from ambient,
which causes some shock heating. However, the successive
reverberations are very weak shocks because the pressure increases
only a factor of 4 or less on each of these reflections. Thus, the
total of all the shock reflections off sapphire corresponds to a
quasi-isentrope. This fast compression process is adiabatic and the
hydrogen is heated. About 40% of the final temperature is caused by
the first shock and the remainder by the quasi-isentrope. The
pressure-density states achieved are on the solid curve in Fig. 1b.



Shock reverberation is necessary to reach metallization near 0.7
g/cm.3 The various pressure-density curves in Fig. 1b were
calculated using the equation of state of Kerley [28].

The densities and temperatures must be known to analyze the
electrical conductivities. At present these must be calculated
because it is not yet known how to measure them. Densities and
temperatures were calculated by computationally simulating the
experiments with two representative hydrogen EOSs of Kerley and
Ross [28,29]. Based on the differences between these calculations,
the systematic uncertainties in calculated density and temperature
are 6% and 30%, respectively, more than sufficient to justify the
occurence of a nonmetal-metal transition.

- C.  Semiconducting Fluid Hydrogen

The change of slope at 140 GPa in Fig. 3 is the nonmetal-metal
transition. At pressures of 90 to 140 GPa fluid hydrogen is
semiconducting.  When plotted versus pressure, log(p) for both
hydrogen and deuterium fall on the same curve because density and
temperature increase monotonically with pressure for both isotopes
[14]. Data in the semiconducting regime 93-120 GPa fit the
relationship

¢ = oo exp (- Eg(D) /2kBT), (1)

where o is electrical conductivity, oo depends on density D, Eg(D) is
the density-dependent mobility gap in the electronic density of
states of the fluid, kg is Boltzmann's constant, and T is temperature.
Six data points were fit to Eq. (1). Densities of these points varied
from 0.291 to 0.326 mol H,/cm3 and temperature was in the range
2100 to 2800 K. The densities and temperatures calculated with
Ross' model were used for the fit to Eq. (1). The conductivity values
calculated from this fit differ from the measured values within the
magnitude of the error bars. The results of this least-squares fit
are:

Eg(D) = 1.22 - ( 62.6 )( D - 0.30 ), (2)



where Eg(D) is in ev, D is in mol Hy/cm3 (0.29-0.32), and oo = 90 (Q-
cm)-1.

The Eg(D) derived from this fitting procedure and kgT are equal
at a density of 0.32 mol H,/cm3 and a temperature of ~2600 K (0.22
ev), as illustrated in Fig. 5. In this region, the energy gap is
smeared out thermally, activation of electron carriers is complete,
disorder is saturated in the fluid, and conductivity is expected to be
weakly sensitive to further increases in pressure and temperature,
provided the nature of the fluid does not change significantly. At

0.32 mol H,/cm3 the calculated pressure is 120 GPa, which is close

to the 140 GPa pressure at which the slope changes in the electrical
resistivity (Fig. 3). The 10% increase in density from 0.29-0.32
mol H,/cm3 causes the bandgap to decrease from 1.8 ev to ~0.25 ev,
where the gap is filled in by fluid disorder and thermal smearing.
Thus, fluid hydrogen becomes metallic at about 140 GPa and ~2600 K
via a continuous transition from a semiconducting to metallic fluid.
Because conductivities are thermally activated in the
semiconducting regime [14,16], electronic states at the Fermi level
of this disordered material are localized.

Because densities were not measured, it is not yet possible to
know experimentally if a density discontinuity occurs at
metallization.  Nevertheless, it is our opinion that because of the
high densities and temperatures and lack of a clear resistivity
discontinuity in Fig. 3, a density discontinuity does not occur at
metallization.

D. Metallic Fluid Hydrogen

Since these experiments are at finite temperatures in the
disordered fluid, the density of electron states (DOS) around the
Fermi level is not zero, as for a crystalline semiconductor at T = 0
K. Thermal smearing and disorder cause a small, nonzero DOS near
the Fermi level in semiconducting fluid hydrogen [30]. Increasing
pressure reduces the 15 ev bandgap and thermal disorder fills it in.
When pressure and temperature are such that Eg/kg = T ~ 2600 K, the
depression in the bandgap is filled in, a metallic density of states is
achieved, and the electronic system has a Fermi surface
characteristic of a metal.



Characteristic energies are plotted versus density in Fig. 5.
Egap produced by single-shock compression [16] is the point at 0.13

mol H,/cm3. The linear dependence of Egap near 0.3 mol Hy/cm3 was
determined in multiple-shock experiments (Eq. (2)). These two
determinations are interpolated linearly by the dashed line. The
molecular dissociation energy Egiss was extrapolated from Ross'
model [18]. The calculated temperatures in these conductivity
experiments are also shown plotted as kgT. Fig. 5 shows that the
temperatures are relatively low compared to Egap and Egiss and that
these conductivity experiments are sensitive primarily to electronic
excitation, with a relatively small amount of molecular
dissociation. This is consistent with the suggestion that conduction
in dense hydrogen is caused by electrons delocalized from H»
molecules, which causes Ha* ions [31]. The free Ha* ion is quite
stable, having a dissociation energy of 2.8 ev, and thus it is
reasonable to expect them to exist at these conditions. Further
discussion follows below about whether metallic fluid hydrogen
should be considered to be monomeric or dimeric.

Tight-binding molecular dynamics calculations of Lenosky et
al [30] also show that fluid metallic hydrogen at 3000 K is
"molecular" on a very short time scale. These simulations show a
peak in the proton-proton pair distribution function at a distance
corresponding to the separation between protons in the molecule. A
relatively low dissociation fraction of Ho was estimated at rg = 1.54
(0.37 mol/cm3) and 3000 K, which is in the metallic range. At lower
densities of 0.17 mol/cm3 at 3000 K, this disordered
semiconducting fluid is composed of a mixture of molecules and a
few percent of atoms. A depression exists in the DOS around the
Fermi level. About half of the relatively few states at the Fermi
level come from diatomic molecules and half from atoms, both of
which occupy a common energy band.

These MD simulations also show that "molecules" are short-
lived (10-14 to 10-13 s). A proton pair exists for a few molecular
vibrational periods and then on subsequent collision breakups into
atoms, which combine with other atoms to form new dimers or
remain unpaired as atoms, and so forth. Because of the short
lifetimes, a better term to describe such an object is "transient
pair." It is also reasonable to assume that a particular electron
might bind two protons into one Ha* transient pair and then be the



conduction electron in its next transient pair. Other species, such
as Ha+, Ho, H, H, H3*, and possibly higher order H clusters might be
present as well. These MD simulations also show that KkKinetic,
vibrational, and rotational energies of the transient pairs are
comparable and dissociation commences at conditions near those for
the onset of metallization.

In this tight-binding picture conduction electrons have a very
short mean free path, namely, the distance between adjacent
particles supplying conduction electrons. A conducting electron
exchanges with its neighbor when electronic overlap is sufficiently
large to allow an electron to hop to its nearest neighbor to produce a
net current flow. This is a strong-scattering system and describes
a state characteristic of the minimum conductivity of a metal.

Metallic fluid hydrogen is highly degenerate because of the
very high density of electrons. At a molar density of 0.32 mol
H,/cm3 the Fermi energy is 19 eV and T/Tg ~ 0.01.

The fluids Cs, Rb, and hydrogen at ~2000 K all metallize with
the same electrical conductivity of 2000 (Q-cm)-1 [32]. These
fluids also obey the same condition of metallization, namely, the
same scaled density = Dh1/3a*, where Dp, is the number density of
conduction electrons and a’ is the effective Bohr radius. This scaled
density is simply the ratio of two length scales, namely, the ratio of
the size of the free particle, a“, to the average distance between
particles at metallization, Dp-1/3. This transition to the metallic
fluid occurs at the same value of Dp1/3a” = 0.38 for fluids Cs, Rb,
and H. Since the Bohr radii of H and Ho are essentially equal [14], the
scaled electron densities for monatomic and diatomic hydrogen
differ simply by the factor 21/3, Thus, for pure Hp, metallization
occurs at Dy1/3a” = 0.30. The value of Dh1/3a™ is not very sensitive
to whether hydrogen is diatomic or monatomic.

E. Density at Metallization

The density of metallization, 0.32 mol H,/cm3, was derived by
computational simulation of all the experiments to calculate
densities and temperatures. Conductivities in the semiconducting
phase were then fit as a function of density and temperature to Eq.
(1). Metallization density is taken as the density at which the
volume-dependent mobility gap equals ~kgT. The species was
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assumed to be primarily H, because temperatures are comparable to
the ground state vibrational energy of the hydrogen molecule,
phenomenological theory indicates a high concentration of molecules
rather than atoms [18], and quantum simulations suggest that a
substantial concentration of dimers live for a lifetime of the order
of the vibrational period of the free molecule, ~10-14 s [30].

On the other hand, metallization density is given by the
Goldhammer-Herzfeld criterion [33], which depends only on the
polarization of the free particle. Using the polarization of the free
hydrogen atom gives a metallization density of 0.595 mol H/cm3,
which is within 7 % of the metallization density of 0.32 mol H,/cm3
= 0.64 mol H/cm3 determined by the method in the previous
paragraph. While the good agreement between the two values of
metallization density might be fortuitous, this agreement does
suggest that fluid metallic hydrogen might be monomeric. That is,
since time resolution of the diagnostic system of the conductivity
experiments is 10-9 s, dimer lifetimes of 10-14 s [30] are not
possible to detect, and so the system looks monomeric within the
time resolution.

F. Minimum Conductivity of a Metal
The Drude conductivity, o, is given by:
c=ne21/ m, ) (3)
where n is the number of conduction electrons per unit volume, e and

m are the charge and mass of the electron, respectively, and tis the

relaxation time for electron scattering. In a strong-scattering
system the relaxation time is given by the loffe-Regel [34] condition
T = d/vr, where d is the electron mean free path, equal to the average

nearest-neighbor distance, and vg is the Fermi velocity. In this case
Eq. (8) reduces to [13]
Omin = 2ne2 / (3hd), (4)

where h is Planck's constant, and d = Dy,-1/3. For a metallization
density of 0.595 mol H/cm3 obtained from the Herzfeld criterion,
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Omin = 6000 (Q-cm)-1, which is in good agreement with the
measured value of 2000 (Q-cm)-1. Under the extreme assumption
that H, molecules are stable and a metallization volume of of 0.32
mol H,/cm3, Eq. (4) gives a conductivity of 5000 (Q-cm)-1. Since
the values of metallization volume and conductivities are similar
under the assumption that hydrogen is monatomic or diatomic,
existing conductivity data cannot distinguish between the two.
Metallic conductivity values in good agreement with experiment
were calculated by Louis and Ashcroft with the Ziman model [35] for
molecular hydrogen and with tight-binding molecular dynamics [36]
which indicate that dimers are shori-lived. The latter show that the
nonmetal-metal transition in hydrogen is density-driven at
conditions in these experiments; that is, once sufficient density is
achieved, metallic conductivity depends weakly on temperature in
the disordered fluid.

IV. Nonmetallic Fluid Hydrogen

Nonmetallic fluid hydrogen is achieved by single and double-
shocking liquid hydrogen or deuterium samples. Basic shock-
compression phenomenology is described elsewhere in these
proceedings [37]. Since shock pressure is proportional to initial
mass density, hydrogen and deuterium samples are used to generate
different pressures, densities, and temperatures. Hugoniot (EOS)
pressure-volume experiments, shock temperature experiments, and
electrical conductivity experiments are illustrated in Fig. 6. In EOS
experiments shock velocity is measured with point detectors either
in the liquid sample to characterize the first shock-compressed
state or across an anvil against which the first shock is reflected.
Temperature is measured from the spectral dependence of optical
radiation from the front of the first shock or from the interface of
double-shocked deuterium and a transparent crystal anvil. The
thermal emission spectrum is fit to a gray body spectrum which has
a characteristic emission temperature. Electrical resistance is
measured by inserting two planar electrodes of a size ~1.0x1.0x0.05
mm? into the liquid and measuring voltage and current versus time
as the first shock traverses the electrodes. Resistance R is
converted to resistivity p via the cell constant C: R = Cp. C is
determined by experimental calibration and/or computation.
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Figure 7 shows on the left single and double-shocked Hugoniot
EOS data for liquid deuterium [17] and on the right double-shock
temperature data for liquid deuterium [18]. Maximum double-shock
conditions are a pressure of 80 GPa, a volume of 4 cm®/mol which is
sixfold compressed liquid, and a temperature of 5000 K. The Present
model is [18]; RRY is [38]. Electrical conductivities of deuterium
shock-compressed from 13.3 to 20.4 GPa are shown in Fig. 8 [16].
The temperatures in these conductivity experiments range from
2900 to 4600 K. The data in Fig. 8 have an activation energy of 11.7

eV at 7.5 cm®/mol.
V. Minimum Metallic Conductivity: Oxygen and Nitrogen

The model to explain the minimum metallic conductivity of
fluid hydrogen is not specific to hydrogen. Thus, this model should
apply to the similar diatomic fluids, oxygen and nitrogen, as well.
That is, since minimum metallic conductivity is weakly dependent
on material (Eq. (4)), a conductivity of ~1000 (Q-cm)'is expected
for both oxygen and nitrogen. In addition, this conductivity should
occur at a pressure which induces a Mott transition. These features
are observed in the electrical conductivities of both oxygen [19] and
nitrogen [20] at 100 GPa pressures. The results for oxygen are
shown in Fig. 9, a plot of log(c) versus Mott scaling parameter.

VI. Proton Conductivity: Water

It is important to find an H-rich fluid which does not become
metallic at 100 GPa pressures in the experiment in Fig. 2.
Measurements of the electrical conductivity of water up to 60 GPa
on the Hugoniot [39] were explained quantitatively by assuming that
conduction is caused by one proton per compressed molecule and that
proton scattering relaxation time is the distance between adjacent
molecules divided by classical thermal velocity. Since the maximum
number of protons are produced by single-shock compression at 60
GPa, then going to a pressure of 200 GPa with shock reverberation is
not expected to have a significantly higher conductivity. To test
this idea, the electrical conductivity of water was measured in the
range 70 to 180 GPa and temperatures of 4,000 to 10,000 K [40].
The measured conductivities are in the range 40 to 200 (Q-cm)™.
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This relatively weak pressure dependence is consistent with water
being fully ionized chemically and protons being the dominant
conduction mechanism. These results are illustrated in Fig. 10,
which  includes results from previous water conductivity
measurements under single-shock compression along the Hugoniot
[39,41]. Measured conductivities in the range 50 to 180 GPa are in
agreement with recent Quantum Molecular Dynamics calculations
which indicate that protons are the dominant charge carriers [42].

VI. Hydrocarbons: Chemical Decomposition

Because the electrical conductivities of dense fluid hydrogen [5] and
of graphite shocked into the diamond phase [43] are now known, it has
become possible to test the hypothesis that hydrocarbons decompose into

diamond-like C and H, at high shock pressures [22]. For this reason

electrical conductivities of methane (CH,) and benzene (Ci;Hg) were
recently analyzed. The results suggest that these hydrocarbons do
decompose into diamond-like C nanoparticles and H, at high shock
pressures [23].

Conductivities were measured for methane and benzene singly
shocked to pressures in the range 20 to 60 GPa and temperatures in
the range 2000 to 4000 K achieved with a two-stage light-gas gun.
The data for methane and benzene can be interpreted simply in terms
of chemical decomposition into diamond-like, defected C
nanoparticles and fluid H, and their relative abundances (C:H,), 1:2
for methane and 2:1 for benzene. Conduction is predominately
through the majority species.

Conductivity data for methane are plotted as the crosses in
Fig. 11 versus single-shock pressure. For comparison, the dashed
line represents conductivities expected if methane decomposed
completely into diamond-like C and H,. At 26 GPa methane
conductivity is two orders of magnitude lower than expected if it
decomposed, which suggests methane is still molecular. On the
other hand, at 36 GPa methane conductivity is within a factor of 3 of
what is expected if methane decomposed completely into diamond-
like C and H,, which suggests that methane has decomposed
substantially. These results suggest that methane is in a range of
Hugoniot shock pressures in which dissociation increases

14



continuously from a system which is mostly methane near 26 GPato
one which has a substantial concentration of H,. near 36 GPa.

Conductivity data for benzene are plotted versus single-shock
pressure in Fig. 12. Exponential increase of benzene conductivities
at 20-40 GPa is probably caused by thermal activation of nucleation,
growth, and connectivity of diamond-like, defected C nanoparticles
following decompostion of benzene. At 40 GPathe concentration of
these C nanoparticles reaches a critical density, such that further
increase in their density does not have a significant affect on the
cross sectional area of conduction and, thus, conductivity saturates.
The value of conductivity on the plateau above 40 GPa is 40 (Q-cm)’,
essentially the same value of graphite shock-compressed into the
diamond phase [43], which suggests conduction is predominantly
through defected diamond-like C.
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Fig. 1. Schematic illustration of effect of time interval over

which pressure is applied on thermodynamic states
achieved. One strong shock on Hugoniot produces high
thermal and total pressures (long-dashed cuve). Series
of many shocks produces substantially lower
temperatures and thermal pressures and substantially
higher densities (solid curve) close to 0-K isotherm
(short-dashed curve) [14].
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Fig. 2. Schematic of electrical conductivity experiments. Four

electrodes in (a) were connected to circuit in (b). Metal impactor is
acclerated to ~ 7 km/s with two-stage light-gas gun [14].
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Logarithm of measured electrical resistivities of H, and
D, plotted versus pressure. Pressure is maximum
pressure, Pg in Fig. 4, achieved by shock reverberating in
hydrogen between two sapphire anvils in Fig. 2. Two

isotopes are used to vary densities and temperatures.
There is no isotope effect at these temperatures [14].
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calculated [27] for 140 GPa.
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These curves were

(a) Pressure P versus mass
velocity up. Reflection side is sapphire on right and impact

State 1 is first shock in

hydrogen; state 2 is reached when first shock reflects off
Al203 on right in Fig. 1a; etc. Even-numbered (P, up) states lie

on Al203 Hugoniot; odd-numbered states lie on mirror
reflection of Al2O3 Hugoniot.

midpoint of hydrogen layer.
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(b) Pressure versus time t at
State 1 is shock; states 2 and
higher are very weak shocks and comprise a quasi-isentrope.
Pt is final pressure in hydrogen, equal to pressure incident
from sapphire on left.
thickness of indicated risetime of each step [14].

Thermal equilibrium is achieved within
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Fig. 5. Characteristic energies plotted versus molar density,
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Egap, Molecular dissociation energy Eggs extrapolated from
[18], and calculated temperatures kgT [14].
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measure shock velocity across anvil. (c) Optical shock
temperature experiment under single and double —shock
compression. (d) Electrical conductivity experiment
under single-shock compression.
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shock pressure. Conductivity saturates at ~40 (ohm-cm)'. 40
GPa occurs at a critical density at which connectivity of C
nanoparticles becomes sufficiently large that further increase
in density has weak affect on the effective cross sectional
area for electrical conduction [44].
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